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ABSTRACT

Pt-M/C systems (M= metal from groups VIII or IB) are potential electrocatalysts for the fuel cells technology. This
work aims to study the oxygen reduction reaction over Pt-Au/C catalysts. The preparation of the monometallic Pt/C
catalysts was carried out by means of the impregnation of platinum over graphite. The bimetallic catalyst Pt-Au/C
was prepared by selectively depositing Au on supported monometallic Pt/C catalysts by means of the reduction “in-
situ” of AuCly. Redox method used was the Refilling method, which consisted in adsorbing hydrogen first on the
metal (Pt), and subsequently reducing the AuCl, species by contact with the Pt-H interface at low temperature. The
catalysts were characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM), whereas for the electrochemical tests the catalysts were supported on Vulcan XC-72
carbon and they were evaluated by linear and cyclic voltammetry. The composition of the individual metal particles
of the solids indicated the presence of both metals, Pt and Au. A partial Au coating of certain Pt facets is possible,
which indicates that the coating mechanism is selective and could influence the catalytic properties of the bimetallic
Pt-Au/C catalysts. The electrochemical characterization showed a Tafel slope of - 94 mV dec” for the Pt-Au/C
sample, with a 0.62 transfer coefficient, that means a catalytic activity towards the Oxygen Reduction Reaction
(ORR).
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1. Introduction

During the past decades much effort has been done in the study of mono and multimetallic supported catalysts used
in the oil refining industry, and electrocatalysts for the fuel cells technology. A fundamental issue on bimetallic
catalysts is the interaction between both metals that is not always achieved during the synthesis, but the formation of
undesirable non-homogeneous bimetallic aggregates might occur [1], which produces deleterious effects on the
catalytic properties of those bimetallic systems. In that case, compositional and structural variations might occur, for
example the crystal overgrowths of one metal phase over another, multiple twinning or asymmetric metals
aggregation [2]. Indeed, these structural variations may provoke important effects on the activity and selectivity of
the supported bimetallic catalysts.

This situation has motivated the search of alternative methods that could offer better control of the metals interaction.
Surface redox reactions [3-12] have a great potential for controlling the deposit and location of the second metal over
specific crystallographic faces of metal particles [11-12]. For example, graphite supported Pt-Au catalysts [13-14]
have been synthesized by surface redox reactions using AuCly precursors in aqueous solutions, which are reduced by
the Pt phase itself or by pre-adsorbed hydrogen acting as reducing agents. The present work explores the use of
short-chain low alcohols, for substituting aqueous solutions in the surface redox reactions, i.e. Refilling (RE)
method, which was used for selectively depositing a second metal (Au) onto specific crystallographic faces of
graphite supported Pt particles on the Pt/C systems. The control of the metal deposits at the nanometric scale could
lead to significant applications in catalytic technologies such as fuel cells, fine chemicals production and carbon
monoxide oxidation [15-17]. The aggregation state of Pt and Au in the Pt-Au/C bimetallic catalysts synthesized by
RE method has been studied at the single particle level and the influence of short-chain solvents was evaluated.
Some advanced techniques were used for characterizing the compositional and structural features at the single
particle level, such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS), High Resolution Electron Microscopy (HREM) was studied.

2. Experimental

A monometallic 5 wt % Pt/C catalyst (MC) was used as the basis for synthesizing bimetallic catalysts by surface
redox reactions (RE). The monometallic solid was prepared by impregnating a graphite support LONZA LT10 with
hexachloroplatinic acid (i.e., H,PtClg, Aldrich 99.9 %) in absolute ethanol (Merck 99.9 %). After drying at 70°C and
reducing the solids at 300°C under H,, the presence of small Pt particles having typical diameters between 1 and 10
nm was verified by electron microscopy techniques. These particles spread out on the top surface and edges of the
graphite layer stacks, which in turn have a particle distribution between 2 and 20 pm. The metal Pt concentration of
the monometallic solids was determined by atomic absorption spectroscopy (AAS), leading to 4.3 % wt. Pt° (i.e., MC
in Table 1). The metal (Pt) dispersion was determined by H, adsorption techniques, which indicated the metal

dispersion of the Pt/C catalysts being about 8 %.
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The parent catalyst Pt/C (MC) described above was modified by adding a second metal close to the electrochemical
series of Pt, i.e., Au. The “Refilling” method (RE) was used, which consisted of using a reducing agent like
hydrogen, which was pre-adsorbed on the metallic surface (Pt) of the parent catalyst (13). In the present case
C,HsOH was used as the solvent media. Therefore, Table 1 summarizes the preparation conditions used as well as
the compositional data determined by atomic absorption spectroscopy. Also, Table 1 shows the chemical
composition data of bimetallic Pt-Au catalysts. The solid RE-70 was obtained by deposition of the second metal (Au)
followed by drying at 70°C, without any further treatment.

Table 1. Metal concentration of the catalysts Pt/C and Pt-Au/C (Atomic Absorption Spectroscopy, AAS).

Catalyst Pt wt % Au wt % Preparation conditions (H,)
MC 4.3% - 300°C, 3h
RE-70 4.4% 0.42% drying at 70°C

The X-ray diffraction (XRD) patterns were obtained in a Siemens D-500 diffractometer fitted with a Cu tube (35 kV,
25 mA) and a graphite monochromator, for eliminating the Kp lines. The Au® and Pt° phases were identified after the
JCPDS database.

The samples were performed using a Scanning Electron Microscope (SEM) Nova-200 Dual-Beam with Schottky
type field emission gun and a resolution of 1.1 nm. It has coupled an energy dispersive spectrometer (EDS) from
EDAX, to detect elements from the beryllium onwards. The samples were fixed onto a sample holder using carbon
tape. SEM images and EDS were obtained in order to determine the morphology of the nanoparticles and their
composition. Furthermore, the samples were studied by high-resolution transmission electron microscopy (HRTEM),
the micrographs were obtained in a TITAN 80-300 with Schottky type field emission gun operating at 300 kV. The
point resolution and the information limit were better than 0.085 nm. HRTEM digital images were obtained using a
CCD camera and Digital Micrograph Software from GATAN. The elemental composition was determined by Energy
dispersive X-ray spectroscopy (EDS) with an EDAX spectrometer fitted to the TEM. In order to prepare the
materials for observation, the powder samples were ultrasonically dispersed in ethanol and supported on holey
carbon coated copper grids.

A conventional single three-electrode test electrochemical cell was used in the electrochemical experiments. All of
the electrode potentials in this work are related to a normal hydrogen electrode (NHE) in a 0.5 M H,SO, aqueous
solution electrolyte. The electrochemical measurements were performed using a Potentiostat AUTOLAB. All
electrochemical experiments were conducted at room temperature. The working electrode was a glassy carbon disk
with a 5 mm diameter (0.19 cm?). Glassy carbon and reference hydrogen electrodes were used as the counter and the

reference electrode. The catalytic ink was prepared by dispersing 1 mg of catalyst in 8uL. of Nafion® and 60 pL of
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ethyl alcohol in an ultrasound bath for 15 min. A drop containing 8 pL of catalyst ink was deposited onto the
working electrode surface and dried at atmospheric conditions. The electrodes were activated in an oxygen free
electrolyte, by scanning the potential in a region between 1.2V/NHE to 0.0 V/NHE at 50 mV /s for 10 cycles, until a
steady state voltamperogram was reached. Thereafter, the electrolyte was saturated with pure oxygen for 30 min and
maintained on the electrolyte surface during rotating disk electrode (RDE) experiments. Hydrodynamic experiments

were recorded in the range of rotation rate of 100 to 1600 rpm at 5 mV/s.

3. Results and discussion

The X-ray diffraction patterns corresponding to the Pt/C (MC) and Pt-Au/C (RE-70) bimetallic catalysts prepared by
RE method are reported in Figure 1. The vertical line around 38.18° (20) indicates the theoretical position of the
Au(111) peak. For the bimetallic catalyst, RE-70, the XRD peaks do not change of position, this means that Au® and

Pt° is not an alloy.

5000 —
Pt(111)

4000
Au(111)

3000

Pt(200)

2000

Intensity (a.u.)

1000 —

20
Figure 1. XRD patterns of the monometallic Pt/C (MC) and bimetallic Pt-Au/C (RE-70) catalysts.

Table 2 shows a comparison between the mean particle diameters determined by X-ray diffraction and TEM. The
difference might be due to overestimation of the crystallite diameters by XRD arising from instrumental artifacts

[18-19].
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Table 2. Mean particle diameters determined by TEM and XRD.

Catalyst MET XRD
Ds (A) Dv Pt (A) Dv Au (A)
MC 110 140 -
RE-70 100 170 70

SEM image and EDS of RE-70 bimetallic catalyst are shown in Figure 2. White spots correspond to Pt-Au bimetallic
nanoparticles, the corresponding EDS was obtained from all the region of the SEM image (global analysis). The

quantification of gold and platinum is a little lower compared with the AAS analysis.

ieation |Standardlass)

Elu WX AL K E-RaTio Z I E

oK 97,29 99.82 0.B59% 1.0055 0.8293 1.0000
PtL 2,36 O0.15 0.0144 0.5905 1.0341 1.0omo

KL D35 0.0 0.0021 0.5867 1.03L6 1.0000
Total 100,00 100.00

Elamsnt Bat Inta. Backgrd [nta. Erzar P/

CE O 2lE.4 5.05 0.31  474.53

Pae S0, | Pﬂmml Pt Spc and Resuts)

Figure 2. SEM image and EDS analysis of Pt-Au/graphite bimetallic catalyst.

The chemical composition of the single metal particles was determined by Energy Dispersive Spectroscopy (EDS) in
a TEM in two modes. The first consisted of using a narrow electron beam probe (¢ ~ 1 — 2 nm) for microanalysis of
single particles, while the second mode was performed using large beam probe diameters, i.e., 1 to 10 um, for the
global analysis of sample regions containing hundreds of metal particles to obtain the average composition. As
expected, the global analyses indicated a concentration of Pt higher than Au (similar to the EDS obtained by SEM),
while the point analyses indicate a mixed situation, where single particles may be either richer in Au or Pt. Although
particles containing only Au were not found, about 5 % of the particles analyzed contained only Pt, thus indicating a

close contact of the Au phase with the Pt phase at the nanometric scale. These results might be explained

Yucatan Center for

Mexican Hydrogen Societ
L i Scientific Research 5




9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

considering the formation of a layer of Au on top of the metal particles, which is detected only by EDS methods,
because the conventional chemical analysis (AAS) gives only “bulk composition”, without taking account of the
metal phase distribution.

The interaction between both metals at the single-particle level was studied by direct lattice resolution imaging, using
high resolution electron microscopy techniques. Thus, Figure 3 displays the lattice image of a metal particle after the
deposit of the second metal (Au). Here, one observes a metal particle consisting of two parts, one located in the
center of the particle with a lattice spacing of about 0.22 nm, while the other located outer of the particle with a

lattice spacing of about 0.235 nm. This was confirmed by the EDS obtained from this single Pt-Au nanoparticle.

4000
3000 +

2000 +

Counts

1000

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Energy (keV)

Figure 3. HRTEM and EDS analysis of a single Pt-Au nanoparticle on the RE-70 bimetallic catalyst.

Figure 4 shows RDE experiments. The polarization curves on Pt-Au/C, incorporated into a Nafion® film electrode,
were performed at different rotation rates, in an oxygen-saturated 0.5M H,SO, solution at 25°C. The polarization
curves show three well defined potential zones: charge transfer, mixed and mass transport. It was considered that
defined limiting currents are associated with the high diffusion of oxygen through the electrode surface and the
uniform distribution of active sites. A similar polarization curve was observed on the Pt/C electrode. In these electro-
catalysts, the oxygen reduction is fast enough that, at high overpotentials, a flat limiting plateau is observed. This
phenomenon can be associated to a good distribution of the electrocatalytic sites on the electrode surfaces. On a film-
coated electrode surface, the overall measured density current (j), is related to the kinetic density current (ji) and the
boundary layer diffusion-limited current density (ji ). Thus, the overall measured current of the oxygen reduction can
be written as being dependent on the kinetic current and the diffusion-limited current, as shown on the left side of the

equation 1.
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1 1 1 1 1
= ; —t 5> (D)
j iy I, Jy Bo

The kinetic current density is proportional to the intrinsic activity of the catalyst, and the diffusion-limited current
density is proportional to electrode rotation rate (m). The constant B is 0.2nFCD**v"®, where 0.2 is a constant used
when o is expressed in revolutions per minute, C is the bulk concentration of oxygen (1.1x10-6 mol cm™), D is the

diffusion coefficient of oxygen in the sulfuric acid solution (1.4x10-5 cm” ™), and v is the kinematic viscosity of the

sulfuric acid (1.0x10-2 cm™s™).

10" :
—a— Pt/IC (b)
-5— Pt-Au/C
n
10° - \ 1
0
o Pt-AuC N .\.\.
o (a) . \
g 02 i m\j "
< 10" | v 04 1 ' i
E § s %
— r R
= .08 i *
107 - 1 ] .
_12 L L L L L L L
02 03 04 05 06 07 08 09 1
E (NHE)/ V
10'3 | | | |
0 0.2 0.4 0.6 0.8 1
E (NHE)/V

Figure 4. RDE responses on supporting Pt/C and Pt-Au/C electrodes in O2
saturated 0.5 M H2SO4: a) Linear Voltammetry, b) Tafel plots.

The Figure 4(b) shows the mass-transfer-corrected Tafel plots for the Pt/C and Pt-Au/C electro-catalysts. Tafel
slopes at low current density have a value of 80 mV dec ' and 94 mV dec™ in the Pt/C and Pt-Au/C respectively,
which indicate that the first electron transfer on the adsorbed oxygen molecule is the rate-determining step. This

behavior is in agreement with results reported by other authors for Pt/C and Pt-Au/C catalysts prepared by other

methods [20-21].
4. Conclusions
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The application of surface redox methods using alcohol led to the reduction “in-situ” of AuCl, species and the
selective deposit of Au® onto the (111) faces of Pt small particles. At room temperature most of the small metal
particles analyzed showed the presence of both metals, Pt and Au. The aggregation state of the small metal particles
was sensitive to the preparation method. Also, the preferential decoration of Pt(111) particle facets with Au was
verified by high resolution electron microscopy techniques.

The electrochemical characterization showed a Tafel slope of - 94 mV dec™ for the Pt-Au/C, which indicates that the
first electron transfer on the adsorbed oxygen molecule is the rate-determining step. The Pt-Au/C catalyst shows

catalytic activity towards the Oxygen Reduction Reaction (ORR).
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ABSTRACT

This work presents the design, manufacture and performance evaluation of a PEMFC stack. The PdsCu,Pt/C
cathodic electrocatalyst was synthesized by chemical reduction of PdCl,, CuCl, and H,ClsPt with NaBH, in THF and
supported on Vulcan Carbon by ultrasound assistance. The electrocatalyst was physically characterized by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The design of the fuel cell stack was done using
AutoCad software. Manufacture of the fuel cell was carried out by CNC router and CNC laser cutter. 8 membrane-
electrode assemblies (MEAs) were prepared by spraying the PdsCu,Pt/C ink on the cathodic side of Nafion® NR
212 membranes. Then gas diffusion layer (carbon cloth) at the cathodic side and commercial electrode (Pt/C E-tek)
at the anodic side of the Nafion membrane were placed, followed by hot-pressing of the assembly at 120°C and 11 kg
ecm? for 1.5 min. The PEMFC stack characterization was performed by potenciostatic polarization test. The
operation conditions of the stack were: feeding the fuel (H,) and oxidant (O,) at room temperature and a pressure of
1 atm, operation temperature varied from 25 to 42 °C. Open circuit voltage (Eqcy) of the stack was around 7 V,

obtaining a maximum power density of W =527 mW cm™.
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1. Introduction

Decreasing of oil reserves as source of energy generation has caused the investigation of alternative energy sources,
mainly those from renewable origin. A Polymer electrolyte membrane fuel cell (PEMFC) offers several advantages
such as improved energy efficiency and environmentally friendly power source. The main areas of application
include transportation, distribution of energy and portable power systems [1]. In a hydrogen-fuelled PEM fuel cell
the cathodic oxygen reduction reaction (ORR) is several orders slower than the anodic reaction. Therefore, the ORR
dominates the overall performance of such fuel cells. The ORR has been extensively studied and discussed. However
this reaction continues being of great interest. Thus, finding a good ORR catalyst is a subject in PEMFC

electrocatalysis.

Up to now, Pt and its alloys are the most active and stable electrocatalysts used for the ORR [2]. However, the high
price of platinum and its availability on the planet show us the direction that we should follow, i.e. search new
catalyst without Pt or with the least possible content of this metal. A recent study shows that PdsCu,Pt presents a

good electrochemical activity towards ORR as well as performance as cathode in a PEMFC [3].

The aim of this work is the design and manufactures a PEMFC stack using PdsCu,Pt/C as cathodic electrocatalyst
and coupling it to a MP4 multimedia player.

2. Experimental

2.1 Electrocatalyst synthesis

The trimetallic electrocatalyst was produced by a NaBH, reduction of PdCl,, CuCl, and H,PtCls in a THF solution as
reported in literature [3]. Briefly, a chemical reactor was charged with the metals precursors and THF, maintaining
the solution was under stirring. Then, the reducing agent NaBH, was slowly added. Afterwards, reaction products
were washed and then dried at 60 °C. An ultrasonic probe was used to support the electrocatalyst on Vulcan carbon
XRC-72 at 40 wt%. The PdsCuyPt, Vulcan carbon and a water-ethylene solution was charged on a reactor where the
solution was bubbled during 15 min with N,. Then, it was sonicated with high intensity ultrasound for 1 hour.

Finally, the obtained black powder was washed, dried and kept in a closed vessel prior to physical characterization.

2.2 Physical Characterization

The PdsCu,Pt/C was physically characterized by X-ray diffraction (XRD) using an X’Pert PRO PW3040
(PANalytical) with monochromatic Cu Ka, radiation (A = 1.5406 Angstroms) in a 28 range from 30° to 90° with a

step width of 0.2° min™'. Diffraction pattern was analyzed with MDI Jade 5.0 software to determine the average
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crystallite size. The electron transmission microscopy (TEM) was used to determine the morphology and particle
size. The TEM images were obtained using a Philips CM-200 microscope, operated at 200 kV, equipped with

energy-dispersive X-ray (EDX) spectroscopy used to obtain an average local chemical compositions of the sample.
2.3 Design, manufacture and evaluation of the PEMFC stack

The PEMFC stack consists of 8 cells plus an electronic converter to coupling it to the MP4 multimedia player. The
design of the stack was executed by AutoCAD software, considering designs previously used in our research group
[4-5]. Construction of monopolar, bipolar and end plates were carried out by milling machine through CNC

controller. Gaskets, membranes and acrylic pieces were cut by a CNC laser cutter.

Fuel cells are constituted by plates of high density carbon with a thickness of 5 mm, 50 mm wide and 50 mm long.
The flow field design of gas to the cathode and anode is shaped cross straight channels. Copper sheets were used as
current collector and acrylic plates act as input and output channels for fuel and oxidant. Aluminum end plates,
silicone gaskets and stainless steel studs were used. Between each carbon plate there is a membrane-electrode
assembly (MEA), a three layered structure, diffusion, catalyst and monomer layers, was used to prepare the MEAs.

Figure 1 shows an outline of the stack elements mentioned above from a side view.

. | 1
L | p
L | p

|I o

MEAs Acrylic Plates
. Gas inlets and outlets Copper Sheets
Aluminum end plates High density carbon plates

Figure 1. Side view of the PEMFC stack.

Each MEA was prepared by spraying the catalyst ink (PdsCu,Pt/C 40 wt%) on the cathodic side of the Nafion®”
NRE-212 (Dupont Fluoro Products) membrane, geometrical electrocatalyst area of 9 cm” Then, the gas diffusion
layer (porous carbon cloth) at the cathodic side and the commercial platinum carbon cloth (Pt/C, E-TEK, 20 wt%

with a loading of 0.5 mg cm?) at the anodic side of the membrane were placed, followed by hot-pressing of the
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assembly at 120 °C and 11 kg cm* for 1.5 min. MEAs were inserted into the stack for testing. The performances of
fuel cells were determined by potentiostatic polarization in a commercial fuel cell system (Compucell GT,
Electrochem 890B). The gas pressures at the anode and cathode side were kept at 1 atm for H, and O,. The fuel cell

1

test station was operated with high purity H, and O, at 50 cm® min™'. Humidification of reactant gases was kept at 25

°C. Operation temperature varied in the range of 25-42°C.

2.4 Electronic converter

An electronic DC/DC converter was designed and built in order to regulate the electrical energy generated in the
PEMFC stack by a low-drop regulator. The lineal buck converter can operates with input voltages from 5 to 8 V and
produce an output voltage of 3.8 V with a variation of = 0.5 V. Figure 2 shows the power electronics, DC/DC

converter.

Figure 2. Power electronics DC/DC converter.

3. Results and discussion

3.1 Physical characterization

The X-ray diffraction of the electrocatalyst synthesized is shown in Figure 3 also the crystalline planes of each metal
are indicated. Is observable that the diffraction pattern is shifted from the fcc crystalline phase of palladium (JCPDC
card 00-065-2867). A peak at 25 20 degree indicates the carbon present in the compound. The crystallite size was
determined by fitting the diffraction pattern using the software MDI jade 5.0. Estimated average crystallite size of

about 9.5 nm.
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Figure 3. XRD spectra of Pd;Cu,Pt/C electrocatalyst.

Figure 4 shows a TEM image of agglomerated particles in nanometric size. It is appreciated that the particles are
below 10 nm in size which is in agreement with results obtained from XRD data of Fig. 3. The inset in Fig. 4 shows
the corresponding selected area of diffraction patterns. The average composition of the as-synthesized powders, as
determined by EDS, was approximately 58 wt% C, 24 wt% Pd, 14wt% Cu and 4wt% Pt, this is in agreement with
the expected 40 wt% for the PdsCu,Pt/C during the supporting technique. Focus on the electrocatalyst average
composition was 57 at% Pd, 34 at% Cu and 9 at% Pt, in concordance with the started estimated composition of

synthesis.
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Figure 4. TEM image of the synthesized electrocatalyst. Inset electron diffraction pattern.
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TEM mapping images for the PdsCu,Pt/C electrocatalyst, Fig. 5, shows a uniform elemental Pd, Cu, Pt and C
distribution in the particles of the mapped area. Therefore these results agree with those reported for typical
electrocatalyst analysis, and suggest that that the Pds;Cu,Pt/C nanocrystallite synthesis method is suitable for a
cathode catalyst material. The next step was prepared the MEAs as previously reported [3], then assemble the

PEMFC stack and characterize its performance.

Electron Image 1 7 Cu Kat Pd La1

CKal_2 PtLa1

Figure 5. Mapping images of the components of the Pd;Cu,Pt/C electrocatalyst.

3.2 Performance of the PEMFC stack

Figure 6 shows the voltage-current response of the fuel cell stack, obtained as described in the experimental section.
Can be appreciated an open circuit voltage (Eqcy) of the stack was 6.9 V, obtaining a maximum power density of
Wia=327 mW cm™. The stack is able to provide the necessary energy to a MP4 multimedia player. In order to test
current variations in the stack a curve of current versus time was recorded fixing the voltage at 5 V (maximum
voltage required by the MP4). Figure 7 shows a stable response to that voltage for about 1200 min. These results
indicate that the stack can be coupled to the electronic converter and finally connected to MP4 multimedia player.
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Figure 7. PEMFC stack stability.

3.3 Implementation of the prototype

Figure 8 shows a block diagram of the prototype coupled to the MP4 media player. For the implementation of the

prototype two small gas containers were coupled to the cell for H, and O, storage. Then the gases are feed to the

stack by two pumps working at 3V (that voltage can be obtained from the cell) the flows are 200 cc per minute. The
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stack is connected to the DC/DC converter in order to regulate the electrical energy obtained. Finally from the

converter the MP4 multimedia player is connected to be charged. The final working prototype is shown in Figure 9.

v
+
Hydrogen L -
I DC/DC Converter MP4
% Oxygen - >

= Gasflux
«=ss  Unregulated electricity
= + Regulated electricity

Figure 8. Block diagram of prototype.

Figure 9. Final prototype of PEMFC stack to charge a MP4 media player.

-
-y

-

Yucatan Center for
Scientific Research 1 7

Mexican Hydrogen Society



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

4. Conclusions

The present work shows an easy and effective method of synthesis employed for the preparation of nanometric
trimetallic electrocatalyst. Physical characterization indicates the formation of particles with average crystallites

around 10 nm in size.

Using the PdsCu,Pt/C as cathodic electrocatalyst a PEMFC stack was designed constructed. Feeding the stack with
high purity hydrogen and oxygen a voltage of 6.9V and a maximum power density of Wy,=527 mW cm™ were

achieved.

The stack was adapted in order to provide the necessary energy to a MP4 multimedia player. This demonstrative

prototype is portable and shows that a new electrocatalyst can be used as cathodic electrocatalyst in a real device.
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ABSTRACT

In this work different methods of the platinum reduction were tested, modifying the preparation parameters such as:
Pt precursor, reducing agent, and synthesis conditions, in order to find the higher dispersion of the platinum
nanoparticles over the support, as well as the optimal particle size. The catalysts were characterized by X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and lineal and
cyclic voltammetry. The results show that by using NaBH4 as reducing agent the total reduction of the platinum
precursor is not possible, and the electrocatalytic activity diminishes significantly, probably due to the formation of
NaBO2; whereas the higher activity was found by the reduction with hydrogen at 400 °C. The results of
characterization by cyclic voltammetry show that catalyst prepared by photochemical deposition using
hexachloroplatinic acid as like precursor of platinum has a high electrochemical activity, stability in acidic medium
and a high distribution of the actives sites on the electrode surface. This means that this catalyst is considered as a
possible candidate to be used as a cathode in the Membrane-Electrode Assembly (MEA) in a Proton Exchange

Membrane Fuel cell (PEMFC).

Keywords: Photochemical deposition , chemical reduction, platinum catalysts.
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1. Introduction

Many research efforts on proton exchange membrane fuel cells (PEMFCs) are aiming at the development of catalysts
with enhanced electrocatalytic activity and low cost. The most widely used catalysts in PEMFCs are Pt-based
nanocomposites, in which Pt nanoparticles are incorporated into carbon support materials. Due to the ease of
preparation, impregnation is one of the most commonly used techniques to fabricate catalysts. High-surface-area
carbon black can be impregnated with catalyst precursors by mixing the two in an aqueous solution. Following the
impregnation step, a reduction step is required to reduce the catalyst precursor to its metallic state. As reduction

occurs after the impregnation step, the nature of the support plays a crucial role in controlling particle size [1].

The deposit of the metallic phase on the catalyst surface is a critical step in the synthesis of the catalytic materials.
Thus, the development of improved electrocatalysts with higher platinum dispersion is still a challenging issue [1]. It
is well known that the catalytic activity of metal nanoparticles depends on their shape and size among others
parameters such as the support [2]. Several methods have been employed to obtain Pt/C nanocomposites [1-4], by
using different reducing agents such as ethylene glycol [1,3], formic acid [2], hydrazine hydrate [4] and sodium
borohydrade solutions [5], among others. In general, it has been found that Pt nanoparticles were uniformly dispersed
on the different supports by using this methods of reduction, however, a comparative study of the different reducing
agent is lacking. Thus, in this work different methods of the platinum reduction over Vulcan XC-72 were tested,
modifying the preparation parameters such as: Pt precursor, reducing agent, and synthesis conditions, in order to find

the higher dispersion of the platinum nanoparticles over the support.

2. Experimental

2.1 Electrocatalysts synthesis

The Pt/C electrocatalysts were prepared by the impregnation method using two different precursors, platinum (II)
acetylacetonate Pt(CsH,0,), and hexachloroplatinic acid H,PtClgxH,O. The platinum solutions were impregnated
over Vulcan XC-72 carbon, with a nominal content of 10% wt. Pt. Three reduction methods were used:
photochemical deposition (FD), chemical reduction with ethanol (RE) and chemical reduction with sodium
borohydride (RQ).

The Pt/C-FD catalysts were prepared by the photochemical deposition of Pt using a UV-vis lamp of 80 W during 3 h.
The carbon was dispersed into an ethanol solution of the platinum precursor; the suspension was ultrasonically
irradiated with 25 KHz of power during 15 min at room temperature and stirred vigorously by a magnetic stirrer
during 1 h. The suspension was poured into the photo-reactor and the sample was irradiated for 3 h. Finally the
product was washed and dried at 70 °C by about 2 h.

The catalysts prepared by chemical reduction were synthesized by Pt impregnation by mixing the Pt precursor with

the reducing agent (sodium borohydride or ethanol). The solution was stirred with the respective portion of Vulcan
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XC-72 carbon during 1 h at room temperature; afterwards the product was washed. Finally, the slurry was filtered
and dried at 110 °C for about 2 h.

2.2. Electrochemical measurements

A conventional single three-electrode test electrochemical cell was used in the electrochemical experiments. All of
the electrode potentials in this work are related to a normal hydrogen electrode (NHE) in a 0.5 M H,SO, aqueous
solution electrolyte. The electrochemical measurements were performed using a Potentiostat (EG&G PAR 263A).
All electrochemical experiments were conducted at room temperature. The working electrode was a glassy carbon
disk with a 5 mm diameter (0.19 cm?). Glassy carbon and reference hydrogen electrodes were used as the counter
and the reference electrode. The catalytic ink was prepared by dispersing 1 mg of catalyst in 8uL. of Nafion® and 60
pL of ethyl alcohol in an ultrasound bath for 15 min. A drop containing 8 pL of catalyst ink was deposited onto the
working electrode surface and dried at atmospheric conditions. Cyclic voltammetry (CV) was used to activate the
electrodes. The CV measurements were developed in a nitrogen-saturated electrolyte from 0.0 to 1.2 V (NHE) at 50

mV s ' until a steady state voltamperogram was reached; approximately 20 cycles were necessary.

2.3 Physicochemical characterization

Pt and tungsten dispersion and local contents were studied by SEM using a QuantaTM 650 FEG Dual Beam
Microscope, Field Emission Scanning Electron Beam. The X-ray diffraction patterns were obtained in a PANalytical
X Pert PRO diffractometer fitted with a Cu tube. And the XPS spectra of the catalysts were recorded on a K-Alpha
Thermo Scientific 180 apparatus after excitation with a monochromatic Al K radiation. Calibration of the energy

position of an XPS peak was performed by using the binding energy of adventitious carbon 1s peak at 284.8 eV.

3. Results and discussion

The synthesized catalysts are described in Table 1. Cyclic Voltammetry (CV) has become a very popular technique
for initial electrochemical studies of new system and has proved be very useful in obtaining information about
stability in the reaction media and distribution of the actives sites on the electrode surfaces. The cyclic voltammetry
characterization of the platinum electrodes was performed in a nitrogen-purged 0.5 M H,SO, solution, at a 50 mV s

scan rate. In this experiment, the electrodes were submitted to 20 cycles in order to obtain reproducible

voltammograms.
Table 1. Catalysts synthesized by different methods.
Catalyst Pt Precursor Synthesis Method
Pt/C-FD-AA Pt(CsH,0,), Photochemical deposition (FD)
Pt/C-FD-AH H,PtClsxH,O Photochemical deposition (FD)
Pt/C-RE-AH H,PtClsxH,O Chemical reduction with ethanol (RE)
Pt/C-RQ-AA Pt(CsH,0,), Chemical reduction with sodium borohydride (RQ)
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Figure 1 shows cyclic voltammograms of the samples prepared by photochemical deposition using acetylacetonate
(Pt/C-FD-AA) and hexachloroplatinic acid (Pt/C-FD-AH) for comparison purposes. The Pt/C-FD-AH electrode
presents definition in adsorption-desorption hydrogen region, which is characteristic in polycrystalline noble metals.
Analysis at a more positive potential, corresponding to the anodic region, shows a well-defined hydroxide-adsorbed
peak. Cathodic scan shows a reduction potential of the oxides formed during anodic sweep at 0.8 V. On the other
hand, the Pt/C-FD-AA catalyst, Figure 1, shows a striking difference in the current magnitude in all potential scan.
The Pt/C-FD-AA presents an expected low electrochemically active area in the hydrogen region as well as low
oxygen reduction activity. The reduction peak of the oxides formed during anodic sweep shows a high displacement
to cathodic potential at 0.65 V. In both catalysts we can observed the shoulder current at around 1V; it is presumably

due to the solvent or precursor present into the samples.

Act-50 mV's™

-1

j/ mAcm

8- ~ PYC-FD-AH
' ~--- PYC-FD-AA

0.0 0.2 04 06 08 1.0 1.2
E (NHE)/ V
Figure 1. Cyclic voltammetry of Pt/C catalysts prepared by photodeposit using two different precursors, in
0O, free 0.5 M H,SO, solution. Scan rate potential of 50 mVs .

Figure 2 presents cyclic voltammograms of the Pt/C-RE-AH catalysts prepared by chemical reduction with ethanol,
using hexachloroplatinic acid as like precursor of platinum; the Pt/C-RQ-AA catalysts prepared by chemical
reduction with sodium borohydride using acetylacetonate like platinum precursor. The /C-RE-AH catalyst presents
low definition in adsorption-desorption hydrogen region, but it shows a hydroxide-adsorbed region. Cathodic scan
shows a reduction potential of the oxides formed during anodic sweep at 0.65 V. Pt/C-RQ-AA electrode has no
catalytic activity, the current density is low, this electrode not show platinum electrochemical behavior. These

catalysts show lower catalytic activity than catalysts synthesized by photo-chemical deposition.
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Figure 2. Cyclic voltammetry of Pt/C catalysts prepared by chemical reduction, with ethanol (RE)
and with NaBH, (RQ), in O, free 0.5 M H,SO, solution.

The characterization results by XRD are shown in Figures 3 and 4. It is observed that the catalysts prepared by
photochemical deposition using hexachloroplatinic acid as well as the catalysts prepared by chemical reduction with
ethanol generates a higher reduction of the platinum precursor; while the photochemical deposition with
acetylacetonate is not sufficient for the total reduction of the platinum and the signals corresponding to the precursor
are still obtained, which could indicates that the reduction of the acetylacetonate probably requires a higher time of

irradiation. No picks corresponding to the platinum oxides were observed.

—— PYC-FD-AA
. —— PY/C-RE-AH
~ PYC-FD-AH
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Intensity (a. u.)
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Figure 3. XRD patterns of the catalysts prepared by photochemical deposition
(FD) and Chemical reduction with ethanol (RE).
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On the other hand, Figure 4 shows the diffractogram of sample prepared by chemical reduction with sodium borohydride

(RQ). It is observed that this is the more inefficient method since the only signals observed correspond to the precursor,

as well as the reducing agent used (NaBH,).
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Figure 4. XRD patterns of the catalyst prepared by chemical reduction with sodium borohydride (RQ).

The results of the XPS are shown in Figures 5 and 6. Figure 5 shows a comparison of the three spectra of the samples

prepared by the three synthesis methods. It is confirmed that the catalysts prepared by photochemical deposition using

hexachloroplatinic acid as well as the catalysts synthesized by chemical reduction with ethanol generates a higher

reduction of the platinum precursor as it was observed by XRD, since the peak fitting of the Pt 4f band yielded three

components, which centered at 78.6 eV, 76.5 eV, 74.8 eV and 71.2 eV corresponding to platinum (IV), (II) an metallic

platinum respectively [1].
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Figure 5. Comparison of the XP spectra of the Pt 4f region of the different catalysts.
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Figure 6 shows the individual study of the XP spectra of the three methods. It is observed that all the samples present
the three oxidation states indicating an incomplete Pt reduction; however the sample prepared by chemical reduction

present a higher concentration of Pt(I) which could correspond to PtO as well as to the not reduced platinum (II)

acetylacetonate.

PHC-RE-AH
a) Pt Pt/C-FD-AA b)

Pt 4f Pt 4 '

Intensity (a.u.)
2

Intensity (a.u.)
Intensity (a.u.)

20 85 80 75 70 65 60 90 85 80 75 70 65 60 90 85 80 ;5 70
Binding Energy, eV Binding Energy, eV

65
Binding Energy, eV

Figure 6. XP spectra of the Pt 4f region of the different catalysts: a) Pt/C-FD-AA,
b) Pt/C-RE-AH and c¢) Pt/C-RQ-AA.
The reduction of platinum is reflected in the (Pt +Pt*")/Pt° ratio, it means that a lower ratio indicates a higher
content of metallic platinum. Table 2 shows the results of the proportion and evolution of platinum surface
nanostructures. It was found that the Pt/C-RE-AH catalyst presented the lower ratio confirming the higher Pt

reduction by using this synthesis method.

Table 2. Proportion and evolution of platinum surface species.

Catalizador Pt(IV) Pt (II) Pt’ Pt*/Pt’
BE* % BE* % BE* % BE* % BE* % BE* %
(V) (V) (eV) (V) (V) (V)
Pt/C-FD-AA -- - - - 763 499 732 296 745 54 719 151  3.87
Pt/C-RE-AH 763 34.6 755 113 754 119 722 256 747 76 715 89 227
Pt/C-RQ-AA -- - -- - 765 512 732 363 744 42 719 83  7.00

BE*: Bending Energy (eV).

Finally, Figure 7 shows the SEM study and mapping images for the Pt/C-FD-AH sample, it shows a uniform
distribution of elemental platinum. The platinum powder morphology shows a rough surface with agglomerates of

well-defined spherical cluster with dimensions of about 50 to100 nm.
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Figure 7. SEM micrographs of Pt/C- AH- FD- catalyst synthesized by
the reduction method with ethanol and EDS analysis.

4. Conclusions

By changing the reducing agent and the platinum precursor, four Pt/C catalysts with different Pt morphologies were
obtained. The electrocatalytic activities of the Pt/C nanocomposites were studied. It was found that the catalysts
prepared by photochemical deposition shows higher catalytic activity than the other catalysts, which can be
attributed to the high concentration of metallic platinum and uniform dispersion of the Pt nanoparticles on the carbon

surface.
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Abstract
The objectives of our work were to evaluate (i) the application of calcogenide catalyst of the type Ru,Mo,Se, for
oxygen reduction reaction (ORR) in the cathode, and (7i) the effect of the type of the two anodic materials on the
performance of two microbial fuel cells (MFCs). A new design of a single chamber MFC-A was built with a
plexiglass cylinder, the two extreme circular faces were fitted with PEM-cathode assemblage, i.e., left and right
faces. The anode consisted of 65 triangular pieces of graphite filling the anodic chamber. The single chamber MFC-
B had a ‘sandwich’ arrangement anode-PEM-cathode. The cathodes were made of flexible carbon-cloth containing
Img/cm’ Ru,Mo,Se, catalyst. The cell was loaded with a sulfate-reducing inoculum and a mixed organic substrate.
The MFC was characterized by linear sweep potential method. First, each face (left and right) of the MFCs was
characterized by separate. The Py.px values for MFC-A were 1 200 and 1 125 mW/m’ and those of MFC-B were 43
mW/m’ for both separate faces. The values of R;,; obtained were 146 and 167 Q2 for MFC-A and MFC-B were 1 612
and 1 397 Q, respectively. The MFC-A showed higher values of Py, by a factor of 22.6 and 18.7. The Ry,
decreased by a factor of 11 and 8 for MFC-A. Parallel connection significantly decreased the internal resistance of
the cell and almost doubled volumetric power for both cells. Power derived by cell A with cathode calcogenide
catalyst was slightly inferior to that of a similar cell with Pt although the cost of the first catalyst is significantly
lower than that of Pt, 90% lower. Finally, application of graphite anode made of small triangular pieces significantly

improved the performance of a MFC-A that used Ru,Mo,Se; as a cathodic catalyst for ORR.

1. Introduction
Microbial fuel cells (MFC) constitute a promising technology for sustainable production of alternative energy and
waste treatment [1]. Platinum has been commonly used as a catalyst of oxygen reduction reaction (ORR) in MFCs.
Yet the high cost of an MFC is mainly due to the high price of Pt. This, in turn, deters the commercial MFC
applications. So, the development of new materials with high catalytic properties to perform oxygen reduction is
presently a task of great importance [2]. One of the actual challenges in microbial fuel cells research consists of the
application of new electrochemically active catalytic materials (RuyMo,Se,) [3,4], such as alternate electrocatalysts
to replace the extensive use of the more expensive platinum. On the other hand anode materials have been, watch
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later in microbial fuel cells in attempts to increase the power output per unit volume of reactor. Several types of
materials and shapes have been used, such as carbon paper, graphite plate, carbon cloth, carbon mesh, granular
graphite, granular activated carbon, carbon felt, reticulated vitrified carbon, carbon brush, stainless steel mesh [5,6].

The objectives of our work were to evaluate (i) the application of calcogenide catalyst of the type Ru,Mo,Se, for
oxygen reduction reaction (ORR) in the cathode, and (i) the effect of the type of the two anodic materials on the

performance of two microbial fuel cells (MFCs).

2. Experimental section

2.1. Microbial fuel cell architecture

A new design of a single chamber MFC-A was based on extended electrode surface (larger &, ratio of electrode
surface to cell volume) and the arrangement of the anode-PEM-cathode. The cell was built with a plexiglass cylinder,
the two extreme circular faces were fitted with PEM-cathod assemblage, i.e., left and right faces. The anode
consisted of 65 triangular pieces of graphite (1.4 x 1.8 x 0.5 c¢m, side x height x thickness) filling the anodic
chamber. The single chamber MFC-B had an assemblage or ‘sandwich’ arrangement of the anode-PEM-cathode [7]
The cathodes were made of flexible carbon-cloth containing 1mg/cm? Ru,Mo,Se, catalyst [3].

On the other hand, the design of a single chamber MFC-C was similar to the MFC-A except that the cathode was
made with Toray flexible carbon-cloth that contained 0.5mg/cm’ platinum catalyst (Pt 10 wt%/C-ETEK), instead of
the calcogenide. All the cathodes in both cells MFC-A and MFC-B were in direct contact with atmospheric air on the

perforated metallic plate side.

2.2. Model Extract and Biocatalyst

The cells were loaded with 7 ml from a model extract similar to the produced metabolites profile found in the
biological hydrogen production from the organic fraction of the municipal solid wastes [8], [9], [10]. The model
extract was concocted with a mixture of the following substances (in g/L): acetic acid (1.4), propionic acid (0.3) and
butyric acid (0.2) as well as acetone (0.04) and ethanol (0.08) and mineral salts such as NaHCO; and Na,COj; (3
each) and K,HPO, and NH,Cl (0.6 each). Organic matter concentration of model extract was ca. 35 g COD/L. The
cells were loaded with 143 mL of mixed liquor from a sulphate-reducing, mesophilic, complete mixed, continuous
bioreactor. The bioreactor had an operation volume of 3 L and was operated at 35°C in a constant temperature room.
The bioreactor was fed at a flow rate of 120 mL/d with an influent whose composition was (in g/L): sucrose (5.0),

acetic acid (1.5), NaHCO; (3.0), K,HPO, (0.6), Na,COj5 (3.0), NH4CI (0.6), plus sodium sulphate (13.0).
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2.3. Electrochemical technical and analytical methods

Potential sweep experiments were carried out at a scan rate of 0.1mV/s from open-circuit cell voltage (Eocp), to the
potential final 0.02mV, the potential sweep were performed in a potentiostat/galvanostat Voltalab model PGZ402
[15, 16].

The current (Iyrc), power (Pyrc), power density (Pa,), volumetric power (Py) and coulombic efficiency (ncou) were
calculated as previously described [7].

The COD and VSS of the liquors of sulphate-reducing seed bioreactor and cells were determined according to the
Standard Methods [11]. In addition, the individual concentrations of volatile organic acids and solvents in the model
extract were analyzed by gas chromatography in a chromatograph Perkin Elmer Autosystem equipped with a flame

ionization detector as described elsewhere [12].

3. Results and discussion

First, each face (I and II) of the MFC-A and MFC-B was characterized by separate (Figure 1a,b). Values of Eyrc_ ocp
obtained were 0.591 and 0.593 V for the left and right face (MFC-A), and 0.332 and 0.311 V for the left and right
face the cell B, respectively (Table 1). The Py.n. values for MFC-A were 1 200 and 1 125 mW/m’, the
corresponding values in MFC-B were 53 and 60 mW/m’ for both separate faces, that is, much lower (Table 1). The
polarization curves were very close to straight lines; the values of R;,; were estimated from the slopes of

corresponding regression lines as 146 and 167 Q for MFC-A and MFC-B were 1 612 and 1 397 Q, respectively.
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Figure 1. Curves of polarization: (a) MFC-A and (b) MFC-B
(-, face I; -, face I1; .., series and --, parallel) and volumetric power (-, face I; -, face II; .., series and --, parallel) of

microbial fuel cells using a sulphate-reducing and Ru,Mo,Se,
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The MFC-A with graphite anode made of small triangular pieces showed higher values of Py_,.« by a factor of 22.6
and 23.4. The proportion of R;,; decreased by a factor of 11 and 8 for MFC-A. Parallel connection significantly
decreased the internal resistance of the cell and almost doubled volumetric power for FMC-A and MFC-B,
respectively. Also, it outstandingly increased the volumetric power efficiently. The Py, for MFC-A was
comparable with the value reported by Zhong et al. [13]. Thus, our work demonstrated that parallel connection was

more appropriate regarding electrochemical characteristics of cells than series connection.

Table 1. Effect of the type of anodic material on cell characteristics MFC-A and MFC-B with different connections

of their two faces (electrodes).

Type cell Type EMFC,OCP PAn-max PV-max IMFC—max Rint
connection ) (mW/m®) (mW/m’)  (mA) Q)
MFC-A
Graphite triangular  Separate 0.591 5.2 1200 2.5 146
pieces faces 0.593 4.9 1125 24 167
Series® 0.628 2.5 1124 2.9 162
Parallel 0.506 4.1 1829 4.1 69
MFC-B
Sandwich Separate 0.332 4.2 53 0.2 1612
clectrodes with faces 0.311 4.7 60 0.2 1397
carbon cloth anode
Series® 0.313 1.9 48 0.2 1874
Parallel’ 0.308 4.1 102 0.3 820

? the two facial electrodes were connected in series; ° the two facial electrodes were connected in parallel; MFC, new design of
single chamber cell; Eyjrc.ocp, Open circuit potential; P, max maximum power density; Py_p.c, maximum volumetric power; Iypc.
maxs MAximum current intensity.

Afterwards, first each face of the MFC-C with the application Pt as a cathodic catalyst for oxygen reduction reaction
was characterized by separate (left and right). Second, the MFC-C was characterized with the two faces connected in
series and parallel (Figure 2).
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Figure 2. Curves of polarization of MFC-C (-, face I; -, face II; .., series and --, parallel) and volumetric power (-,

face I; -, face II; .., series and --, parallel) of microbial fuel cells using a sulphate-reducing and Pt
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Values of Eyrc, ocp obtained from the separate faces were relatively low, 0.276 and 0.325 V for the left and right
face, respectively. Series and parallel connection showed potentials 0.432 and 0.309 V, respectively (Table 2). The
Py.max Values were 1 600, 1 700, 2 349 and 3 158 mW/m’ for separate faces, and series and parallel connection,
respectively. The corresponding Ry, were 55, 62, 83 and 33. The Py._,. of separate face electrodes was high and
comparable with the value 1010 of mW/m’ reported by [13]. Parallel connection significantly decreased the internal
resistance of the cell (33 Q) and almost doubled volumetric power (Table 2), likely due to increased current intensity
of 4.1 mA. The results for Py_,.« for parallel connection can increase the volumetric power significantly. The internal

resistance values in this work were in the low side of the range reported in the literature [14].

Table 2. Effect the type catalyst for oxygen reduction reaction in the cathode: MFC-A and MFC-C with different

connections of their two faces (electrodes).

Type cell Type Emrcooce Pan-max Pv_max IMFC-max Rin¢
connection ) (mW/m?) (mW/m’)  (mA) (Q)

MFC-A

Calcogenide catalyst ~ Separate 0.591 5.2 1200 2.5 146
faces 0.593 4.9 1125 24 167
Series® 0.628 2.5 1124 2.9 162
Parallel” 0.506 4.1 1829 4.1 69

MFC-C Separate 0.276 7.0 1 600 3.7 55

Pt catalyst faces 0.325 7.5 1 700 3.6 62
Series® 0.432 7.9 2 349 4.0 83
Parallel’ 0.309 6.9 3158 7.0 33

% the two facial electrodes were connected in series; ° the two facial electrodes were connected in parallel; MFC, new design of
single chamber cell; Eyrc.ocp, Open circuit potential; Py .. maximum power density; Py_p.. maximum volumetric power; Lyrc.
maxs Maximum current intensity.

The relatively low values of Py,.max Obtained in this work could be due lack of acclimation of the inoculum to the
new subtrate. The microbial consortium in the sulphate-reducing inoculating bioreactor was acclimated to a substrate
that consisted of sucrose and acetic acid, as well as sodium sulfate as electron acceptor. After transferring the
inoculum to the MFC, the substrate fed was a model extract that neither contained sucrose nor sulphate (the substrate
was a mixture of acetic, propionic and butyric acids as well as acetone and ethanol and mineral salts.) That is, the
absence of acclimation to the new substrate could have played a negative effect on MFC performance. Furthermore,
the inoculum was not previously enriched for electrochemically-active bacteria (also known as anodophilic or
exoelectrogenic bacteria). As it is known, most of these microorganisms are dissimilatory metal reducing
microorganisms, and their presence and predominance in the consortia anchored in MFCs are associated to high

power outputs [17-20].
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4. Conclusion

On the one hand, the MFC-A equipped of anodic triangular graphite pieces showed higher values of Py.. and
significant lower internal resistances than the cell B with sandwich electrodes and anodic carbon cloth.

On the other hand, the power derived by cell A with cathode calcogenide catalyst was 42% inferior to that of a
similar cell with Pt (cell C) although the cost of the first catalyst is significantly lower (90%) than that of Pt. The
lower power harvested using calcogenide catalyst is easily offset by the savings associated to Pt replacement. Since
the cost of Pt is US$ 31.4/g, whereas the cost of Ru is US$ 2.63/g, nearly 80-90% savings in the overall cost of cell
construction might be achieved by using the calcognide-based catalyst.

Our results have have demonstrated the promising application of graphite anode made of small triangular pieces on

performance of a MFC-A that used Ru,Mo,Se. as a cathodic catalyst for oxygen reduction reaction.
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7. Appendix

Enmrc voltage output of the cell

MFC microbial fuel cell

MEFC-A new design of a single chamber microbial fuel cell with triangular pieces of graphite as anode and
calcogenide catalyst in the cathode

MFC-B two-face single chamber microbial fuel cell with two sandwich electrode with calcogenide catalyst in
the cathode

MEFC-C single chamber microbial fuel cell with triangular pieces of graphite as anode and Pt catalyst in the
cathode

P An-max maximum power density

PEM proton exchange membrane

Pv.max maximum volumetric power

Rint internal resistance

SR-In sulphate-reducing inoculum
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Abstract
In this work is presented a synthesis and characterization of a nanometric and highly dispersed
material. The Ru;Pd¢Pt was produced by microwaves assisted, using the polyol method. The
particle size was approximately 9 nm, obtained by xrd data and estimated by tem
micrographics. The kinetic parameters obtained shown that a Ru;Pd¢Pt is an acceptable

candidate by using in PEM fuel cells.

Introduction

Historically, the synthesis methods have involved high temperatures and relative high pressures, a long time for
synthesis, was used organic solvents that requires an extraction and purification steps. To date synthesis arises as
promising as being able to finalize the process in minutes, achieving an efficient way greatly reduce
environmental impact. Because microwave energy can be transferred directly to the reactive species, the

reactions can be carried out in shorter times than would normally be by employing other methods.

Experimental
Electrocatalyst preparation

The trimetallic electrocatalyst was produced on a conventional microwave oven by polyol method at 190°C by
the reduction of corresponding metallic salts RuCl; (Aldrich), PdCI, (Aldrich), and H,PtClg (Aldrich) in ethylene
glycol (EG/Aldrich), as reported in literature.[1-5] The system employed its shown in the Figure 1. The reaction
product was washed several times with acetone and deionized water. Afterwards, the powders was dried at 50°C

for 16h and kept in a closed vessel. The resulted dark-fine powder was used for electrochemical measurements

[6].
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Figure 1. System employed in the synthesis of Ru;Pd4Pt
Electrochemical Characterization

Diverse techniques were used to determine the kinetic parameters of the orr on RusPd¢Pt. Was used the common
half cell with three electrodes as working electrode a glassy carbon disc electrode, as counter electrode a
platinum mesh and a Hg,/Hg,SO4/H,SO, 0.5 M (0.68 V/NHE) as reference electrode. Al measurements are
referenced to NHE. The electrochemical surface was determined by the CO, stripping technique, at 0.1 V/NHE
by the saturation with CO, forward by the saturation with N,. Then rde technique was applied. The
hydrodynamic experiments were recorded in the rotation rate range of 1001600 rpm at 5 mV s '. All the
experiments were performed at room temperature (24°C). Afterward, the corresponding treatment was

performed to known the kinetic parameters.

Results and discussion
Physical Characterization

The X-ray diffraction of the Ru;PdgPt catalyst is shown in Figure 2. The powder electrocatalyst showed five
diffraction peaks good definite at about 28 =40°, 47°, 67°, 81° and 87° identified as single hexagonal fcc phase
of palladium and in the same range for the single hexagonal fcc platinum. The experimental pattern matches well
with the standard crystallographic tables JCPDS cards 01-065-2867 and JCPD 01-065-2868 for Pd and Pt,

respectively. The pick on the 43° is attributed to Ru presence. Using Topas Academic Software a particle size

was determined around 9 nm.
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Figure 2. XRD pattern of nanosized particles of Ru;PdgPt

A transmission electronic micrograph image was shown in a Figure 3. A crystalline form immerse in an
amorphous part. Analyzing the image in Digital Micrograph 5.0 an estimate of a particle size was determinate

around 7 nm with spherical form.

Electrochemical Characterization

The cyclic voltammetry characterization of the Ru;PdsPt electrode in the supporting electrolyte was performed

1

in a nitrogen purged H,SO, 0.5 M solution, at 100mVs ~ scan rate. In this experiment the electrode was

submitted to 30 cycles in order to obtain a reproducible voltammogram. Figure 4 presents a corresponding
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voltammograms on Ru;Pd¢sPt oxygen atmosphere that no shows good-definite peaks associated with

adsorption/desorption of hydrogen characteristic in polycrystalline noble metals.

2
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Figure 4. Voltammogram on Ru;Pd¢Pt in H,SO, 0.5 M at room temperature, in oxygenated atmosphere. v=100

mVs™

The CO, stripping on Ru;PdgPt as shown in a figure 5. Obtained at 0.78 V/NHE the scan rate was 20 mV s™'. On
the figure 6 is presented a voltammograms obtained after and before de CO, stripping technique. Is observed that
the characteristic shape no change, that is a good indicator that the material is CO, resistant. The area was

estimated around a 1.445 cm? with a R=11.5.
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Figure 5. CO, stripping on RusPdgPt at room temperature, E=0.78 V. v=20mv s™.
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Figure 6. Ciclic Voltammograms on Ru;Pd¢Pt, in N, , before and after the CO, stripping. v=100 mv s,
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Afterwards, the edr was obtained and is shown in the Figure 7. The clasic shape are present in this graphics, the
kinetic zone, the difussional and the mixed control was observed. The figure 8 presents a tafel graph obtained

from the analysis of rde. Is observed that the material exhibit a good activity to catalyze the orr on acid media.
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Figure 7. rde graph for orr on RusPdgPt, at room temperature. v =5 mv s~

—_—

(SAL
fé oA
{ Py

l -
Mexican Hydrogen Society YUFO'FIT] Center for
Scientific Research 39

X
‘0‘000



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

N
l(,)’E...,...,.......,...

(\I] -

g 10 L

o 3

< :

E L

~ L

~ 107 |
1()'3...|...|...|...|...

0 0.2 0.4 0.6 0.8 1
NHE / V

Figure 8. A Tafel plot of Ru;PdsPt for the orr on H,SO,4 0.5 M at room temperature.

Conclusions

The kinetic parameters were obtained from the tafel plot. The open circuit potential that exhibit this material was
0.95 + 0.02. the area calculated from the CO, stripping determined from the figure 5 was 1.445 cm’, tafel slope
(-b), current density exchange (i,) and o parameter, was 0.56 + 0.09 mV dec™, (9.07 £1.3) x10”° mA cm-?,
respectively. The Ru;PdsPt material is candidate to be considered as cathodic catalyst for polymer electrolyte

membrane fuel cell (pemfc).
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ABSTRACT
Lindane is a chlorinated pesticide known for its toxicity and persistence in the environment. Recently, it has been

proposed that soil microbial fuel cell technology (SMFC) could be applied to enhance the removal of organic matter,
phenol, and petroleum hydrocarbon in contaminated soil with simultaneous electricity output. Yet, there is no
information on the application to remediation of soils polluted with pesticides. The purpose of this research was to
evaluate the biodegradation of lindane with simultaneous electricity generation in an electrobiochemical slurry
reactor (EBCR). The EBCR was inoculated with a sulfate reducing inoculum acclimated to lindane, characterized,
and further batch operated for 30 day at room temperature. No external carbon source was supplemented in the
experiment 1; the substrate was the soluble natural organic matter (NOM) of the soil. In the experiment 2 the EBCR
was supplemented with a stock solution of sucrose: sodium acetate: lactate to give a final concentration of 2g COD/L
in the reactor. Results from electrochemical impedance spectroscopy characterization in the EBCR (Experiment 1)
showed that the equivalent circuit had an anodic resistance R;=2064€), cathodic resistance R; = 192 Q; and
electrolyte/membrane resistance R, = 7Q, totalling a relatively high overall internal resistance R;, of 2263Q. During
the batch operation, the EBCR showed a 30% lindane removal efficiency along with a maximum volumetric power
volumetric of 165 mWm™. This value compared favorably with results corresponding to sediments microbial fuel
cells that are used to power weather monitoring systems. The organic matter removal was very high (72% as soluble
COD, NOM) whereas the coulombic efficiency was low (5.4%). The latter, although, was higher than values
reported for microbial fuel cells that degraded leachate-like effluents. In Experiment 2 of the EBCR both cell
characteristics and performance significantly improved. The internal resistance as determined by polarization curve
was 102Q when the connection was in parallel. During the batch operation, the EBCR showed a 78% lindane
removal and a maximum power volumetric of 634 mWm™, the organic matter removal was 76% and coulombic

efficiency was 15%. Finally, it can be concluded that our EBCR showed a high lindane removal capability.

Keywords: Electrobiochemical slurry reactor, lindane, soil remediation, sulphate reducing

1. Introduction
The widespread use of pesticides has lead to pollution of soil, water bodies and aquifers, and atmosphere [1, 2]. The

y-hexachlorocyclohexane (y-HCH; also called lindane) is a highly halogenated organic pesticide that has been used
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worldwide, particularly in Mexico, in spite of its banning in first world countries [3]. Lindane has been used for crop
protection and prevention of vector-borne diseases for many decades [4-7]. Negative impacts of lindane on the
environment and human health have been reported worldwide [8]. Due to their hydrophobicity, lindane is tightly
bound to the organic matter and clay of soils. This, in turn, decreases their bioavailability. It is commonly recognized
that mass transfer of HCH from soil to liquid phase is the limiting process in biodegradation processes used for soil
bioremediation [9, 10]. Bioavailability of HCH in polluted soils could be increased by using slurry bioreactors (SB).
SB is an ad situ soil bioremediation technology that allows the adjustment and optimization of several process
variables such as mixing and water addition, nutrient supplementation, addition of surfactants and solvents to
increase pollutant desorption from soil, temperature and pH control, bioaugmentation (seeding the bioreactor with
microbial strains or consortia acclimated or specialized in pollutant degradation), etc., with the purpose to increase
mass transfer, foster biodegradation and decrease treatment time [11-13]. On the other hand Microbial Fuel Cell
(MFC) is a promising technology for the biodegradation of several organic substrates and wastes such as glucose,
acetate, xylose, cysteine, cellulose and organic pollutants with simultaneous power generation [14-19]. In this device
the microorganisms oxidize different substrates at the anode producing protons and electrons, which flow through an
external circuit to the cathode that is in contact with oxygen, in this part the protons are used in the reduction of
oxygen producing water [20-22]. Recently, it has been proposed that soil microbial fuel cell (SMFC) technology
could be applied to enhance the removal of organic matter, phenol, and petroleum hydrocarbon in contaminated soil
and simultaneous electricity output [17-18]. The purpose of this research was to study the biodegradation of lindane
and simultaneously electricity generation using an electrobiochemical slurry reactor (EBCR) for the remediation of a

polluted, heavy soil.

2. Experimental

2.1 Chemicals

y- HCH isomer (97 % purity) was purchased from Sigma-Aldrich. Lindane is a moderately lipophilic, organo-
chlorinated substance characterized by a high partition coefficient octanol-water Kow ~ 4*103, with low solubility in
water, approx. 7 mg/L at 20°C, and slightly polar due to the strong electronegative effects of chlorine atoms bound to
the aliphatic ring. Chlorobenzene (CB), dichlorobenzene isomers (1,2-DCB, 1,3-DCB) and 1,2,4 trichlorobenzene

(99-99.9% purity) , hexane and acetone were of analytical grade.
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2.2 Lindane and metabolite analysis

Lindane was analyzed by Headspace-Solid Phase Microextraction-Gas Chromatography- Electron Capture Detector
(HS-SPME-GC-ECD). The procedure for the extraction of HCH residues in the soil slurry reactor was performed
according by Quintero et al. [23]. The intermediate metabolites in the experiment 1 were analysed in an Agilent
Technologies GC/MS with an autosampler Gerstel (MPS-2 Twister), the oven temperature were programed as
follows: hold time 40°C, 2 min; ramp rate at 3°C/min to 180°C; ramp rate at 8°C/min to 270°C. The injection
volume was 1ul via a split-less injection at 280°C. Helium was used as a carrier at a flow rate of 1.0ml/min. The
intermediate metabolites in the experiment 2 were analyzed in a Perkin Elmer gas chromatograph equipped with an
electron capture detector. Selected samples of EBCR (experiment 2) were analyzed in a Perkin Elmer GC-MS, the
oven temperature were programed as follows: hold time 40°C, 6 min; ramp rate at 3°C/min to 180°C; ramp rate at
10°C/min to 300°C. The injection volume was 1l via a split-less injection at 250°C. Helium was used as a carrier at
a flow rate of 1.0ml/min.

The soil pH was determined in a slurry soil/deionized water 1:2 (w/w) [10], soil texture was measured by the
hydrometer method, biochemical oxygen demand (BOD) was estimated according to the Standard Methods (Method
507) and organic matter content was estimated by the method of oxidation with K,Cr,O5[24]. In sulphate reducing
seed reactor (Table 1) were determined: pH, sulphate, organic matter content such as COD and biomass according to
the Standard Methods (methods 423, 426C, 508, and 209E respectively; 25). The alkalinity was analysed
according to Poggi-Varaldo and Oleszkiewicz [26].

Table 1. Performance of sulphate reducing seed reactor used for inoculation of electrobiochemical slurry reactor

Parameter

‘Lindane (%) 76.36+15.2

pH (-) 7.55+£0.25

‘COD (%) 52.87 £18.24

Biomass (mg VSS/L) 1469.11 £ 674.269

Factor a (-) 0.17+0.10
Sulpate(%) 76.81+20.48
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2.3 Soil
An agricultural soil with high contents of organic matter and clay (Table 2), contaminated with a dose of 100 mg

lindane/kg dry soil.

Table 2. Main physico-chemical characteristics of mineral agricultural soil used in this work

Parameter

Source Huajuapan de Leo6n, Oaxaca
Type Cambisol
pH 7.31 +£0.06
Organic matter (%) 8+0.09
COD (mg COD/kg dry soil) 5100 + 436
BOD (mg BODs/kg dry soil) 3725 +£353
Clay (%) 43 +£0.79
Sand (%) 37+£2.70
Silt (%) 21+£3.33
Texture Clayish
Hydraulic conductivity Low to moderate

2.4 Electrobiochemical slurry reactor

The EBCR consisted of a Plexiglass cylinder approximately 6 cm in diameter and 8 cm in height (308 mL capacity),
the anodes used in this experiment were graphite discs (S5cm D x 0.5 cm) and the cathodes were of Toray carbon
cloth, the cathodes were in contact with atmospheric air (Figure 1). The electrodes were separated by a cation
exchange membrane (Nafion 117, coated with 0.5 mg/cm2 platinum catalyst, Pt 10wt%/C-ETEK) and was

inoculated with a sulfate reducing inoculum acclimated to lindane [27].

2.5 Experimental design

2.5.1  Experiment 1

The EBCR was batch operated for 30 day at room temperature. The concentration of soil was 66%. No external
carbon source was supplemented; the substrate was the soluble natural organic matter of the soil (NOM).

Measurements of the power output were performed using a Multimeter ESCORT 3146A.
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2.5.2  Experiment 2
The EBCR was batch-operated for 30 day at room temperature. The concentration of soil was 33% w/v. The EBCR

was fed a solution stock of sucrose: sodium acetate: lactate to give a final concentration of 2g COD/L in the EBCR at
15 y 25d. The mix was with nitrogen the first 15 days, afterwards mixing was performed in a shaker at 100 rpm.
Measurements of the power output were done using a Multimeter ESCORT 3146A. The process controls were

EBCR under open-circuit and non-EBCR conditions as the biotic control and abiotic control respectively.

2.6 Determination of internal resistence of the electrobiochemical slurry reactor

2.6.1  Electrochemical impedance spectroscopy in the experiment 1

The internal resistance (R;,;) of EBCR was calculated as a function of cell voltage using electrochemical impedance
spectroscopy (EIS). The electrochemical impedance spectra were recorded over a frequency range of 1 mHz to 100

kHz [28-30], equivalent circuit models were fitted to the data using the program of ZView?2.

2.6.2  Polarization curve method in the experiment 2

The internal resistance of was determined using the polarization curve method, by varying the external resistance
(100-10°Q) according to procedures suggested by Logan et al. [20], Poggi-Varaldo ef al. [21], Véazquez-Larios et
al. [22], Sathish-Kumar et al. [31], this was carried out 0d y 7d of operation.
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Figure 1. Schematic diagrams of electrobiochemical slurry reactor
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3. Results and discussion

3.1 Experiment 1

3.1.1 Determination of internal resistance

Internal resistance is an important factor in the characterization of MFCs, because when an MFC is operated with an
external resistance under an external resistance equal to its internal resistance will result a maximum value of power.

Results from experiment showed that the equivalent circuit obtained from the Nyquist plot (Fig. 2) had anodic
resistance R;=2064 ), cathodic resistance R; = 192 Q; and electrolyte/membrane resistance R, = 7 Q; so the total
internal resistance was 2263 Q. Compared with microbial cell with matrix of soil, this value is lower than 10 kQ
reported by Ringelberg et al. [32]. They [32] worked with a cylinder (2.2cm X 10cm, D X h) as the reactor, a non-
contaminated soil with texture silt loam with organic content of 11.1%, whereas the anode was carbon cloth with 16
cm’ of surface area and the cathode was carbon cloth coated on one side with 0.5 mg Pt/cm”. On the other hand, our
internal resistance was higher than that reported by Wang et al. [18] and Huang et al. [17]. The former worked with a
U-tube air-cathode soil MFC and a soil with texture was silt loam, the anode and cathode (connected in parallel)
where carbon mesh, the cathode was coated with 0.1 mg/cm’Pt. They reported an internal resistance of 1 000 Q.
Their soil had 28.3 3 g total petroleum hydrocarbon/kg of soil. They also observed a pollutant removal of 15% in 25
days of batch operation. On the other hand Huang et al. [17] found an internal resistance of 100 Q in a system used
to phenol from waterlogged soil. The paddy soil (phenol, 80mg/L) was covered with 3.0 cm of water, the anode was
a layer of carbon felt (15.0cm x12.5cm x 0.5¢cm) and cathode was GORE-TEX cloth (15.0cm x 12.5cm), coated
with Ni-based paint (7.0g) and Pt/C solution mixed with Nafion (0.094g). Phenol removal was 90.1% in 10 days.
This relatively high result could be ascribed to the fact that phenol is not strongly sorbed on to soils and can be
degraded by a great variety of microorganisms and its toxicity is quite relative. In contrast, lindane is known to be

very recalcitrant, toxic, and hydrophobic [7, 10].

3.1.2 Perfomance of the electrobiochemical slurry reactor

The electricity generation reached a voltage output of approximately 330 mV at 7 days (Fig. 3, table 3), power
density normalized with the anode 6.6 mW/m” and volumetric power 165 mW/m’. The voltage remained constant
until day 20, it is low at 240mV. The organic matter removal was very high (72% as soluble COD, NOM) whereas

the coulombic efficiency was low (5.4%).

3.1.3 Lindane removal and intermediate metabolites
The EBCR showed lindane removal efficiency 30%; after 30 d operation metabolites from lindane

degradation/transformation were not detected (Figure 4)
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Figure 2. Nyquist plot and equivalent circuit in the Experiment 1
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Figure 3. Electricity generation by an electrobiochemical slurry reactor during batch operation for 30 d in the
Experiment 1.
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Table 3. Average performance of the electrobiochemical slurry reactor in Experiment 1.

Parameter Value
[Llindane (%) 27.60 + 6.33
P Anmax (MWM™?) 6.62

Pymax (MWm™) 165.31
Eescr-max (V) 0.33
IEBCR-max (MA) 0.15
PEBcR-max (MW) 0.05

Pnave (MWmM™) 412+135
Py (MWm™) 103+ 34
Eepcr-ave (V) 0.26+ 0.07
IEpcR-ave (MA) 0.12+£0.03
PEBcr-ave (MW) 0.03 £0.01
[COD (%) 7236+ 15
(S04 (%) 22.07+0.01

Notes: [pinaane, lindane removal efficiency; Pa,, surface area power density; Py, volumetric power; Egpscr, voltage; Iisgr, current intensity;
Pricr, power delivered; [1cop, organic matter removal efficiency as COD. [so4, sulphate removal efficiency. Subindices: max, maximum; ave,

average.
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3.2 Experiment 2

3.2.1 Characterization of the electrobiochemical slurry reactor

The polarization curves and the power variation with current intensity of the EBCR at time 0 days are shown in
Figure 5a and 5b respectively. The values obtained from the polarization curves method were 2046, 1288, 897 y
2550 for face A, face B, connection in series and parallel, respectively (Table 4). The maximum volumetric power
was obtained when the connections were in parallel (739 mW/m?®) followed for the face B, connection in series and
face A with 421, 340 and 86 mW/m’ respectively.

After 7 days of operation another reactor characterization was carried out. The internal resistances decreased very
much compared to those of the first characterization. Their values were approximately o 140, 339, 442, 102 Q for
face A, face B, connection in series and connection in parallel, respectively. The maximum volumetric power was
obtained for parallel connection (1531 mW/m’, Table 4, Fig. 6); it was twice the volumetric power obtained with
characterization at 0 days. The improved characteristics might be a consequence of the increased microbial activity
resulting from enrichment of the biofilm on the anode [33]. The internal resistance was smaller than that obtained by
Ringelberg et al. [32] and Wang et al. [18] who reported values of 10kQ and 1kQ, respectively. On the other hand
the internal resistance obtained when the connection were in parallel was similar to low internal resistances of 100 Q

reported by Huang et al. [17] and Yan et al. [34].

3.2.2  Performance of the electrobiochemical slurry reactor

Figure 7 shows voltage generation of the device when the anodes and cathodes of the EBCR were connected in
parallel. The voltage with the EBCR in open circuit conditions (at the early 20 h) was approximately 530 mV (phase
I). The voltage remained stable when the cell was operated with an external resistance of 120 Q (first hours of phase
II); however the voltage decreased to less than 200 mV afterwards. So, open circuit conditions were re-established in
phase III) where an expected increase of voltage occurred. Subsequently, in phase IV, the cell was operated with an
external resistance of 220 Q and a drastic voltage decrease was observed. Again, open circuit conditions were re-
established in phase V. Phase VI was run with an external resistance of 560 Q. Approximately at day 8 the cell
contents was mixed with nitrogen gas. It was found that cell voltage significantly increase after each mixing episode;
however, after mixing the voltage decrease was very important (down to between 100 to 200 mV, Fig. 7, days 8 to
15). Due to pneumatic and hydraulic difficulties of mixing by bubbling N, gas, starting at day 15 the cell content was
continuously mixed in a shaker at 100rpm. Voltage output recovered and was stabilized around 300 mV. This was
accompanied by supplementation with 2g/L. substrate (sucrose: sodium acetate: lactate) that was used as the fuel in
the EBCR at 15d. Electricity generation began to increase and reached a voltage output of approximately 303 mV
(Fig. 7). The power density normalized to anode area was 21.3 mW/m” and the average volumetric power was 531
mW/m’. At approximately 20 days of operation, the cell reached a maximum voltage output of 329mV and

volumetric power of 629 mW/m’ (Table 5); the voltage remained constant until day 24. Afterwards, it decreased
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again to a value of 260 mV. On day 25 the EBCR was fed with 2 gCOD/L of substrate and reached a voltage of
321mV, the EBCR voltages decreased below 280 mV at 28 day.

The maximum voltage output of the EBCR (330mV) and maximum power (25mW/m?”) were higher than those

reported by Wang ef al. [18] (155 mV and maximum power 0.85 mW/m?) for a cell loaded with soil polluted with

total petroleum hydrocarbon. Our results also compared very favorably to those observed by Yan et al. [34], a

voltage as low as 17 mV in the treatment of sediment contaminated with phenanthrene and pyrene.
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Figure 5. Characterization of the electrobiochemical slurry reactor at t0d (a) Polarization curves, (b) power densities
in the Experiment 2

Table 4. Average values of several variables in electrobiochemical slurry reactor characterization after at Odays in the

Experiment 2

Parameter Face A Face B Series Parallel
R, (Q) 2046 1288 897 255
Py pomayx (mWm2) 6.88 33.72 13.60 29.57
Pymay (mWm?) 86 421 340 739
Lscr.max (@A) 0.49 1.14 1.02 1.50
Besinmex. V) 0.39 0.38 0.45 0.46
Prpcromas W) 0.03 0.13 0.10 0.23
Py pave (mWm2) 2.72 6.13 5.08 0.87
Py pve (mWm?) 34 76 127 22
IepcReave (MA) 0.09 0.15 0.20 0.02
Eici-ave ™) 0.22 0.26 0.33 0.37
Prpcroave (MW) 0.01 0.02 0.04 0.07

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Iipgr, current intensity; Prscr, power delivered. Subindices:
max, maximum; ave, average.
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Figure 6. Characterization of the Electrobiochemical slurry reactor at t7d (a) Polarization curves, (b) power densities

in the Experiment 2

Table 5. Average values of several variables in electrobiochemical slurry reactor characterization after at 7days in the

Experiment 2

Parameter Face A  FaceB Series Parallel
R, () 140 339 442 102
Puyomax (mMWm2) 96.60 16.32 13.93 61.27
Py (mWim) 1207 204 348 1531
IepoRomax (MA) 1.93 0.79 1.03 2.17
Erpcromax V) 0.41 0.35 0.49 0.44
Prpcromax @MW) 0.37 0.06 0.11 0.47
Puyoave (mWm2) 19.91 5.88 4.95 12.12
Py pve(mWm?) 249 73 124 303
Iepg-ave (MA) 0.30 0.15 0.19 0.33
Etgg-ave (V) 0.34 0.25 0.34 0.38
Prpo.ave (MW) 0.08 0.02 0.03 0.09

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Iipgr, current intensity; Prscr, power delivered. Subindices:
max, maximum; ave, average.
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Table 6. Average performance of electrobiochemical slurry reactor in the Experiment 2

Parameter Value
[LLindane (%) 78
Rint (Q) 560
Pan-max (mWm-2) 25
Pynas (MWm™) 634
EgBcromax (V) 0.33
IEBCR-max (MA) 0.59
Ppcr-max (MW) 0.20
Coul (%) 15
LCOD (%) 76

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Irpgr, current intensity; Prscr, power delivered, [lcop, organic
matter removal efficiency as COD. Subindices: max, maximum.

On the other hand, Huang e al. [17] registered a power density slightly superior (ca. 30 mW/m?) and a lower voltage
(150 mV) in the treatment of a waterlogged soil polluted with phenol.

3.2.3  Lindane removal and intermediate metabolites

Lindane removal achieved in the EBCR was 78%, whereas the removals of the biotic (live) control and abiotic
control slurry reactors were 80 and 3%, respectively. Main metabolites due to lindane degradation were detected by
analysis by GC/MS in the EBCR: 1,2,3-trichlorobenzene (1,2,3 TCB), 1,3-dichlorobenzene (1,3-DCB), 1,2-
dichlorobenzene (1,2-DCB), and chlorobenzene (CB) (Figure 8).

Lindane removals observed in our EBCR compared very favorable with lindane removals reported for standard
slurry bioreactors in the literature. Okeke et al. [35] carried out experiments with SB inoculated with Pandorea sp.,
with a presumably anaerobic operation of 9 weeks duration. Initial lindane concentration was 100 mg/kg; they found
removals of 59.6% y-HCH, Quintero et al. [5] treated a sandy soil polluted with a mixture of isomers a, 3, y and 3-
HCH (100 mg/kg each) in anaerobic SB. Starch was supplemented at 2 g/L. every 3 days. High removals of nearly
100% for a and y isomers of HCH and 65 to 70% for § and 6 HCH were found.

On other hand, Robles-Gonzalez et al. [10] assessed the bioremediation of a heavy soil polluted with 100 mg
lindane/kg in full sulfate reducing slurry bioreactors. Removal was 88% whereas the detected metabolites after 30 d

operation were PCCH; 1,2,4-TCB; 1,2,3-TCB; CB, and benzene.
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Figure 7. Electricity generation in electrobiochemical slurry reactor during batch operation for 30 d in the
Experiment 2. The addition of substrate is indicated by the red circles. Phase I, open circuit; phase II, closed circuit
with external resistance 120Q; phase III, open circuit; phase 1V, external resistance 220Q; phase V, open circuit;
phase VI, external resistance 560Q.

14.35 : 14 46.40
1,2- . :1,2,4- - H C "
DCB: ‘TCB : "'H Hy % 61.29 TIC
1456 & : : ; 3.37e¢
: 1 2202 :
15.04
.‘4 - s ] :"""': : -------- : 54.95
-Sl : P 1396 i760 i i 260220.06 3753 46411 82 .
0% T by ey i - o repelomalocy T L S S | g - Time
450 14.50 24.50 34.50 44.50 54.50 64.50

Figure 8. GC-MS detection of intermediate metabolites in electrobiochemical slurry reactor at time 30 days in the

Experiment 2.
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Quintero et al. [23] reported the degradation of HCH isomers in slurry reactors in anaerobic conditions. They found
traces of diverse intermediate metabolite, such as pentachlorocyclohexane isomers, tetrachloro-cyclohexene, 1,2,3-
trichlorobenzene, 1,3-dichlorobenzene and clorobenzene. The low concentrations of the metabolites indicated that
intermediate compounds were not accumulated and they proceed to their further degradation to CB, the end product
in the degradation mechanism. In a work by Boyle [36] it was found that lindane could be dechlorinated by
anaerobic bacteria (sulfate-reducing bacteria among others) with generation of monochlorobenzene and benzene as
main intermediates. Quintero et al. [23] observed total depletion of a and y-HCH in a polluted soil after 3 days
anaerobic incubation; they used an initial lindane concentration of 100 mg kg-1 soil, bioaugmentation with a high
concentration of methanogenic anaerobic sludge (8 g¢ VSS L™ in the bioreactor), and starch (2 g COD/L) as electron
donor. During the degradation, traces of diverse intermediate and end-products compounds were detected, such as
pentachlorocyclohexane isomers (PCCH), tetrachlocyclohexane (TCCH), 1,2,3-trichlorobenzene (1,2, 3-TCB), 1,3-
dichlorobenzene (1,3-DCB), chlorobenzene CB.

The relatively high lindane removals obtained in our work in only 30 d of EBCR operation are very promising:
EBCR emerges as a fast and attractive technology for pesticide degradation and soil remediation. Indeed, it has been
reported the recalcitrance (persistence) of organo-chlorinated pesticides in soils, with half lives of the order of 2 to 5
years. In particular, lindane has an average half-life of 2.6 years in soils, depending on the physico-chemical

characteristics of soils (texture, organic matter, depth, etc.) as well as environmental conditions [37].

4. Conclusion

-The bioremediation of lindane in soil can be significantly enhanced generation in an ECBR, with the additional
bonus of simultaneous electricity generation, compared to conventional slurry bioreactor and other bioremediation
technologies.

-Mixing and the supplementation with organic substrate seemed to significantly improve the EBCR performance,
both the efficiency of the removal of lindane and the production of electricity significantly increased.

-We detected intermediate metabolites typical of anaerobic degradation pathways of lindane that were similar to

those reported in previous research in conventional anaerobic slurry bioreactors.
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Abbreviations and Acronyms

1,2,3-TCB  1,2,3-trichlorobenzene
1,3-DCB 1,3-dichlorobenzene
1,4-DCB 1,4-dichlorobenzene

Ave Average

BOD Biochemical oxygen demand

CB Chlorobenzene

COD Chemical oxygen demand

EBCR Electrobiochemical slurry reactor

Eescr Voltage

EIS Electrochemical impedance spectroscopy
GC-MS Gas chromatography coupled to mass spectrometry
HCH Hexachlorocyclohexane

Iepor Current intensity

Max Maximum

MEFC Microbial Fuel Cell

NOM Native organic matter

Paa Surface area power density

PEegcr Power delivered

Py Volumetric power

Rint Internal resistance

SB Slurry bioreactors

SMFC Soil microbial fuel cell technology

SR Sulphate reducing

Greek characters

O Removal efficiency
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Capacitance Improvement of Carbon Aerogels by the immobilization of Polyoxometalates Nanoparticles
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ABSTRACT

A Hybrid material was prepared by the immobilization of H3PM012040 polyoxometalate nanoparticles (POM) on
to the surface of a carbon aerogel (CA) matrix, in order to determine its potential application as electrode material for
a supercapacitor cell. Several aerogels matrices with different microstructure properties and activation degree were
exposed to a POM solution 1.15mM to determine the key properties for the immobilization of POM nanoparticles.
All matrices and hybrid materials were characterized by ATR, nitrogen isotherms. For the electrochemical
characterization our materials were grounded with 10% of Teflon and 20% conducting carbon to make a film that
was pressed onto a stainless steel grid and cyclic voltammetry was used as the electrochemical technique, using 0.5
M H2S04 as electrolyte. The highest degree of activation and smaller pore size of the aerogel matrix were the key
factors influencing the immobilization and dispersion of POM nanoparticles, which improved the capacitance

behavior making this material suitable for its application as supercapacitor electrode material.
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1. Introduction

Carbon aerogels are porous materials where their porosity and pore size distribution can be controlled by modifying
the synthesis parameters. In these materials the electrolyte can access almost all pores and is for this reason that they
are promising electrode materials for their application as supercacitors [1].

As we can find in many reports, some factors influencing the electrochemical performance of carbon aerogels and
many others carbonaceous materials used as electrode materials for electrochemical devices have been identified.
Some of these factors are surface area, pore size, and surface functional groups concentrations, among others[2].
These factors can be modified by the synthesis parameters and the material activation methodology. The activation
of carbon materials can be carried out by a chemical or a thermal route. In the first activation route some surface
active groups can be added to the matrix (OH functional group), while the thermal activation increases the surface
area, probably due to the mass loss in the material. [3]

Oxygen based functional groups are required to incorporate polyoxometalate particles (POM) on to a carbon matrix.
Therefore, an activation process such as the chemical route has to be carried out in order to obtain a POM-based
hybrid material with a carbon aerogel matrix. POM particles are of great interest in energy storage applications such
as in electrode materials for supercapacitors [4], [5], [6], due to their reversible multielectron redox reactions.

In the present study, a porous carbon material aerogel-type was prepared by using a molar ratio of resorcinol (R)/
formaldehyde (F) of 0.5 and a resorcinol (R)/Na,CO; catalyst (C) of 100, in order to obtain an aerogel matrix with
pores in the range of 2-5nm and high surface area. The novelty of this work is the incorporation of molecular oxides

polyoxometalate-type (POMSs) on to the surface of chemically activated aerogel, in order to improve capacitance.

2. Experimental

2.1 Synthesis of carbon aerogel and incorporation of POMs

Carbon aerogels (CAs) were produced using a R/F molar ratio of 0.5 and a molar ratio of R/C of 100. All reagents
were used as purchased: Resorcinol (99% purity) from Reasol, formaldehyde from Fermont (37.4%; methanol
stabilized), and sodium carbonate by Fermont (99.7% purity). All solutions were prepared with deionized water.
First, all reagents in solution were stirred and placed on a cylindrical crystal jar in an oven at 85 °C for 96 hours to
obtain the corresponding precursor gel. Then the solvent exchange was carried out by adding acetone in order to
prepare the RF gel for the supercritical drying. This solvent exchange was carried out during three days by multiple
replacement of residual water with fresh acetone. Subsequently the CO, supercritical drying was carried out by
keeping the RF gel at 30 °C and under 7.4 MPa, using a SFT-100 equipment. This process was followed by
carbonization during 30 min at 850 °C in order to obtain the carbon aerogels (CA) with high surface area, as

previously reported [7], [8], [9].
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Activated carbon aerogel was prepared according to the following procedure: the chemical activation [10] of carbon
aerogel was performed by the dissolution of KOH in ethanol and mixing with CA using a KOH/CA mass ratio of
0.5/1 and 5/1. The mixture was dried at 110 °C and then carbonized in a tubular furnace at 850°C for 3 hours using a
heating rate of 5°C/min. After the mixture cooled down to room temperature, the resultant materials were taken out

and washed with 10% HCI and deionized water. Finally, the materials were dried at 110°C for 6h.

The incorporation of POM particles onto this CA matrix to obtain a hybrid material was performed by mixing in an
ultrasonic bath for 3h, 0.04 g of CA in a 1.7 mM H3PMo,,0,4, (Fermont) solution. The obtained suspension was

filtered off and washed with a pH=2 solution, and finally the material was dried at 100°C for 1h.

2.3 Structure and physical properties

The materials were degassed at 120 °C under vacuum to remove all the adsorbed species before nitrogen adsorption
and desorption isotherms were taken, using an Nova 1200e (Quantachrome). The BET surface area (Sger) was
analyzed by BET (Brunauer-Emmett-Teller) theory, and ATR analyses were performed directly over the sample to
detect the vibration frequency changes for each functional groups present in the carbon aerogels, as well for the

confirmation of the polyoxometalates presence.

2.4 Electrochemical characterization

To determinate the electrochemical performance of the prepared electro-active materials, cyclic voltammetry (CV)
technique was used in an Arbin SuperCap model SCTS8 potentiostat using a 3-electrode cell with 0.5 M H,SO,
solutios as the electrolyte. A Pt gauze was used as the counter electrode, sulfate saturated electrode (SSE) as the
reference electrode, and our electro-active materials as the working electrode. The working electrodes were prepared
by mixing our electro-active materials (CA and Hybrids) (60%) with Teflon (10%) and conducting carbon (30%) in
ethanol, this mixture was stirred under heat until alcohol evaporation (~1.5 h) to obtain a paste that was pressed on to
a stainless steel grid (316L, chemically resistant to acidic media) used as the current collector. The CV current was
normalized by the electro-active material weight of the composite electrode and all characterizations were made after
purging with nitrogen.

3. Results and discussion

The Sger was calculated in a relative pressure range between 0 and 0.3, these results are presented in Table 1. The
surface area of the carbon aerogel matrix (ACPQ2-100) decreased when incorporating the polyoxometalate (ACPQ2-
100/POM) from 334m?/g to 274m?/g, probably due to the pore obstruction by POM particles. This phenomenon has
being observed in some others carbon matrices in the presence of POM’s [11], [12], [13], [14], [15], [16], [17], [18]
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and other functional groups like anthraquinone [19]. The mesoporosity of the materials are confirmed by the

hysteresis observed on the isotherms (not shown here).

Table 1. Surface area of samples ACPQ2-100 and ACPQ2-100/POM.

Sample Sger (M%)
ACPQ2-100 334
ACPQ2-100/POM 274

Carbon aerogel (ACPQ2-100) ATR spectrum is shown in Figure 1, where a peak at 3340 cm™ is detected and is
related mainly to OH functional group as expected, and in less degree to absorbed water due to the hydrophilic
nature of this matrix. The peaks at 2850 and 2918 cm™ are related to the stretching vibrational mode of -CH, group,
at 1055 cm™ and 1220 cm™ region is related with CH-O-CH linkage between the two resorcinol molecules as
expected in the poly-condensation reaction between resorcinol and formaldehyde. The peak at 1475 cm™ corresponds
to the scissors vibration of CH, group, and the peak at 1614 cm™ region is realated with the stretching vibrational
mode of aromatic rings. [20], [21], [22]. The absorption bands at 800, 876, 955 and 1060 cm™ region can be

considered as an evidence of the diluted presence of POM particles [23].

ACPQ2-100/POM

POM

— v‘/‘ /’ -
ACPQ2-100 ¢ N\
<
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Figure 1. ATR spectra from ACPQ2-100 and ACPQ2-100/POM samples with the vibrational modes correspond to
carbon aerogels and polyoxometalate.
Figure 2 shows the cyclic voltammograms of samples ACPQ2-100 (CA matrix) and ACPQ2-100/POM (hybrid
material) in 0.5 M H,SO,. The most relevant difference between the voltammograms of these samples is their profile
change. The CA matrix (ACPQ2-100) voltammogram shows a profile deviated in the negative voltage range from
the typical rectangular shape characteristic of a capacitive behavior, which is indicative of the resistive nature of this
material. On the other hand, the hybrid material voltammogram shows a more evident rectangular profile, confirming

its capacitive behavior and less resistive contribution. In addition, three redox pairs at -0.13V/-0.1V (a), -0.27VI/-
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0.24V (b) and -0.5V/-0.47V (c) are detected and correspond to the six electron transfer of polyoxometalate particles

confirming its presence [23]. In equation 1 we show these multiple reversible redox reactions.
PMo0;,"'04> +ne +nH* < H,PM0,"M01,.,"'04s0> , n=2,4086. 1)

These results suggest that functional groups (OH) generated during the chemical activation of the matrix ACPQ2-
100 are responsible for its resistive nature, since in the hybrid material this phenomena is considerably reduced

probably due to the bonding of these OH groups with POM particles.

o

ACPQ2-100/POM b’

oa

H/Alg)

E/V vs SSE

Figure 2. Cyclic voltammetry carried out at a scan rate of 10 mV/s for the hybrid material ACPQ2-100/POM and its
corresponding array ACPQ2-100. The sweep potential was started in the negative direction.

From these voltammograms, capacitance values were calculated to eq. (2).

c=1 (ai) @)

Where C is the capacitance | is the applied current, t is the discharge time and AV is the potential change as a
function of discharge process. Capacitance values of 156 F/g for ACPQ2-100 CA matrix and of 188 F/g for ACPQ2-

100/POM hybrid material were obtained, confirming the capacitance improvement in the hybrid material due to the

incorporation of POM particles through their bonding with OH functional groups of the activated CA matrix.

4, Conclusions
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Incorporation of POM particles on to the surface of CA matrix (ACPQ2-100) with a BET surface area of 334 m%/g
was confirmed by a decrease in BET surface area (274 m?/g) due to pore obstruction, by ATR, and by the presence
of three reversible redox processes characteristic of POM ACPQ2-100/POM hybrid material showed an improved
electrochemical behavior, with a rectangular shape voltammogram profile indicative of a capacitive behavior with a
smaller resistive nature compared to its AC matrix, aside from the faradic contribution of the three redox process of
the POM particles. These results are reflected in the improved capacitance value from 156F/g for the CA matrix to
188F/g for the hybrid material.
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Capacitance Improvement Based on Cell Design

R. Lopez-Chavéz* 1,2, A.K. Cuentas-Gallegos 1

1Centro de Investigacion en Energia-Universidad Nacional Auténoma de México
Privada Xochicalco S/N Col. Centro, AP 34, CP 62580 Temixco, Morelos, México
2Instituto Tecnologico de Zacatepec. Av Tecnolégico S/N col centro , CP 62760 Zacatepec,
Moleros, Mexico, mail: rlch@cie.unam.mx, rodolfo lo _ch@hotmail.com

ABSTRACT

In the present work we show results related with the influence of the type of binder used to elaborate active
electrodes made of activated carbon (DLC), for the assembly of supercapacitor cells. A Nafion 5%w solution and/or
Kinar Flex (Polyvinylide fluoride, PVDF) were used as binders at different concentrations, using DLC carbon as the
active material to make the electrodes by aerography, and carbon paper as support and current collector. Thickness of
the electrodes was controlled by the weight of active material (DLC carbon). Cyclic voltammetry technique was
used to characterize these electrodes in a 3-electrode cell assembly, using as counter electrode a Pt mesh, a SSE
reference electrode, and a 0.5M H2SO4 solution as the electrolyte. The electrodes made with binder were assembled
in a symmetric supercapacitor cell and for comparison a similar cell was constructed with binder-free electrodes.
These cells were electrochemically characterized by galvanostatic cycling, showing capacitance values of 38F/g for

binder-free electrode symmetric cell, and a stable behavior during 7000 charge-discharge cycles.

Key words: Supercapacitor, Design, Binder Free, Electrochemical Capacitor, Electrodes.
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1. Introduction

An electrochemical supercapacitor also called supercapacitor or ultracapacitor can be defined as a device that stores
electrical energy in the electrical double layer that is formed at the interface between an electrolytic solution and an
electronic conductor [1]. Supercapacitors are designed to bridge the gap between batteries and capacitors to form fast
charging energy-storage devices of intermediate specific energy [2]. The use of supercapacitors is growing along
with demand for specific requirements for different applications, ranging from small sizes with limited energy
content, to levels of hundreds of kW in various vehicles (passenger hybrids cars, hybrid buses and trains) and for
electric applications. The variety of applications also determines the need to clarify the measurement procedures to
determine the properties of supercapacitors (SC) of the properties for supercapacitors, which may vary when they are
used in different operating conditions.

An ideal SC can be represented with a first-order electric equivalent circuit, as described in Figure 1. It is comprised
of four ideal circuit elements, which include a capacitor C/, a series resistor R1, a parallel resistor R2 and a series
inductor L1. RI represents the equivalent series resistance (ESR) and accounts for the power loss during charge and
discharge. R?2 is the parallel resistance responsible for the energy loss due to capacitor self-discharge. This model is
the simplest one and also the most adequate for low and medium power applications. In high power applications the
non-ideal behavior of electrochemical capacitors cannot be neglected, depending on temperature, current, power,

frequency, in case of alternate current systems, and also on SC category [3].

i1 L1 m
—_— NS A
C1
] |_

Figure 1. First order electric equivalent circuit of a capacitor

There have been many studies of materials for electrochemical capacitors, and testing for small laboratory devices
and prototypes as well for a wide range of commercial products. Many of the materials testing laboratory and small
devices have involved the use of cyclic voltammetry, galvanostatic cycling and AC impedance test [4], [5], [6]. In
these tests, small currents, limited potentials intervals and/or AC frequencies are used. To test larger prototypes and
commercial devices, regularly DC tests similar to those used with batteries are used[7]. In this case we are using
cyclic voltammetry, galvanostatic cycling, electrochemical impedance spectroscopy, for our electrodes

characterization.
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On the other hand, one of the challenges of today is the portability of energy: lighter devices, more compact and
more flexible for energy storage are required by a number of devices that can be used on different items from cloth to
space applications, in which the cost per weight and volume is very high [8]. A number of recent studies, initiatives
and products have been reported and proposed for the development of flexible energy devices based on different
chemistries, including supercapacitors [9-14].

Our works shows a systematic study on electrode fabrication in order to reduce resistance (R), with capacitance
values (C) as high as possible. Also, an evaluation of different current collectors in a lab-scale assembly was carried

out as well as a prototype thin-cell was characterized, where the electrolyte was considerably reduced.

2. Experimental

2.1 Electrode Fabrication

Two series of electrodes were prepared using DLC (activated carbon from NORIT) as active material with Kinar
Flex (PVDF polyvinylidene fluoride, Arkema) or Nafion solution (5wt%, Aldrich reagent) as binders in different
concentrations. First, a suspension (ink) made of active material and binder was obtained, followed by their
deposition on to the surface of the current collector by an aerography process, and finally a drying procedure was
followed at room temperature for 24 hours. This impregnation technique produced well distribution of the active
material on the surface of carbon paper (2 cm X 2 cm) used as supporting material and current collector, making
their performance just a function of the used binder in each electrode. In order to obtain the series of electrodes based
on Nafion (N-Elect), the ink was prepared by ultrasonication in an open vessel for 1 hr of a suspension made with the
active material (DLC), 2 ml 2-propanol, and varying the concentration of Nafion (1, 2, 3, 4 and 5wt%). In the case
of Kinar Flex based electrodes (KF-Electr) , the active material was stirred for 24 hours with different amounts of
Kinar Flex (3, 4, 5, 10 wt%) in acetone.

The electrodes were characterized electrochemically by cyclic voltammetry in a three-electrode cell, using as
reference electrode a saturated sulfate electrode (SSE), a platinum mesh as the counter electrode, and our fabricated

electrodes as the working electrode. Impedance spectroscopy was carried out at open potential circuit (OPC)

2.2 Lab-Supercapacitor Assembly

A lab-scale assembly was used to evaluate different current collectors using an excess of electrolyte. For this
assembly two acrylic plates and four Teflon screws were used as mechanical support of the 2-electrode cell. Figure 2
shows the components for this supercapacitor assembly, where two identical electrodes separated by a filter paper to
avoid electric contact are pressed with the acrylic plates, immersed in 0.5 M H,SO, electrolyte, and sealed with a

plastic bag to avoid electrolyte evaporation.
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Figure 2. Lab-assembly supercapacitor.

In this cell assembly a stainless steel mesh as current collector coupled to a carbon paper support, and a carbon cloth
current collector and support were evaluated. A binder-free suspension made from 0.1 g DLC and 2 ml of 2-propanol
was ultrasonicated for 1 hr and deposited by aerography on the surface of 4 cm” electrodes before the assembly.

The electrochemical devices were characterized by galvanostatic cycling at a constant current that was setup to
obtain a complete discharge of the supercapacitor cell in 100 s. Cyclability test were carried out by 7000 charge-

discharge cycles and the capacitance was calculated according to eq. (1).
— ey

where C is the capacitance I is the applied constant current, t is the discharge time (=100s) and AV is the potential

window.

2.3 Prototype Cell

A portable prototype with a thin and flat configuration cell package is shown in Figure 3. In this case it is possible to
assess the electrolyte contribution (ionic source depletion) to the cell performance, since it is restricted by the cell
design. The cycling stability through the retained capacitance was investigated in 7000 charge-discharge

galvanostatic cycles, using a current that permits a 100s discharge time.
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Figure 3. Prototype thin-supercapacitor cell.

3. Results and Discussion

ELECTRODE EVALUATION

The influence of binders on the electrode performance for supercapacitor applications was investigated
electrochemically by cycling voltammetry analysis for the two series of electrodes earlier described: N-Elect and KF-

Elect, prepared with Nafion and Kinar Flex respectively. All experiments were carried out in 0.5 M H,SO, at 25 °C.

VCNAFION
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Figure 4.- Electrode Cyclic voltammetry response of N-Elect at different binder concentration, 0.5 M H2SO4 and
scan rate 20 mVs-1.

Figure 4 shows the cyclic voltammetry carried out at 20mV/s for all electrodes of N-Elect series with different
amounts of Nafion, where a potential range from -0.8 to 0.3 V was used to avoid electrolyte decomposition. For 1
and 2 wt% Nafion concentrations, the voltamperometric profile almost remained a rectangular form, typical response
of charge accumulation on the double layer. For binder concentrations higher than 2 wt% (3, 4 and 5 wt%) an

inclination of the voltammogram profile is observed on the cathodic limit and is related with the increase of electrode
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resistance. The capacitance values calculated from the voltamogram integer as we seen in eq. 1 for low-resistance
electrodes are 245 F/g for 1% Nafion electrode and of 202 F/g for 2% Nafion electrode. Therefore, the 1 wt% Nafion
electrode resulted in the best performance with higher capacitance value and lower resistance, determined by cyclic

voltammetry.
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Figure 5. Cyclic Voltammetry of Nafion 1% electrodes with different thickness carried out at 20 mv/s and in the
inset electrochemical impedance of these electrodes are shown.
Thickness of electrodes in supercapacitor cells is a parameter that needs to be improved due to variation in
resistance, which is an important parameter to take into consideration for these high power devices. Therefore, the
electrode thicknesses of 1% Nafion formulation was varied and are labeled as 1%N-Thick, 1%N-Thin, and 1%N-
Ultrathin. Figure 5 shows the voltammograms of these electrodes, where the capacitive profile is observed with
higher current range for the 1%N-Ultrathin electrode. The inclination or deviation from the rectangular profile is
related with resistance in the electrode and these phenomena increases with the thickness increase of the electrode.
In the inset of figure 5 the electrical response from Electrochemical Impedance Spectroscopy (EIS) of two prepared
electrodes: IN-thin and IN-thick electrodes are shown as an example. Series resistance is very similar in both
electrodes (about 1.25 Qcm™ , because the area in the electrode is 4cm?), demonstrating the low resistance of the
electrodes using this fabrication method. On the axis cut the charge transfer resistance can be detected, showing a
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lower value for 1%N-thin electrode than for 1%N-thick electrode. In addition, at very low frequency range it is
observed that the species diffusion in 1N-thin electrode is greater than 1N-thick electrode. The behavior observed in
these two electrodes can be related with a better porosity distribution in 1%N-thin that makes the surface of the
electrode more accessible to the electrolyte. Also, it is observed a combined charge mechanism in 1N-thick electrode
due to the appearance of a non-defined Warburg semi-infinity diffusion at low frequencies, which has been observed

in electrochemical systems occurring incomplete charge transfer process in non porous medium.

CV KINAR FLEX
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Figure 6.- Cyclic Voltammetry of KF-Electr series in 0.5M H2SO4 electrolyte using a scan rate 20mVs-1

Figure 6 shows the voltammetry response of KF-Electr series as a function of binder concentration. The
voltammograms show the typical charge storage mechanism (rectangular profile) of carbonaceous materials
controlled by double layer adsorption. Nevertheless, the observed inclination in all electrodes indicates the higher
resistance contribution compared to N-Electr series. The use of 10 wt% Kinar Flex showed a moderate current range
increase and the electrode resistance is lower than the other concentrations. Capacitance values were obtained from

these profiles, resulting in 120F/g for 4%-KF, 121F/g for 5%-KF, and 149F/g for 10%-KF.
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Figure 7. Cyclic Voltammetry of 5%-KF with different thicknesses and electrochemical impedance spectroscopy on
the inset.

As for the N-Electr series, variation of the thickness was carried out for 5 and 10%-KF electrodes and the cyclic
voltammetry and electrochemical impedance spectroscopy (EIS) results are shown in figures 7 and 8. In general, the
voltammograms resistance evidenced by the inclination of the profile varied with the film thickness in both
concentrations of Kinar Flex used. The resistance decreased as the electrode went from thick to ultrathin.

The EIS results of SKF electrodes was carried out for the thin (SKF-Uthin) and thick electrode (SKF-thin). The
calculated series resistance values (ESR) detected on EIS were very similar in both electrodes, indicating the similar
setup operation conditions where the experiments were carried out. SKF-Uthin electrode showed a lower charge
transfer resistance than SKF-thin electrode [15]. The lower charge transfer resistance is due to the better ion-electron
interaction at the porous interface of the thin electrode. The semiconductor nature of thick electrode controls the
transfer mechanism at very low frequency, indicating the presence of a non-diffusion process on the electrode
surface.

In figure 8 the electrical response from EIS is shown for the two prepared electrodes: thin and thick electrodes at
very high binder concentration (10KF-Uthin and 10KF-thin electrodes respectively). The influence of high binder
concentration does not affect significantly the series resistance of the electrochemical systems, but it clearly affects
the electron transfer mechanistic processes in both electrodes. Thin electrode (10KF-Uthin) shows a simple
electronic transfer formed by a charge transfer resistance and diffusion process due to low-porosity concentration. In
the case of thick electrode (10KF-thin), it is shown a more complex mechanism to transfer electrons at intermediate
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frequencies. It is probably due to charge transfer resistance coupled to adsorption process as a function of thick
semiconductor material (carbon) and low-porosity degree. This combined process produces a change in the response

of the electric properties of ion-electron interaction in this kind of material.
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Figure 8. Cyclic Voltammetry of 10%-KF with different thicknesses and electrochemical impedance spectroscopy on
the inset.

LAB AND PROTOTYPE SUPERCAPACITOR ASSEMBLY

Binders are normally used in supercapacitors to promote stability performance over 5,000 charge/discharge cycles,
but the use of binders also affects the capacitance and resistance of the electrochemical devices, as shown previously.
A Lab-assembly has been carried out with bind-less electrodes in order to evaluate different current collectors and a
prototype has been developed to evaluate the electrolyte limitations due to design and the results are shown in Figure
9.

Lab assemblies shown in figure 9 using stainless steel mesh as current collector and carbon paper as support (Lab
mesh-paper) resulted in 50% less specific capacitance (21F/g) than when using carbon cloth as current collector and
support (Lab Cloth, 38F/g). This result could be associated to the extra component (stainless steel mesh) resulting in
a higher contact resistance with the carbon paper. Carbon paper is so hydrophilic that the electrolyte migrates to the
metal connections by capillarity, destroying them when long cycling is carried out. Therefore, since the extra
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resistance introduced by the stainless steel mesh to prevent contact oxidation cannot be eliminated, the carbon cloth
has shown its excellent properties as a current collector and support for electrode materials assembled in a
supercapacitor cell. In addition, the inset on Figure 9 shows the cycling stability of this Lab cell through 7000

charge-discharge cycles.
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Figure 9. Galvanostatic cycling of Lab and Prototype assemblies using different current collectors using a voltage
window of 1.1 V , 0.5M H2S04 as electrolyte, and 6.5 mA discharge current for cloth based electrode and 3.9 mA
discharge current for mesh/paper based electrode.

A thin-prototype has been developed to evaluate the electrolyte limitations due to design. In the thin-
prototype and the lab assembly using a mesh-paper as current collector and support, differences can be hardly
observed in capacitances values during the first 30 charge-discharge cycles. These results suggest that the electrolyte
quantity in the prototype is not a limiting factor and the 2F/g difference in both assemblies could be more related

with other parameters as pressure that is not studied here.
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4. Conclusions

For conventional electrodes in supercapacitor applications, it is possible to consider the use of 1 wt% Nafion solution
as binder for optimum electrode performance, obtaining the maximum specific capacitance and minimum electric
resistance contribution, considering the importance of the film thickness in the electrode. The use of carbon cloth as
support and current collector for electrode materials resulted in a minimum contact resistance, maximizing the
capacitance value up to 38F/g. A prototype design has been proposed and it is also possible to consider the use of
carbon cloth in portable devices as current collector, avoiding the ionic source depletion due to reduced amount of

electrolyte.
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ABSTRACT

In microbial fuel cells (MFCs) efficient extracellular electron transfer microbes, also known as anode-respiring
bacteria, play an important role on cell performance. These type of microbes can be developed by application of
enrichment procedures. The objective of this study was to compare a chemical (only C, final terminal electron
acceptor Fe(III), an electrochemical (only E), and a hybrid method (E followed by C) enrichment methods departing
from a saline-sodic soil inoculum. In the electrochemical enrichment procedure in an electrolysis cell, the inoculum
was subjected to a continuous electrical stress continually by posing the cell at -150mV/SCE. The only C enrichment
method delivered powers superior to the only E one (higher values of Py max = 49 mW/m? and Py max = 558 mW/m’
of C compared to 33 and 379 of only E). Interestingly, overall resistance as determined by EIS was lower for only E
(1240 Q) than for only C (1632 Q). Yet, the hybrid E method (E followed by C as given by three serial transfers
after the enrichment in the electrolysis cell), showed electrochemical characteristics consistently superior toboth
only C and only E methods (higher Paymax @and Py .y, lower internal resistance). Further detailed electrochemical
studies of only E-method showed that the anodic resistance decreased with the time of operation of the electrolysis
cell that would be consistent with the adaptability/enrichment purpose of the method. Also, Cyclic Voltammetry
peaks with values close to those reported for bacterial cytochromes appeared with time of cell operation.

To the best of our knowledge, this is the first time that it is reported that serial transfers with Fe(Ill) as electron
acceptor to an inoculum previously enriched in an electrolysis cell, leads to improved characteristics of microbial

fuel cell and increased Fe(IlI)-reducing capability of the inoculum.
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1. Introduction

A microbial fuel cell is an electro-biochemical reactor capable of directly converting organic matter into electricity.
In the anodic chamber the microorganisms anoxically oxidize the organic matter and release electrons and protons.
Electrons are transported to the anode that acts as an intermediate, external electron acceptor. The electrons flow
through an external circuit where there is a resistor or a device to be powered, producing electricity and finally react
at the cathode with the protons and oxygen producing water. Microbial fuel cells (MFCs) constitute a promising
technology for sustainable production of alternative energy and waste treatment [1].MFCs performance is depends
on the internal resistance, cell architecture, type of inocula and some other factors[2,3].

In microbial fuel cells (MFCs) efficient extracellular electron transfer microbes (EETM) also known as anode-
respiring bacteria (ARB) can play an important role on cell performance. Selection of the suitable microbes for
MEFCs by the different redox potentials of electron acceptors, the energetic requirements of a cell vary depending
upon the terminal electron acceptor, for example: (i) internal electron acceptor (such as fumarate), (ii) external
electron acceptor such as insoluble Fe (III) and (iii) solid electrode with an internal electron acceptor. There is some
evidence that the anode potential, rather than the acceptor concentration, regulates the thermodynamic energy
available for ARB to grow [4]. It is generally accepted that ARB communities should be capable of switching their
respiratory mechanism in order to maximize the energy obtained for ATP production as the anode potential changes.
In a mixed ARB community, several respiratory pathways could be available, and the community may be able to
maximize energy efficiency by adapting to the anode potential. Torres et al., 2009 used activated sludge as inoculum
and found that the two electrodes at the lowest potential showed a faster biofilm growth and produced the highest
current densities, reaching a value up to 10.3 A/m”. Therefore, anodic potential regulation as incisive selective
pressure on microbial community can be an important tool for enrichment of efficient ARB community growth.

Cho et al.[5] performed a chemical enrichment by successive cultures of Shewanella oneidensis MR-1. Actually the
serial cultures implemented with a soluble electron donor (lactate) and acceptors (fumarate) were mainly aimed at
preadapting the bacterial metabolism to the anaerobic environment in the MFC. Compared with unadapted bacteria,
the anaerobically adapted cells showed improved efficiency in electricity generation of around 30%, even after re-
exposure to air. This suggests an adaptation of the microbial population due to metabolic adaptations or genetic
mutations [5].

Rabaey et al.[6] have described enrichment by successive transfers of a bacterial consortium from the anodic
compartment of an MFC [6]. The biofilm formed on the anode was scratched and used to inoculate a new MFC.
During the enrichment period, the power output increased from 0.6 W-m-2 of anode surface to a maximum of
4.31W-m-2. It was concluded that microbial fuel cells enhanced the growth of bacteria that could use the electrode as

a final electron acceptor. EETM is likely that combination of multiple enzymes to catalyze the oxidation of carbon
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sources such as glucose and transfer electrons to the electrode by: (i) direct electron transfer (membrane bound
enzymes, bacterial nanowire); (7i) indirect electron transfer (self mediator/mediator) [7-10].

It is known that interspecies electron transfer is a key process in methanogenic and sulphate-reducing environments.
The objective of this study was to compare three methods of enrichment: chemical (final terminal electron acceptor —
Fe(I1l)), electrochemical (final terminal electron acceptor- solid anode poised with -150 mV vs. Saturated calomel
electrode), and a hybrid method (electrochemical followed by chemical) of a saline-sodic soil inoculum from
Texcoco lake, Mexico, D.F. The final terminal electron acceptor in the electrochemical method was a solid electrode
surface through this more efficient ARB community selected for MFCs applications. An electrochemical tool was

used to characterize the ARB community developed at anode surface.

2. Experimental

Sampling for inoculum and enrichment

Samples were collected from the former Texcoco lake in a sterile anaerobic container and preserved aseptically. The
sampling site is the dry bottom of a historically desiccated lake in central Mexico; it accumulated the salts in that
process and the soils are known to be saline-sodic (Table 1 from [11]) Electrochemically enriched Texcoco soil
bacterial community was enriched and preserved in modified Soap Lake basal medium (SLBM) called SL3 medium
[12]. This medium was used in enrichment, preservation and electrolysis cell process. The culture was preserved in
Refrigerator at -10°C.

Table 1. Characteristics of Texcoco soil

Site Salinity pH Conductivity of the extract Texture

Former Texcoco Lake 80-90 gL' 9.5-11 200 mS cm’' Sandy clay loam

Electrochemical set-up and electrode preparation

The working (geometrical area- 14.05 cm®) and counter electrodes (geometrical area- 20.5 cm?) were Graphite rods.
A saturated calomel electrode was used as a reference electrode. The modified SL3 medium with 15mM of sodium
acetate was used as carbon source. Potentials were applied with a 273A Potentiostat/Galvanostat from EG&G
Princeton Applied Research. Temperature was set at 30°C. Graphite rods were submerged in 0.5 M KCI solution for
3 h, after that the graphite rods were polished with 1500b sand paper and rinsed with deionized water before use. The
graphite rods were submerged in 0.5 M KCI solution overnight in order to activate them. In order to selectively grow
the electro active biofilm of ARB, a potential step of -150 mV was applied over 150 day. During this period, the

current was monitored. Later on the biofilm was sup cultured using SL3 medium.

Chemical (C) and electrochemical (E) method of enrichment

Initial inoculum of Texcoco soil was incubated in 1g of soil for Chemically activated Halo alkaliphilic bacteria: 1g of
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biofilm scarped from the bioelectrolysis cell for electrochemically active halo alkaliphilic bacteria into 99 ml
modified SL3 medium for both chemically and electrochemically activated Halo alkaliphilic bacteria with 15mM of
sodium acetate used as carbon source and 20 mM iron (III) citrate as terminal electron acceptor, After the incubation
period of 12 days taken the 1 ml of above culture solution was transferred into fresh 99 ml modified SL3 medium
(serial transfer 1) . Afterwards, similar cultures every 12 days time intervals up to serial transfer III (hybrid E) (Fig

1.). Iron reduction and SCMFC characteristics were evaluated using inoculum of each serial transfer.

@*@

Texcoco Soil
Ferrlc Citrate EIectronSIs
1
é [ _ﬁ\m
-
Ferric Citrate ;' Ferric Citrate
-
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=
(/] S
Ferric Citrate an Ferric Citrate
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Feléate Ferric Citrate
Hybrid-C Hybrid-E

Figure 1. Schematic representation of the C and E enrichment serial transfer

Vertical single-chamber microbial fuel cell (SCMFC)

Construction of single chamber microbial fuel cell (SCMFC) details can be found elsewhere [13]

Electrochemical impedance spectroscopy and linear sweep voltammetry studies

Impedance spectra of biofilm were obtained at the open circuit potential (Eocp). The amplitude of the signal
perturbation was 10 mV, the frequency range scanned was from 100 kHz to 1 mHz. Impedance experiments were
performed in the potentiostat/galvanostat Volta lab model PGZ402. Data fitting was accomplished by appropriate
software, such as Z-view. Liner sweep voltammetry (LSV), was run at the recommended scan rate of ImV s-1

starting from the measured open circuit potential [14] using a 273A Potentiostat/Galvanostat from EG&G Princeton

Applied Research.
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Cyclic voltammetry

Cyclic voltammetry (CV) studies were performed on the SCMFC with a PARSTAT 2273 Potentiostat/Galvanostat
from Princeton Applied Research. The working electrode was the anode. The reference electrode was a standard
calomel electrode (SCE) that was in contact with the cell liquor through a saline bridge known as Luggin capillary

tube placed closely to the working electrode. The counter electrode was the cathode. The scan rate was 15mV/s.

Most probable number of iron reducing bacteria

Initial inoculum of Texcoco soil was incubated in 1g of soil for Chemically activated Halo alkaliphilic bacteria: 1g of
biofilm for electrochemically active halo alkaliphilic bacteria into 99 ml modified SL3 medium for both chemically
and electrochemically activated Halo alkaliphilic bacteria with 15mM of sodium acetate used as carbon source and
20 mM iron (III) citrate as terminal electron acceptor, set to be 10™" dilution and 10 ml of above inoculum transferred
into 90 ml of SL3 medium set to be 107 dilution, from that 10 ml of inoculum transferred into 90 ml of SL3 medium
as 107 dilution. Similarly continue the dilution up to 10~ dilution. After the incubation period (~12 days) it was

performed the iron reduction test in a plastic well using ferrozine technique [15].

HPLC and UV-Vis spectrophotometer analysis
Secondary metabolism of E-HAB in SCMFC was analysed through HPLC. UV-Vis Spectrophotometery was carried
in the wavelength of 200-800nm.

Protein estimation and Sodium Dodecylsulfate Poly(acrylamide) Gel Electrophoresis (SDS-PAGE)
Experiments

Protein was precipitated by the trichloroacetic acid (TCA) method [16] from the supernatant solution of the liquor in
the SCMFC. Bradford method was used to estimate the protein [17]. SDS-PAGE experiments were run with
electrophoresis unit of Bio-Rad [16].

3. Results and discussion

Enrichment of electrochemical active halo alkalophilic bacteria (E-HAB) was performed by variation of current
intensity during biofilm formation at -150mV vs SCE as shown in Fig.2a. During the first 5 days, the recorded
current was very small. After 5 days, the current started to increase and attained the maximum value of 1.8 mA in the
28th day. Subsequent to 30 days the current decreased down to 0.4mA. Addition of carbon source at 75" day lead to
an increase in the current up to 0.8mA in at 135™ day (Fig2a). Variation of current intensity during biofilm formation

at -150mV vs SCE resembled the bacterial sigmoidal growth curve; the latter is in agreement with previous reported
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works [18]. During the first 5 days, the growth of microbial colonies was observed on the graphite rod (anode) in the
log phase related to low current. Following 5 days, the biofilm ARB grew and attained the maximum current in the
28™ day, probably due to attaining the stationary phase. The depletion of substrate probably lead to the microbial
colonies to decline phase of growth, that started in the 30th day. By adding the carbon source at the 75th day the
bacterial community started to grow again; this was reflected by the current increment and attained 0.8mA in the

stationary phase.
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Fig. 2 (a). Variation of Current (A) during biofilm formation at -150mV vs saturated calomel electrode. (b). Cyclic
voltammetry of initial GR at 15mV/s. the cyclic voltammetry of biofilm in bicarbonate buffer (0.1M) with 15mM of
sodium acetate as carbon source were measured at different scan rates. (¢). Electrochemical impedance spectroscopy

of biofilm electrode.

Cyclic voltammetry (CV) experiments were performed for further investigate the electrochemical character of the
biofilm. In the initial 4 days, the cyclic voltammograms showed no peaks, presumably due to the fact that the biofilm
has not been completely formed (results not shown). CV was performed at the 28™ day at a different scan rate upto
15 mV/s. Midpoint potential deduced from the cyclic voltammetry, was +108mV vs standard hydrogen electrode
(SHE). This value is close to the alkaliphilic cytochromes potential range [19]. Concomitantly, it could be related to
the soluble/membrane-bound cytochromes from alkaliphilic bacteria [19]. By increasing the scan rate the anodic
peak shifted to more positive values (Fig. 2b). Even though there was an anodic peak, the corresponding cathodic
peak did not provide the same area under the anodic curve (anodic charge). This suggests that an irreversible process
is occurring. A similar pattern occurred at the 136th day (data not shown). One of the possible reasons for the
irreversible process would be fouling of the electrode surface by strong irreversible adsorption of chemicals [20], or
to an increased thickness of the biofilm. Membrane bound enzymes (cytochrome) of biofilm is required to be
independent of the electroactive ARB's metabolism [21].

Electrochemical impedance spectroscopy (EIS) at 28™ day and 136™ day revealed two semicircles (Fig. 2¢). The
impedance spectra at 28" day and 136™ day were fitted to an appropriate equivalent circuit (EC). A simple EC used
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for describing the electrochemical properties of the ARB biofilm is shown in Fig. 2(c). The obtained values of the
resistance of the film (R2) were 11.1Q for the 28" day and 5.5 Q for the 136th day. From the EIS, the high frequency
semicircle could be associated to ARB biofilm electrical properties. The low frequency semicircle was probably
linked to the processes occurring at the biofilm/solution interface. The tendency of biofilm resistance was decreased
with time of operation. This may be due to the adaptability / enrichment of electroactive bacteria on the surface of
the graphite rod which may reduce the internal resistance.

Comparison of of the enrichment methods is shown in Tables 2 and 3. When comparing the only C (results of 3
transfer in Table 2) and only E methods (results of 0 transfer in Table 1), only C was superior with higher values of
Panmax = 48.5 and Py . = 558 of C compared to 33 and 379 of E. Yet, the overall resistance as determined by EIS
was also lower for only E (1240 Q) than for only C (1632 Q) (Table 3). When considering the hybrid E method (E
followed by C as given by the three serial transfers), the electrochemical characteristics ot the hybrid E were

consistently superior to only C (higher Pay max and Py .y, lower internal resistance).

Table 2. Serial transfer studies for enrichments of alkaliphilic inocula for a single chamber microbial fuel cell.

Serial Enrich- Concentration of Fe(Il)  Most P an,max (mW/mz)
transfer ment (mM) Probable Py max (mW/mJ)
metod Number
Initial Final
0 E 6.2+0.1 31.3+0.6 6148+2 33.0+0.6
378.9+1.1
C 4.74£0.02 22.7+0.3 8500«15 16.0+0.3
183.7+0.7
[-Serial E 8.540.3 46.8+0.7 5144+5 42.5£1.0
Transfer 488.9+4.7
C 6.24+0.5 36.9+0.8 5144+5 31.9+0.6
367.3+0.8
1I-Serial E 13.0+0.5 78.2+1.1 3450+1 52.5+1.2
Transfer 603.5+0.6
C 10.3+0.5 69.6+0.3 6148+1 37.4+0.4
430.0£1.5
11I-Serial E 16.0+£0.8 79.8+0.7 3399+1 81.2+0.6
Transfer 9342+1.8
C 14.3+£0.2 70.1+1.0 401242 48.5£1.0
557.6+1.1

Iron reducing activity of both E and C-enriched inocula increased with the transfer number (Table 2). In general,
serial transfer studies of iron reduction activity showed improved characteristics of microbial fuel cell, in agreement
with findings of Cho and Ellington [5] and Rabaey et al. [6]. Unexpectedly, MPN of Fe(Ill)-reducing bacteria was

reduced by 40 to 50% of the initial amount for the last transfer in both enrichment methods (Table 2).
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Table 2. Electrode and membrane/electrolyte resistances of the MFC by EIS with enriched inocula

Serial Enrich- R. R. Rn Rin=
Transfer ment R.+RAR,
metod

0 E 1098+2 534+1 0.86+0.01 1632+2
C 129242 580+1 0.83+0.03 1872+2
1 E 9811 152+1 0.69+0.02 1132+2
C 115243 46842 0.86+0.05 1620=+1
i E 8742 209+1 0.41+0.04 10832
C 1081+4 471+£1 0.79+0.02 1552+4

1M E 620=£1 22742 0.53£0.05 8371
C 977+2 263+1 0.65+0.03 1240+1

The supernatant solution collected from the SCMFC was qualitatively analyzed through HPLC technique. It revealed
the presence of acetic acid, butyric acid, ethanol, and propionic acid. This is may be associated to mixed microbial
flora respiration end products. Afterwards, fresh SL3 medium was added to the SCMFC which was already seeded
with the biofilm of the sodic-saline inocula. Then, cyclic voltammetry was performed. Fig.3. shows the

voltammogram of the bare carbon cloth and biofilm formed on carbon cloth seeded with E-HAB in SCMFC.
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Figure 3.Cyclic voltammetry of the bare and biofilm formed carbon cloth at the scan rate of 15mV/s

The bare carbon cloth did not show any electrochemical response from which we conclude that there is no current

generation in the absence of microflora in the SCMFC. Biofilm formed on carbon cloth exhibited two redox
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reactions on the surface with midpoint potentials of -385mV and 18mV vs SCE, respectively. The midpoint potential
of -385mV might be associated with membrane bound enzymes of the sodic-saline micro-flora, whereas the

potential 18mV/SCE could be associated to the soluble cytochrome activity in agreement with results previously
reported [22].

The protein content of the liquor in the SCMFC was 363ug/mL. The supernatant solution from E-HAB in the
SCMFC contained a protein with a molecular weight ~45kDa as shown by SDS-PAGE (Fig. 4). It may resemble the
soluble excreted cytochrome responsible for the midpoint potential of 18mV. The direct electron transfer could be
achieved through the cytochrome (membrane bound/soluble excreted), fostering the communication/charge transfer

between the electrode and microbes.

Protein Marker E-HAB-Supernatant
250 KD

150 KD
100 KD

75KD

50 KD

=

37KD

25KD

20KD
15 KD

Figure 4. SDS-PAGE analysis of EHAB supernatant solution from SCMFC

Supernatant solution from E-HAB in the SCMFC exhibited a small absorption shoulder at 410 nm (Fig. 5). This was

in accordance with the oxidized state of the cytochrome reported by Tomlinson and Ferguson [23].
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Figure 5. UV-Vis Spectrophotogram of the pure SL3 medium and supernatant solution from SCMFC
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4. Conclusion

The only C enrichment method was superior to the only E one (higher values of Paymax = 49 and Py . = 558 of C
compared to 33 and 379 of only E) whereas overall resistance as determined by EIS was lower for only E (1240 Q)
than for only C (1632 Q).

Yet, if we consider the hybrid E method (E followed by C as given by the three serial transfers), the electrochemical
characteristics of the /hybrid E were consistently superior to only C (higher Payma and Py ., lower internal
resistance).

Detailed electrochemical studies of only E-method showed that the anodic resistance decreased with the time of
operation of the electrolysis cell, that would be consistent with the adaptability/enrichment purpose of the method.
Also, CV peaks with values close to those reported for bacterial cytochromes appeared with time of cell operation.

In general, serial transfer studies with Fe(IIl) as electron acceptor showed improved characteristics of microbial fuel
cell and increased Fe(IlI)-reducing capability of inocula.

Analysis from the Cyclic voltammetry, SDS-PAGE, and UV-Vis Spectrophotometry revealed that the cytochrome
(membrane bound/ soluble excreted) might play a vital role in the direct electron transfer in the SCMFC seeded with

E-HAB inocula.
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ARB anode respiring bacteria

C chemical enrichment method

CcvV cyclic voltammetry

E electrochemical enrichment method

EIS electrochemical impedance spectroscopy

HAB halo alkalophilic bacteria

Hybrid-E serial transfer III of £

SCMFC single chamber microbial fuel cells

SDS-PAGE sodium dodecylsulfate poly(acrylamide) electrophoresis
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ABSTRACT

Hydrogen is considered a versatile and clean bio-fuel and research on biological production of H, has boosted in the
last years. Two key issues on biohydrogen production from organic substrates in submerged fermentation are (i) type
of bioreactor, and (ii) temperature of operation. Anaerobic fluidized bed reactors (AFBR) exhibit attractive features
for the production of H, although their application for this purpose is scarce. On the other hand, use of ambient
temperature of operation could help to decrease the use of energy to maintain the temperature at higher levels; yet
little is known on dark fermentation in the psychrophilic range. Thus, the aim of this work was to compare the H,
production in a lab scale AFBRs at two levels of operational temperature: ambient temperature (A) and 35 °C (M)
and two organic volumetric loading rates B,: 5 and 8 g sucrose /(L d), with a constant hydraulic residence time of 1

day.

The increase of B, from 5 to 8 g sucrose/L day had a positive effect on the performance of our anaerobic fluidized
bed reactors; the H, productivity increased 2100 and 1684% for AFBR-A and AFBR-M, respectively. With a B, of 8
g sucrose/L the average performance of AFBR-A was superior to that of AFBR-M: 1.8 times for the H,
concentration in the biogas (54% and 31% respectively) and 2.1 times for the H, productivity (1330 and 580
mLH,/(Lbed day), respectively). The volatile organic acids (VOA) contributed to most of the soluble microbial
products at both temperatures with ratios VOA/SOLV of 18.99 and 1.68 for A and M, respectively (ratio of total
volatile organic acid/total solvent products). In conclusion, the H, production in an AFBR-A at ambient temperature

showed encouraging results for H, production in submerged fermentation of moderate concentration of sucrose.

Key words: anaerobic fluidized bed bioreactor, biohydrogen, dark fermentation, sucrose.

1. Introduction

In the last 10 years, interest on biohydrogen has increased exponentially [1]. Hydrogen is one of the most promising
fuel candidates: (i) it is a versatile, safe, renewable, environmentally compatible and economic fuel [2], (ii) it is more

secure to manage than domestic natural gas [3], (iii) its combustion in automobiles is 50% more efficient than
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gasoline, and (iv) it possesses an energy content per unit mass of 142 KJ/g o 61,000 Btu/lb [3] that is 2.7 times

greater than that contained in certain hydrocarbon [4].

There are several technologies to generate H,; they can be classified as biological, chemical and electrochemical.
Chemical technologies include steam reforming, electrolysis and partial oxidation process [5]. On the other hand the
biological production processes can be classified into three categories: bio-photolysis, photo-fermentation and dark
fermentation [6-8]. We focus here on biological process because they are environmentally friendly and consume less
energy. Particularly, H, production by dark fermentation exhibits several advantages: (i) many fermentative bacteria
are capable of high hydrogen generation rate, (ii) H, is produced throughout the day and night at a constant rate since
it does not depend on energy provided by sunlight, and (iii) bioreactors have a relatively small footprint when solid

substrate dark fermentation is chosen [9-13].

Sustainability of biohydrogen production depends on the attainability of renewable substrate and the establishment of
fermentation conditions that augment both the rate and the yield of hydrogen production [14]. There are factors that
determine optimal hydrogen production, such as: (i) pH, (ii) temperature, (iii) concentration of electron donor, (iv)
type of the reactor, (v) alkalinity, (vi) nutritional history of the cells, (vii) method of inoculum enrichment and
method of methanogenesis inhibition used, and (viii) type of inocula, among others [15-19]. The thermal regime of
operation can affect the growth rate and metabolic activity of microorganisms [20]. This fermentation processes can
be conducted at mesophilic (25-40 °C), thermophilic (40-65 <C), extreme thermophilic (65-80 °C), or
hyperthermophilic (>80 °C) temperatures [21]. Selection of the temperature of incubation should take into account
that the heat energy needed to conserve higher fermentation temperatures can diminish the net energy gain of biogas
production [22, 23], therefore it is interesting to study the production of hydrogen at ambient temperature (without

heating).

Several studies of hydrogen production have been conducted in continuous stirred tank reactors. The continuous
stirred tank reactor is one of the most used because of its simple construction, easy operation and effective
homogeneous mixing. However, the hydraulic retention time (HRT) controls microbial growth and therefore the
HRT must be greater than the maximum rate of growth of microorganisms, higher speeds because the dilution
caused loss of microorganisms [24]. To avoid this inconvenient, several mechanisms and devices have been
incorporated to bioreactors in order to retain the active microbial biomass, usually by immobilization. In this way,
both growth and concentration of microorganisms are essentially independent of the HRT, and high cell

concentrations of biomass can be achieved inside the bioreactors [25-27].

Recent studies have found that favorable immobilized-cell anaerobic hydrogen production systems include anaerobic
fluidized bed reactors (AFBR; [28]). Tbe AFBR consists of a tal

column containing an inert support or granules that

3¢
L o

£

74
l CICY
Mexican Hydrogen Society YU?°’?," Center for
Scientific Research 89

104
0’0‘0’0



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

are held in suspension due to the drag force of the upward flow where the microorganisms are retained in the form of
biofilm [29,30] and has been widely used as a system for treating wastewater, characterized by high efficiency and
the use of low hydraulic retention time [31,32]. In this type of reactor, the accumulation of biogas and deposition of
particles take place in different compartments located in the column [33]

Among the advantages of the AFBR we find the following: (i) at speeds high mass transfer, (ii) it has the ability to
control and optimize the thickness of the biofilm by attrition and special devices, (iii) the biomass support can be
chosen for applications specific, (iv) the treated effluent recirculation means it has excellent hydraulic pattern that
prevents short circuits and dead zones [34, 35]. Even though AFBR exhibits positive features for the production of
biogases such as H; it has been used primarily for the treatment of wastewater [27,32,36]. Some materials that have
been used for H, production are activated carbon [28], zeolite [37] and expanded clay [38].

To the best of our knowledge, there are no studies for H, production by AFBR at low temperatures. Therefore, this
work was aimed to evaluate the H, production in an anaerobic fluidized bed reactor using two incubation

temperatures: ambient temperature and 35 °C.

2. Experimental

Bioreactors. The laboratory-scale AFBRs consisted of glass columns of 4.5 cm internal diameter, 185 cm length and
3 L of working volume; loaded with 1 L of granular activated carbon (1-2 mm diameter) colonized by an anaerobic
consortium. The hydraulic residence time was 1 day (fluidized bed volume basis).

Experimental design. The experimental design examined the effect of two factors on H, production in AFBR, i.e.
two temperatures of operation: 35°C (AFBR-M) and ambient temperature (AFBR-A), and two volumetric loading
rates (By, 5 and 8 g sucrose/(L d).) All AFBRs were operated at 1 d HRT

Inocula. AFBRs were seeded with digestates from methanogenic substrate anaerobic digesters degrading sucrose.
Those digesters were operated at mesophilic conditions. Before loading into the reactor the digestates were pre-
treated by heat-shock (90°C, 1h)

Substrate. The organic carbon source was either 5 or 8 (g/L) of sucrose. The reactors were fed with a synthetic
wastewater with the following composition (mgL™; [28, 39]): CH,N,O (125); NiSO,*6H,0 (1); FeSO,*7H,0 (5);
FeCl;*6H,0 (0.5); CoCl,*2H,0 (0.08); CaCl,*6H,0 (47); SeO, (0.07); KH,PO, (85); K,HPO, (21.7);
Na,HPO,*2H,0 (33.4); NaHCO; (1 g/L). Either 5 or 8 g of sucrose per liter were added, depending on the operation
B..
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Analyses. The main monitoring parameters were hydrogen production, pH and soluble metabolites. Hydrogen and
methane contents in biogas were determined by gas chromatography [13] in a Gow-Mac chromatograph model 350
fitted with a thermal conductivity detector (TCD) and Molecular Sieve 5A packed column (injector, detector and
column temperatures were 25, 100 and 25 °C, respectively). Argon was the carrier gas. Soluble metabolites (volatile
organic acids, lactic acid, and solvents) were determined in the effluent that was filtered through a glass-membrane
filter and an aliquot of the filtrate was injected in a gas chromatography Varian Star 3400 equipped with a FID for
metabolite concentration determination. The injector and detector temperatures were set at 250°C. Nitrogen was used
as a carrier gas with a 20 mL/min flow rate. The oven temperature was programmed as follows: 60 °C for 2 min,
increasing to 140 °C at 5°C/min, and then kept constant at 140°C for another 6 min. A 50 m 0.32 mm internal

diameter fused silica capillary column coated with 0.2 mm CP-Wax 57 CB was used.

3. Results and discussion

3.1 Effect of increase the volumetric loading rate

Overall, there was a significant performance improvement of bioreactors at the highest B,. In the first period of
operation at B, of 5 g sucrose/(L d) low concentration of H, in biogas and H, productivity was observed (Figure 1a,
d, Table 1). After 20 days the B, was changed to 8 g sucrose/L day; the H, in biogas increased by 5.2 and 6.3 times
in AFBR-A and AFBR-M, respectively, whereas the H, productivity was enhance by 22 and 33 times in AFBR-A
and AFBR-M, respectively.

In the first 8 days of the second period H, production was no observed in AFBR-M, on the other hand methane
production was registered(Figure 1 a & b). This was consistent with reported hydrogen consumption by
methanogenesis [40]. Therefore the presence of CH, could indicate that heat treatment was not sufficient to eliminate
the methanogenic microorganisms in the inocula, particularly in the AFBR-M [28]. It is known that heat treatment of
the inocula is intended to eliminate non-sporulating, hydrogen-consuming microorganisms such as methanogenic
archaea [41].

After 8 day in the second period we removed bicarbonate in the synthetic wastewater in order to allow the pH
diminish naturally. Once the pH dropped down to 4.5 the concentration of CH, in the biogas decreased (Figure 1 b
& c). This was in agreement with other studies where it was observed that the combination of heat-treatment of

inocula and lower pH value repress the methane-forming microorganisms [16, 40].

Acetic acid (HAc), Butyric acid (HBu), Propionic acid (HPr), Ethanol (EtOH) and Butanol (BuOH) were the soluble
microbial products (SMP) detected in this fermentation (Table 1). The volatile organic acids (VOA) contributed to
most of the SMP at both temperatures and both Bv with high ratios TVOA/SOLV (TVOA/SOLYV: total volatile
organic acid/solvents products) in most cases. Values of TVOA/SOLV were of 55 and 19 for the ambient
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temperature reactors operated at B,=5 and 8 g/(Ld), respectively, and 72, and 1.2 in mesophilic reactors run at B,=5
and 8 g/(Ld) . The TVOA/SOLYV ratio in the first period was almost 3 (AFBR-A) and 24 (AFBR-M) times higher

than in the second period.

This could be due to pH values below 4.5 (ca. 10 days) in the second period which is known to be associated to

solventogenesis and decreased H, harvesting [42-44].

The presence of HPr in the first period was higher than that in the second period in both reactors and at both
temperatures. The may be due to the low pH 4.5 at increased B, of 8 g sucr /(L d) since it is known that low pH
could inhibit propionic production [25,28, 37] (Zhang et al. ,2007, Koskinen et al. 2007, and Barros et al. 2010). In
the first period de HPr/SMP was higher in AFBR-M and the propionate fermentation is related with low production

of H, [37] Koskinen et al., 2007) and it can be associated with the low H, productivity observed.

3.1 Effect of temperature of incubation

In general, operation at ambient temperature was associated to better bioreactor performance than in mesophilic
regime of operation (Table 1). The average H, concentration in the biogas in AFBR-A in the 2 ™ period was 1.8
times superior than that of AFBR-M (56 and 32% Hy, respectively; Table 1). Similarly the H, productivity in AFBR-
A was 2.1 times superior than that of AFBR-M (1232 and 589 NmLH,/(Lbed d), respectively; Table 1). In the

second period, the average value of 56% of H, concentration in biogas from the AFBR-A was in the range of 40—

60% reported in other studies with AFB-A (Table 2).

Our results agree with findings of [45] that operated well mixed batch reactors at 22 °C and 37 ° C. They observed
that the H, production was 1.3 times superior in a reactor operated at 22°C. This result could be attributed to the
gradual changes in pH induced by slower kinetics at lower temperature; indeed lower temperatures cater more time
for hydrogen producing bacteria to adjust to pH dynamics in unbuffered reactors [46]. Methane was observed in the
biogas of AFBR-M in both periods of operation (Figure 1 b), in contrast no CH, was detected in AFB-A. Since both
bioreactors received the same inocula, the fact that methane production was more noticeably in the AFBR-M, could
be related to its operation temperature 35 ° C which is reported to be the optimum for methanogenic microorganisms
[47].

The TVOA/SOLV prgr-m Was 11.3 lower than TVOA/SOLV argr.a in the second period. the higher contribution of
solvents (ethanol and butanol) in the AFBR-M may indicate that the fermentation was being diverted to a solvent

production which is consistent with the low production of H, obtained. Interestingly, at similar pH values in both
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bioreactors the solvent production was not observed in AFBR-A. This could be attributed to the fact that a low

temperature allows more time to adapt to changes in pH as we mention above [46].

Furthermore the main solvent generated in AFBR-M was ethanol (36%) and the ethanol-type fermentation is related
with low production of H, [37, 48, 49].

In the AFBR-A the major byproduct was butyric acid (59 %). this was in agreement with literature reports of
butyrate production in the pH range of 4.0-4.5 [50]. The A/B (acetic to butyric acid ratio, on COD basis) has been
apply as a surrogate indication of H, production in acidogenic systems [37, 51]. In general a higher A/H ratio higher
than 0.80 indicates a higher H2 yields, likely with hydrogen production from hexoses with acetogenesis. Values
lower than 0.8 are likely associated with hydrogen production from hexoses with butyrogenesis [52]. In our work,
AJB ratios were close to 0.8 or lower (Table 1) and this mith indicate that the carbon flow was directed into products
another than acetate, HBu for AFBR-A and EtOH for AFBR-M (Table 1; [53]).
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Figure 1. Time courses of: (a) H, concentration in biogas; (b) CH4 concentration in biogas; (c) pH and H,

productivity ©0: AFBR-A; A: AFBR-M. Note:bold dotted line indicates the change of Bv=5 g sucrose/L to 8 g
sucrose/L. Lines in Bv= 8 g sucrose/L indicate the beginning of the steady state: solid line AFBR-A and dotted line
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Table 1. Average performance of AFBR-A and AFBR-M.

Reactor Bv =5 g sucr/(L.d) Bv =8 g sucr/(L.d)
Parameter AFBR-A AFBR-M AFBR-A* AFBR-M*
pH 5.22+0.26 5.04 £4.20 4.35+0.13 4.29+0.16
H, concentration (%) 10.6+£6.9 5.0+£2.2 56.0£6.2 316+£3.1
Biogas production (mLH,/ 791+ 410 57 £ 44 2222 + 449 1900 + 191
day)
H, productivity (mLH,/L 56 + 44 33+£26 1232.9 + 241 589 + 103
bed day)
Soluble microbial
products (mg COD/L)
Acetic acid 1101.2 + 238.8 951.2+110.3 957.1 + 236.0 1172.7 £196.0
Propionic acid 782.5+180.1 10249 + 3254 318.1+32.8 341.8 £ 69.0
Butiric acid 838.1+164.5 1403.8 + 372.9 2097.1 +427.3 1382.5 +321.0
Lactic acid ND ND ND ND
Acetone ND ND ND ND
Methanol ND ND ND ND
Ethanol 106.0+£71.6 53.1+275 88.3+17.9 1654.7 +49.8
Butanol 31.1+£153 ND 89.2+105 68.3+7.0
EtOH/SMP (%) 0.8+1.3 1.7+09 20 36+4
BUOH/SMP (%) 1.1 03 e 3+0 1+0
HAC/SMP (%) 399+27 43.0+14.0 27 +3 25+1
HPr/SMP (%) 281+21 40.2+9.7 9+2 70
HBU/SMP (%) 30.1+27 450+ 11.0 50+2 30+£3
A/B 1.3+0.2 0.8+0.1 05+0.1 09+01
TVOA (mg CODIL) 2721.7+3118 2594.9 + 818.2 3372 + 650 2897 + 59
SMP (mg COD/L) 2771.2 £ 277.2 2630. 3 +849.0 3550 + 676 4621 + 643
TVOA/SOLV 55 72 19 1.2

*The average data was obtained under steady-state conditions: AFBR-R: day 8 to 22 and AFBR-M: day 15 to 22. A/B: acetic to

butyric acid ratio. EtOH: ethanol; BuOH: butanol; HAc: acetate; HPr: propionate; HBu: butyrate; TVOA: total volatile organic
acids= HAc+HPr+HBu; SMP: soluble microbial products=TVOA+EtOH+BuOH. Based in COD/L
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Table 2. Hydrogen production using anaerobic fluidized bed reactor

Inocula Conditions  Support Substrate Y’ Hydrogen Soluble Ref.
material concentration Pseudoyield microbial
(mg/L) (molH,/Kg products
substrate fed)
H, % in biogas
Anaerobic HRT:0.5-4  Activated Glucose 6.44 @ HRT of  Aceticacid 1
sludge h carbon (1000) 0.5-2 h. Butyric
hs (105°C,45 pH:4.0 57-61% acid
minutes) T:37°C Propionic
acid
Ethanol
Anaerobic HRT:8-1 h Expanded Glucose 13.39 @ HRT of Aceticacid 2
sludge pH:3.7-4.1  Clay (2000) 3.7-4.1h Butyric
hs (90°C,10  T:30°C 20-30% acid
min) Lote:48 h Ethanol
Sludge HRT: 8-1 Expanded Glucose 12.72 @ HRT of Aceticacid 3
hs (90°C 10 pH: 3.8 Clay (2000) 2h Butyric
min followed  30°C 21.8-37.6% acid
by ice cooling Lote:48 h Ethanol
to 25°C)
Anaerobic HRT:8-1h Expanded  Glucose 14.00@ HRT of  Aceticacid 4
sludge pH: 5.5 clay (4000) 2h Butyric
hs (90°C 10 T:30°C 50% acid
min) Polystyrene 10.6 @ HRT of  Propionic
2h acid
40% Ethanol
16-47%
Anaerobic HRT:8-1h  Ground Glucose 11.94@ HRT of  Acetic 5
sludge pH: 5.5 Tire (4000) 1h acid,
hs (90°c, 10 T:30°C Butiric acid
min) Pet 52-96% Lactic acid
10.39@ HRT of  Ethanol
1h
Methanogenic HRT:1day  Activated Sucrose 3.59 @ ambient  Acetic 6
sludge pH: 45-5.0  carbon (8000) temperature@ acid,
hs (90°C,1h) T:30°C HRT of 1 day Butiric acid
ambient Propionic
55.96% acid
1.65@ HRT of 1  Ethanol
day Butanol
@ 35°C
1.68%

Notes: hs: heat-shock, HRT: hydraulic retention time; References: 1. [28]; 2.[24] ; 3.[38]; 4.[25], 5. [54] ; 6. This study
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4. Conclusion

-The increase of B, from 5 to 8 g sucrose/L day had a positive effect on the performance of our anaerobic fluidized
bed reactors; the H, productivity increased 2100 and 1684% for AFBR-A and AFBR-M, respectively.

-The combination of heat-treatment of inocula and lower pH value avoided the methane production in the second
period of operation at B, of 8 g sucr/(L d).

-In the second period of operation at Bv = 8 g sucr/(L d) the performance of the reactor at ambient temperature was
outstandingly superior to that at mesophilic regime; the H, concentration and the H, productivity in the ambient

reactor were nearly two- fold of the values in the mesophilic reactors
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Notation

B, volumetric loading rate

COD  chemical oxygen demand, (mg/L)

HRT  hydraulic retention time, (day)

HAc  acetic acid concentration, (mgCOD/L)
HBu  butyric acid concentration, (mgCOD/L)
HLac lactic acid

HPr propionic acid concentrarion, ( mgCOD/L)
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EtOH ethanol concentration, (mgCOD/L)
BuOH butanol concentration (mgCOD/L)
SMP  soluble microbial products, (mgCOD/L)
TVOA total volatile organic acids, (mgCOD/L)
VOA volatile organic acids

Y’ hydrogen pseudo yield, (molH,/mol substratesy or molH,/Kg substrate fed)
(22 >
%) >
3 ‘\ g. g
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Evaluation of Pre-Treatments on the First Stage of an Anaerobic Digester for Enhancing Bio-H, Production
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ABSTRACT

Wastewater Treatment (WWT) is an essential public service that simultaneously consumes a large amount of energy
and produces a significant amount of by-products (e.g. sludge). There is, however, excellent conservation potential
through the production of biogas in Anaerobic Digestion (AD), and the use of it as a renewable source of energy in-
situ. It is well know that each cubic meter (m®) of biogas contains the equivalent of 5-7.5 kWh of calorific value, if
the composition of CH, lies between 50-75% of the total biogas composition [1]. Nevertheless, to increase the
conservation potential in a two-stage digester, a pre-treatment to the feedstock and seed should be applied. This pre-
treatment increases the yield of hydrogen (H,) by 10% in the first stage of the AD [2]. Additionally, the pre-
treatment should selectively inhibit methanogenesis and increase the production of acetic acid and acetate, thus
achieve the highest possible H, yield [3]. Furthermore, several techniques have been appointed as potential pre-
treatments due to their simplicity, contribution to hydrolysis of organic material presented in the biomass, and
inactivation of methanogenic bacteria [4]. Moreover, H, has the highest energy content per unit weight of any known
fuel (120.21 MJ/Kg) [3]. This is particularly interesting, as there are additional socio-economic benefits for using bio-
H, as a source of energy. These include the reduction of green-house gas (GHG) emission, by reducing the final

amount of CH,4 produced through AD, and the creation of a viable renewable energy source.

This study focused exclusively on 4 pre-treatments: temperature shock, pH control, chemical addition and a
combination of the above mentioned. Therefore, the aims of this research were:
1) To study the influence of different pre-treatments on the first stage of a two-stage anaerobic digester, using
glucose as substrate.

2) To select the most suitable pre-treatment for enhancing the bio-H, production for scaling-up.

Keywords: Anaerobic digestion; Bio-hydrogen production; Climate Change; Pre-treatment;
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1. Introduction

One of the biggest challenges to overcome in Wastewater Treatment Plants (WWTPSs) in developing countries is the
reduction of energy consumption, and optimization of the different processes and services at the facility. From a
technical point of view, in these countries, the use of Anaerobic Digestion (AD) of sewage sludge reduces the
transportation costs of dry sludge to landfills, and partially eliminates the need for filter presses or any other drying
systems. Therefore, one of the first resulting indirect benefits is the reduction of the amount of sludge sent to
landfills, reducing the Green House Gas (GHG) emissions (as methane) at the landfill. Some other environmental
benefits from AD include odor reduction, pathogen control, minimization of sludge production, and conservation of
nutrients [5]. In addition, WWTPs are large energy users with excellent conservation potential because of biogas
production, which has become one of the main sources of renewable energy [1]. Literature references report that 0.29
to 0.33 Nm® of CH, can be produced for each kilogram of Chemical Oxygen Demand (COD) digested at 35°C [6, 7].
Furthermore, hydrogen (H,) represents one of the most promising steps toward a sustainable energy system, due to
its high energy content per unit weight 120.21 MJ/kg (while CH,4 is only 50.2 MJ/kg), and its potential as a
renewable energy source [3]. H, is a clean green fuel only if it is produced from renewable sources (e.g. wind,
biomass) or through AD; making it easy to transport and store [5]. Recent works suggest that the theoretically yield
of hydrogen is 4 mol H,/mol substrate [8, 9, 10]; however, practically 1.5 to 2.5 mol H,/mol glucose can be produced
[3, 9]. Additionally, some challenges to overcome in the following years for the commercialization of bio-H,
production are: a) the use of efficient microbial strains which can use different organic materials as feedstock, b) the
low rate of H, production after the complete process, c) the comprehension of the metabolic pathway that drives the
production of H,, d) the cost and mass production of certain pre-treatments, and €) the improvement of the H, yields

of the processes using cheaper raw material as substrates [5].

In biogas production through a single-stage AD process, the CH, formation takes away a significant portion of the
reactants, acetate and H,, which are produced by “H,-producing bacteria” and simultaneously consumed by “H,-
consuming bacteria”. In contrast, a two-stage AD produces H, and carbon dioxide (CO,) in the first stage, whereas
the second stage produces CH, and CO,. One of the main characteristics of the pre-treatments is the selective
inhibition of methanogenesis, increasing the production of acetic acid and acetate, and thus achieving the highest
possible H, yield [4]. Several pre-treatments have been appointed for enhancing the production of H, in a two-stage
digester, such as a low pH control [11], temperature shock of the inoculums for removing hydrogen consuming non-
spore forming bacteria [8], and chemical addition by means of specific methanogenic inhibitors [4]. Special attention
has been given to pre-treatments with Microwave (MW), due to its uniformity on heating and the precise control of
the process temperature that is applied to the sludge. Significant concentration of soluble COD (sCOD), phosphate
and ammonia are released; reduction of capillary suction and improvement of the sludge dewaterability and high

water content in the sewage sludge can absorb MW energy efficiently [12, 13]. Furthermore, MW irradiation seems
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to be a potential method because of its synergetic effect on pathogenic destruction and thermal heating for anaerobic
digestion at 35°C. In addition, MW energy has a strong ability to penetrate dielectric material to produce thermal and
non-thermal effects on microbes, increasing potential food for methane producing bacteria, and lowering the
hydraulic retention time (HRT) [13]. Further, sludge is a multiphase medium that can be effectively absorbed by the
MW energy, but the degree of degradation depends on the intensity of the MW irradiation [12].

Based on an extensive literature review, three main pre-treatment have been identified as the most cost-effective and
adequate techniques. These includes: (i) heat-shock as microwaves (MW) and water bath and WB; (ii) combination
of heat shock with chemical addition (specific methanogen inhibition); and (iii) addition of specific methanogen
inhibitors, or chemical additions of bromoethanosulfonate (BES), iron (Fe 1) chlorhidric acid (HCI) or chloroform
(CHCLs3). In addition, the objective of this paper was to identify the specific condition and concentration for
applying the pre-treatment to the feedstock and seed in a real-case WWTP in Mexico.

2. Experimental

Two reactors (R1 and R2), made of borosilicate glass, clear, with round bottom, were used for the experiments. The
reactors have a total volume of 12 L, with a working volume of 10 L (sludge) and 2 L headspace volume (biogas).
Two point nine liters of inoculum (sludge) for the reactors (R1 and R2) were taken from the anaerobic digester of the
Wastewater Treatment Plant for Research and Education (LFKW) at the University of Stuttgart (Germany). The
anaerobic digested sludge (ADS) or inoculum was diluted to 7.2% Total Solids (TS) concentration and strained
through a 10 mm sieve to eliminate coarse material that could interfere with further analysis. The ADS was placed
inside R1 and R2 under continuous stirred conditions for the guarantee of well-suspended biomass in the mix liquor,
and to represent the composition of a real effluent. In addition, the R1 and R2 were installed in a controlled
temperature room (37°C), while the temperature of the sludge was 35°C. The pH was regulated by means of a pH
glass electrode and a pH programmable controller, which controlled 2 solenoid dosing pumps for automatic addition
of a sodium hydroxide (NaOH) solution 25% or a hydrochloric acid (HCI) solution 25% to maintain the operation
pH level at 5.6. This value has been reported to be the optimum for batch bio-H, production [3, 9, 10]. It is
important to clarify that the initial pH of the ADS was 7.8 and was gradually reduced until reach the operation pH
value of 5.6. Figure 1 shows the setup of experiments that were used for these batch experiments.

According to previous work at our laboratory [2] two important conditions were considered: glucose or substrate was
used as feedstock to represent a real effluent from municipal wastewater with an Organic Loading Rate (OLR) of 10
g COD/L and a specific solution of nutrients was added to ensure healthy bacteria growth. The produced biogas
quantity was measured with a drum-type gas meter twice per day. This gas was collected for each experiment in gas
bags, and then analyzed with a gas analyzer equipped with an infrared detector for CH, and CO, and a thermal
conductivity detector for H,. The biogas amount was registered into a log book. The analyses of concern were

determined according to the German DIN-Norm and performed twice weekly: one for the influent and again for the
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effluent. The analyses included: Total Solids (TS), Volatile Solids (VS), Chemical Oxygen Demand (COD), nitrogen

(N) and phosphate (PO4); these last three parameters were analyzed as total and soluble form.

Reactor
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Gas
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N2 sparkling
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Figure 1 Set up of Experiment
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Glucose and sucrose were determined

spectrophotometrically  after ~ enzymatic
digestion by a test kit according to the
Gas
Chromatography was also used to analyze
organic acids (Volatile Fatty Acids- VFA).

VFAs were analyzed in a GC Perkin Elmer

manufacturer’s instructions.

equipped with a capillary injector, a FI
detector, and a Varian column at a detection /
injector temperature of 280°C with a
programmable temperature as: 3 min. 70°C, in
6 min. 100°C, 20 min. 240°C. Each set of
experiment was operated in batch during 120

h and pH 5.6.

Previous experiences have shown that this operation time gives a better control for short operation time experiment

under a batch mode [2]. Table 1 outlines the 21 different pre-treatments under study, including the order in which the

mix of nutrients and glucose (feedstock) were added.

Table 1 Pre-treatments

Pre-
Pre-treatment Label Description Conditions Label treatment Description Conditions
addition of HCL 25%
WB 90°C/20 min WB+G+n @90°C for 20min pH3 G+ n+HCI for pH3 during 24hr
i MW 2.5min @900W 2.5 min under 900W BES 5mM G+n+BES |5mM
MW 5 min @900W 5 min under 900W BES 7mM 7mM
Heat shock MW 7 min @900W MW+G+n 7 min under 800W BES 8 mM 8 mM
MW 10min @900W 10 min under 800W BES 10 mM 10 mM
WB 90°C +pH4 [ WB +HCI+ [ @ 90°C for 20min + CHCLS 0.05% 0.05 %VIV
G+n | pH4during 17hr CHCL3 0.75% - 0.075%VIV
5 min @ 800W +
ii MW + HCI + | addition of HCL Chemical
MW 5min @800W + G+n 25% for pH4 during addition G+n+
Combination: pH4 17hr CHCL3 0.10% CHCI3 0.10%V/V
heat shock 3 min @ 800W +
and chemical MW + HCI + | addition of HCL
addition MW 3min@800W + G+n 25% for pH4 during
pH4 17hr CHCL3 0.15% 0.15%V/V
0.075 %VI/IV +
G+n+ addition of HCL G+n+Fe
CHCI3 25% for pH4 during 1
CHCL3 0.075 + pH4 17hr Fe I1l (5mM) 5mM
CONTROL Blanc G+n+ no pre-
G+n+Felll SAMPLES Glucose | treatment
Fe Il (TmM) + pH4 7mM +pH4 (17hr) Blanc glucose
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Blancno | No G+ no pre-
Fe 11l (7TmM) + pH6 7mM+pH6 (17hr) Blanc no glucose Glucose treatment

G: Glucose; n: nutrients; WB: Water Bath; MW: Microwaves; CHCL3: Chloroform; Fe I11: Iron 3 Chloride; HCI:
Hydrochloric acid; BES: Bromo-ethane-sulfonate;
3. Results and discussion

The biogas measurement for each pre-treatment (Figure 2) included CH,, H, and CO,, registered in L over 120 h. No
CH, was detected at any of the pre-treatments. The most representative performances in terms of cumulative biogas
production were: WB 90°C +pH4 by means of 61.7 L of biogas; MW 7min@800W; BES 8mM and MW 5 min @
800W+pH4 by means of 44.5; 41.6 and 33.10 L of biogas respectively; CHCI; 0.10% and BES 7mM, by means of
24.8 and 25 L of biogas, respectively. The production of H, and CO, was in the following order (H,; CO,, in L): MW
5min @ 800W +pH4 (15; 17) > BES 8mM (13.9; 26.8)> WB 90°C +pH4 (9.7; 4.8) > BES 7mM (8.11; 10) >
CHCI30.10% (5.28; 17.6 L) > MW 7min@800W (1; 9). The rest of the pre-treatments produced, in average, less than
1.5 L of Hy, and less than 9 L of CO, .

PO PP Blanc -glucose
60 e— B|anc no glucose
s VB 90°C / 20 min
s \WB 90°C + pH 4
. MW 10 min @ 800W
= MW 7 min @ 800W
2 ;
F MW 5min @ 900W
g MW 2.5 min @ 900W
-g 20 - e MW 5min @ 800W + pH4
S
% MW 3min @ 800W + pH3
g,, el H 3
ﬁ 20 s BES 10mM
E BES 8mM
=]
‘_; s BES TMM
Z — BE S 5mM
3
3 20 CHCL3 (0.15%) + pHa
———@—— CHCL3 (0.10%)
CHCL3(0.075%)
o
0 | CHCL3(0.05%)
CHCL3(0.075%) + pH4
s Fg |[| (5MM)
Fe Il (7mM) +pH 6
0 ’ T Felll (7TmM) + pH 4
Ohr 5hr 24 hr 48 hr Time 72 hr 96 hr 120 hr e pH average

Figure 2 Gas productions after different pre-treatments (under pH 5.6, over 120 hr)

According to previous experiment in our laboratory, the maximum H, yield was 0.59 to 0.66 mol H,/ mol glucose in
a 120 h batch process, if applying a heat shock pre-treatment and a specific mix of nutrients [2]. Figure 3 shows the
yields of H, for each pre-treated sample. The best performances were as follow: MW5min@ 800W+pH4 and BES
8mM by means of 0.96 and 0.88 mol H,/mol glucose respectively; WB 90°C +pH4 and BES 7mM by means of pH of
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0.62 and 0.52 mol H,/mol glucose respectively; CHCI; (0.10%) be means of 0.34mol H,/mol glucose. The rest of

the pre-treatments showed a low performance, in comparison to Blanc 1 and Blanc 2.

Fe lll (7mM) + pH 4

FE Il (TmM) + pH6 *
Felll (5mM)

CHCL3 (0.075%) + pH4
CHCL3 (0.15%)
CHCL3 (0.10%)
CHCL3 (0.075%)
CHCL3 (0.05%)
BES 5mM

BES 7mM

BES 8mM —

BES 10mM

pH3

MW 3min @ 800W +pH3
MW 5min @800W + pH4 H
MW 2.5 min @ 900W
MW 5 min @ 900W

MW 7min @ 800W

MW 10min @ 800W

WB 90°C + pH 4*

WB (90°C)

Blanc no glucose

Blanc glucose

Pretreatment

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 038 0.9 1.0 1.1
mol H, /mol glucose

Figure 3 Hydrogen yield production from digested sludge

Conversely, the relationships soluble (s) and total (¢) Chemical Oygen Demand (sCOD/cCOD) were calculated to
give an idea of the solubilization of organic matter and its indirect relation to volatile fatty acids (VFA) production.
Additionally, this relationship will be used as a design parameter for scaling up an anaerobic reactor in a WWTP in
Mexico. The experimental results showed that the initial value for sSCOD/cCOD for the Blanc no glucose (no pre-
treatment) was 0.05, reducing to 0.02 after 5 days; while the same relation for the Blanc glucose (no pre-treatment)
was 0.42, reducing to 0.36 after the same time. This reduction was observed in the 21 experiments, with an initial
average sCOD/cCOD relationship of 0.46 and a final average sCOD/tCOD relationship of 0.09. In other words, the
average reduction of sCOD was 19.4%. Nonetheless, two pre-treatments pointed out a different behavior, where the
SCOD/tCOD ratio doubled. The situation corresponded to the pre-treatments: BES 10 mM and CHCL; (0.05%) by
means of 0.83 and 0.89 respectively. Finally, the highest solubilization of organic materia was observed in: MW 5
min@900W by means of 33.6%, while the lowest solubilization was observed in CHCl; (0.015%) by means of
7.86%. While the increase of sSCOD in comparison to the Blancs, was observed mainly in nine pre-treatment ( in
mg/L): MW 5 min@900W (12500) > Felll (5mM) (11500) > pH 3 (10600) > MW5min @ 800W+pH4 (10500) > WB
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90°C +pH4 (10400) > Fe Il (7mM)+pH6 (10100) > BES (5mM) (9860) > BES (8mM) (9800) > BES (7mM) (9490)
> Blanc 1(9370).

One final parameter to consider is the “food to microorganism” relationship (F/M), which is a controlling parameter
suggesting that microorganisms must satisfy their maintenance energy requirements prior to synthesizing new
biomass. Decreasing the supply of substrate per unit biomass resulted in gradual decrease in the biomass yields, but
at the same time it resulted in gradual increase in the bacteria mediated inert COD as a side effect. According to
previous studies in our department [2], for anaerobic digestion, the F:M lowest limit is 1.5, while the upper limit is
3.5. The optimal value for this research was set between and 2-2.5. This condition followed by almost all pre-treated
samples. The F:M ratio after pre-treatment for 9 specific parameters is listed as follow: MW 5min @ 900W + pH 4 as
2.44; BES 5mM as 2.24; WB 90°C+pH 4as 2.62; MW 5 min @ 900W as 2.58; pH 3 2.25; BES 7mM as 2.18; Fe Il
(5mM) as 2.06; BES 8mM as1.71; and Fe Il (7TmM)+pH6 as 1.26.

In order to achieve the highest possible H, yield, glucose has to be fermented to acetate. In addition, it has been
reported [9, 14] that H, is not produced in propionate fermentation, rather in butyrate and acetate-ethanol
fermentation, especially after a pre-treatment, which enhance the formate production. Therefore, butyrate-acetate
fermentation has been appointed by several researchers as the main pathways followed by the bacteria for bio-H,
production, due to its potential to change to butanol production (where H, is directly consumed or it production is
inhibited). Additionally, under a pH controlled environment, the most stable pathway is the ethanol-acetate
fermentation, because only acetic acid is produced as the main acid in this pathway. One more point that must be
considered before analyzing the results is: that the hydrolization and fermentation of carbohydrates, proteins and

lipids to VFA are pH dependent, thus the higher the initial pH is, the lower the total H, production potential is [11].

This section shows the results of nine selected pre-treatments and the their VFA production. The VFA of interests
were: acetic acid (HOAC), propianic acid (HOPr), butyric acid (HOBu), valeric acid (HOVa) iso-valeric acid (iso-
HOVa) and caproic acid (HOCa). Especially attention was given to HOAc, due to its relationship with the acetate-
ethanol fermentation and a possible high yield of H,. Additionally, the yield of H, can be very low when propionate
or any other reduced products such as alcohol or lactic acid are formed [14]. The working pH remained under 5.6.
Mainly 3 VFA were produced: HOAc, HOPr and HOBu; while iso-HOVa, HOVa and HOCa were detected in very
low concentrations. Figure 4 presents the amount of VFA for the initial (in) and final (out) condition for 9 selected
pre-treatments. The HOAc was produced in the following order (mg/L): MW 5min@800W+pH4 (3828) > BES 5mM
(3091) > WB 90°C + pH 4 (3308) > MW 5min@900W (2240) > pH 3 (2036) > BES 7mM (2128) > BES 8mM (1996)
> Fe Il (5mM) (2016) > Fe Il (7mM) +pH6 (1888). While for the same pre-treatment, the HOBuU was as follows:
(mg/L): pH 3 (238) < MW 5min@800W-+pH4 (681) < BES 5mM (693) < BES 7mM (990) < Fe Il (5mM) (1344) <
WB 90°C + pH 4 (1360) < Fe Ill (7mM) +pH6 (1369) < BES 8mM (1852) < MW 5min@900W (2690). The results

suggest that the metabolic pathway, followed by the majority of pre-treatments during this research, was the acetate
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fermentation (acetogenesis), with CO,, H, and acetate as main products from the acetogenesis. These products will
be converted to methane in a second-stage through methanogenic bacteria. In addition, the tendency to produce
Butyrate or Acetate was described by the relationship HOAc:HOBuU (out). Literature reports for 1 mol H,/mol hexose
a ratio HBu:HAc of 0.75-1.25 with butyrate as main product and HOAc:HOBU ratio between 3-4, with acetate as
main product, under a pH range 5.5t0 5.7 [11]. For the 9 experiments, the average HOAc:HOBuU ratio was 4.6.

# acetic acid (HOAc) | Propionic acid (HOPr) Butyric acid (HOBu) M Iso Valerians. (iso-HOVa) m Caproic acid (HOCa)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Blanc no glucose (out)
Blanc no glucose (in) |
Blanc glucose (out)
Blanc glucose (in)
Fe Il (TmM) + pH 6 (out)
Fe lll (7mM) + pH6 (in)
MW5 min @ 800W + pH 4 (out)
MW 5 min @ 800W + pH4 (in)
Felll (5mM) (out)
Felll (5mM) (in) |
BES 8mM (out) |
BES 8mM (in)
BES 7mM (out)
BES 7mM (in)
BES 5mM (out)
BES 5mM (in) |
pH 3 (out) |
pH 3 (in)
MW 5min @ 900W (out) |
MW 5min @ 900W (in) |
)
)

WB 90°C+ pH 4 (out
WB90°C + pH 4 (in

Figure 4 Volatile Fatty Acids production (9 experiments -input and output in mg/L)

4. Conclusions

After a deep literature review, the operation parameters for the first stage of a two-stage anaerobic digester were
selected. Additionally, 4 pre-treatments were evaluated in 21 set of experiments. Previous work at our laboratory
suggested the use of a specific nutrient of mix for guaranteeing a healthy F:M relationship. These conditions were the
key factor for a good performance of the 21 experiment. It was confirmed that the combination of heat shock and
chemical treatment with HCI (for working under a controlled pH level) enhance the H, production in the first stage
of a two-stage anaerobic digester. Especial attention was given to the use of MW as the most suitable heat shock
pre-treatment. These set of experiment helped to select design parameters for the scale-up of an anaerobic digester in
a WWTP located in Mexico city. At the moment the 3 most representative pre-treatment for the full design are: a)
MW 5min@800W+pH4 with a H, yield of 0.96molH2/mol glucose, HOAc and HOBu production by means of
3828mg/L and 681 mg/L respectively; b) WB 90°C + pH4 with a H, yield of 0.62mol H,/mol glucose, HOAc and
HOBu production by means of 3224mg/L and 1360 mg/L respectively; c) BES 7mM produced a H, yield of 0.52 mol
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H,/mol glucose, HOAc and HOBu production by means of 2128mg/L and 990 mg/L respectively. For the final
implementation of a pre-treatment, a cost-benefit analysis and energy balance should be performed. Additionally, it
was found that the use of selective inhibitor of methanogenesis (e.g. BES) has to include an environmental impact

assessment, since there are not enough studies focused on the environmental effects of its by-products.
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ABSTRACT

Pt-TiO,-C composites have been synthesized by photo-deposition and vapor-phase impregnation-decomposition
methods. These electrocatalysts were characterized by XRD, H, chemisorption, TEM and XPS techniques. The main
objective of this work was to compare the electrochemical activity of both composite materials on the oxygen
reduction reaction taking a Pt/C sample as reference electrocatalyst. X-ray diffraction permitted to identify the
crystallographic planes of Pt (fcc). TEM images showed Pt particle size less than 10 nm in all synthesized samples.
Surface composition results (XPS) revealed a modification of Pt electronic properties depending of the preparation
method. The platinum-oxide interaction on the Pt-TiO,-C samples promoted the electrocatalytic activity for oxygen

reduction reaction compared with Pt supported on carbon.

Keywords: Pt/Ti0,-C catalysts, Chemical vapor deposition, Oxygen Reduction Reaction
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1. Introduction

The short life time of the electrocatalysts has recently been recognized as one of the most important issues to be
addressed before PEMFC becomes commercially viable [1-7].The degradation of Pt/C catalysts over time is mainly
attributed to the loss of electrochemical surface due the corrosion and electro-oxidation carbon leading to significant
electrochemical activity loss [7-9]. One alternative for increase the stability of the electrocatalysts is the use of more
stable support. The emerging candidates as supports are the conducting oxides like TiO, [10-15], WOs[12, 16], SnO,
[17-18] and NbO, [18] to produce stables oxide-carbon nanocomposites as substrates to Pt. These novel metal-oxide-
carbon electrocatalysts have demonstrated an increase on the electrochemical stability and an enhancement on the
ORR catalytic activity. For instance, the Pt/TiO,/C composite present a higher electrocatalytic current per unit area
than a conventional Pt/C [19-23]. This behavior was explained in terms of the presence of oxide produced
modifications in the electronic properties of Pt surface, a synergetic effect of the interaction metal-oxide increases
the electronic density of the Pt orbital, these changes are favorable for the oxygen adsorption and electrochemical
activity [24-25], therefore Pt-TiO,—C could be used as promising stable catalysts in low temperature H,/O, fuel cells
cathodes.

Recently, the photo-deposition method has been used for prepared electrocatalysts of Pt-C and Pt-oxide-C [11, 23,
26-29]. In order to improve the advantages obtained in the last researches, in this work we probed a new
methodology as alternative method (vapor-phase impregnation-decomposition technique) to prepare actives and
stable electrocatalysts for PEMFC. The use of this last technique mentioned produced well dispersed nanoparticles
ranging from 1-10 nm depending on their chemical nature [30].

In the present research we have developed an experimental procedure to obtain and characterize 10%Pt-5%TiO,-C
electrocatalysts prepared by photo-deposition and vapor-phase impregnation-decomposition methods. 10%Pt-C
electrocatalysts were prepared by the same methods in order to compare each other. The solids physical properties
were studied by XRD, H, chemisorption, TEM and XPS techniques. The electrochemical activity was evaluated in

the ORR at room temperature in acid medium.

2. Experimental

2.1. Pt-TiO,-C and Pt-C preparation by photo-deposition method

10 wt.% Pt-5 wt.% TiO,-C (S1) catalyst was produced in two steps: i) first the TiO,-C nanocomposite was
synthesized by sol-gel method and ii) the nanoparticles platinum were photo-deposited onto TiO,-C sustrate by
irradiation. The TiO,-C substrate was prepared following the L. Timperman et al.[1, 26-27] methodology. The
synthesis of 10 wt.% Pt-C (S2) electrocatalysts was carried out following the same methodology described above
using an alcoholic solution of H,PtCls dispersed over Vulcan carbon as substrate. Under this condition the
suspension was continuously stirred and irradiated by 3 h in N, atmosphere. Then, the resultant suspension was

heated at 100 °C overnight to remove the solvent by evaporation [27].
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2.2. Pt-TiO,-C and Pt-C preparation by vapor-phase impregnation-decomposition

A thermal horizontal tube quartz reactor were used for the vapor phase impregnation decomposition (V) method.
Platinum acetylacetonate (C,oH;,04Pt, Aldrich), titania nanoparticles (rutile fase, Aldrich) and carbon Vulcan were
mixed in the tube quartz at 10:5:85 weight ratio at room temperature to synthesized the 10 wt.% Pt-5 wt.% TiO,-C-V
(S3). The vapor-phase impregnation-decomposition was carried out following the lietrature reports [30]. The sample
10 wt.% Pt-C-V (S4) were synthesized using the same conditions above mentioned using the 10:90 (Pt:C) weight
ratio.

2.3. Physical characterization

X-ray diffraction (XRD) patterns were collected on a Bruker D8 AXS equipment using a Cu anode (K, A=1.5406 A)
and a Bragg-Brentano configuration. The angle 20 was varied from 30 to 90° with 0.2° min™ and 35 kV. Particle size
distribution was obtained with a high resolution transmission electron microscopy using a JEOL-JEM-2200 field
emission operated at 200 kV. XPS measurements were carried out using a JEOL JPS9010MC spectrometer with a
MgKa radiation source of 1253.6 eV. The Pt (4f) and TiO, (2p) signals were collected by XPS technique. The
position of the C (1s) peak (284.5 eV for the JEOL JPS-9010MC spectrometer) was used to correct the binding
energies of Pt-C and Pt-TiO, electrocatatalyst. XP spectra were fitted using XPS Peak v4.1 software.

2.4. Electrochemical measurements

All electrochemical measurements were carried out at 25 °C in a single, conventional, three-electrode test
electrochemical cell in a 0.5M H,SO, aqueous solution. A platinum mesh was used as the counter electrode, and
Hg/Hg,S0,/0.5M H,SO, (MSE = 0.680 V/NHE) as the reference electrode. The potentials in this paper were related
to normal hydrogen electrode (NHE). The electrochemical measurements were performed in a Potentiostat (EG&G
PAR 263A) and a Pine MSRX rotation speed controller. Glassy carbon disk with a cross-sectional area of 0.19 cm’
was used as a support for the thin films and used as an ink-type working electrode. The catalytic ink was prepared
with Img of catalyst, 6 pl of 5 wt% solution Nafion® (Du Pont, 1100 EW) and 60 pl of ethyl alcohol. For RDE
experiments, 8 pl of this sonicated mixture were deposited on glassy carbon electrode.

Before the ORR measurements, cyclic voltammetry (CV), in a nitrogen-saturated electrolyte, was performed to clean
the electrode surface from 0.0 to 12 V at 50 mV s'. Hydrodynamic experiments were recorded at oxygen
atmosphere in the rotation range of 100, 400, 900, 1600 and 2500 rpm at 5 mV s™.The current density was calculated
using the geometric surface area.

The experimental techniques selected to determinate the Electrochemical Active Surface Area (EAS) were cyclic
voltammetry in argon saturated 0.5 M H,SO, at 50 mV s™' by integrating the hydrogen-adsorption/desorption region
(EAS H,,q) and the oxidation of the carbon monoxide (CO stripping) (EASco) [31]. In CO stripping technique, the
electrode potential was held at 0.1 V/NHE and CO bubbled by 5 min. Thereafter, the electrolyte was satured with

argon in order to remove the CO from solution. Two cycles were done from 0.05 V to 1.2 V/NHE at 5 mV s ™.
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3. Results and discussion

3.1 X-ray difraction

Fig. 1 shows the XRD diffraction patterns of Pt-TiO,-C-P (S1), Pt-C-P (S2), Pt-5Ti0,-C-V (S3) and Pt-C-V (S4)
electrocatalysts. The S1 and S2 powder electrocatalysts synthesized by photo-deposition method showed five
diffraction peaks at 20 values of 39.8°, 46.2°, 67.4°, 81.2° and 85.7° characteristics of the (111), (200), (220), (311)
and (222) planes of face-centered cubic structure of platinum. For S1 electrocatalyst not sharp peaks correponding to
titanium oxide were observed, indicating that TiO, deposited are very small nanocrystals or have an amorphous
structure.. The samples S3 and S4 prepared by vapor-phase impregnation-decomposition method showed a breadth
XRD peaks of the fcc platinum structure. S3 catalyst showed other peaks at 26 vales of 36.1°, 41.2°,44.0°, 54.3°,
56.6°, 69° (indicated by asterisks in Fig. 1) that can be ascribed to the (101), (111) (210), (211), (220), (301) planes

of TiO, (rutile phase commercial).

Intensity [ u.a.

20 30 40 50 60 70 80 S0 100

2 theta (deg)

Figure 1. X ray difraccion patterns of 10 wt.% Pt-5 wt.% TiO,-C-P (S1), 10 wt.% Pt-C-P (S2), 10 wt.% Pt-5 wt.%
TiO,-C-V(S3) and 10 wt.% Pt-C-V(S4) electrocatalysts synthesized by photo-deposition (upper) and by vapor-phase
impregnation-decomposition (bottom). The (*) corresponding to crystalographic position of TiO, rutile phase.

3.2 TEM images

Fig. 2 presents a TEM images of Pt/TiO,/C (S1 and S3) and Pt/C (S2 and S4) electrcatalysts synthesized by both
methods. The micrograph of S1 catalyst prepared by photo-deposition method reveals a selective deposition of Pt
nanoparticles onto TiO, surface (platinum nanoparticles on the carbon Vulcan is not observed). The dispersion of
TiO, prepared by sol-gel method onto the carbon was non-homogeneous. Sample S2 shows a good dispersion of Pt
nanoparticles onto the carbon substrate with a particle size about 5-10 nm was observed on the sample S2 prepared

by same methodology. The catalysts S3 and S4 prepared by vapor-phase impregantion-decomposition showed boht
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similar morphology and distribution of metallic particles. They had a small average platinum particle size between 3-

4 nm with a homogeneos distribution onto the carbon..

Figure 2. TEM images of 10 wt.% Pt-5 wt.% TiO,-C-P (S1), 10 wt.% Pt-C-P (S2), 10 wt.% Pt-5 wt.% TiO,-C-V(S3)
and 10 wt.% Pt-C-V(S4) electrocatalysts.

3.3 XPS analysis

Fig. 3 shows XPS details of the Pt 4f signal of (a) Pt-TiO,-P and (b) Pt-C-P catalysts prepared by photo-deposition
compared with (¢) Pt-TiO,-V and (d) Pt-C-V materials synthesized by vapor-phase impregnation-decomposition
method. The aim of this technique is analyze the metal-oxide interaction (Pt-TiO,) using both synthesis methods, the
results were compared with XP spectrum of Pt-C. The BE value reported for Pt°4£7/2 is about 71.2 eV [33].

In the fig. 3(a) Pt-TiO,-P XP spectra, the binding energy (BE) of values of 71 eV and 74.2 eV were associated to the
4f7/2 and 4f 5/2 signals of metallic Pt (Pt°), whereas the fig 3 (b) Pt-C-P XP spectra of the material prepared with
the same methodology by (photo-deposition) show a shift up in this values at 71.3 eV and 74.6 eV. This becomes
evidence that Pt deposited on TiO, has different electronic properties, as compared to Pt deposited on carbon
substrate. Also is observed that two doublets were necessary to fit the fig. 3(b) XP spectra the 4f signal. The doublets
were assigned to different oxidation states of Pt according to literature data [30, 34-35]. Signals 4f 7/2 at 72.4 eV and
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4f 5/2 at 75.8 eV were associated to oxidized Pt*'andPt*" in PtO particles. It is rather related to incorporation of Pt
into TiO, structure, which cause lattice strain and observed BE shifts [23]. The presence of the oxide in the photo-
deposition method helps to reduce the Pt precursor to metallic platinum, according to Eq. 1-3. This is not observable
in the Pt-C sample prepared using the same methodology, Pt’ and PtO are deposited on carbon substrate.

XP spectras of fig 3(c) Pt-TiO,-V and fig. 3(d) Pt-C-V show similar results, the presence of TiO, modifies the
electronic properties of Pt. A shift down in the values of BE of metallic platinum (Pt”) of 4f 7/2 at 71.3 eV and 4f 5/2
at 74.3 eV was observed in Pt-TiO»-V sample. The 3(d) Pt/C-V catalyst present a BE of Pt’4f 7/2 at 71.5 eV and
Pt°4f 5/2 at 74.8 eV, also this material show one doublet of oxide platinum (Pt*") at 76.0 eV.

Pafs

(a) P to‘“s_: : P toﬂf;-__- >

PtUaf.
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]
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Figure 3. Pt 4f signals of XPS spectra of (a)10%Pt-TiO,-P, (b) 10%Pt-C-P, (c) 10%Pt-TiO,-V and (d) 10%Pt-C-V
electrocatalysts.
3.4 ORR electrochemistry
Fig. 5 displays the ORR activity of Pt-TiO,-C compared with Pt-C prepared by photo-deposition and vapor-phase
impregnation-decomposition in oxygen saturated 0.5 M H,SO; at a rotating speed of 900 rpm at 25°C. As observed,
the Pt-TiO,-C electrocatalysts show a shift of the EDR curves toward more positive electrode potentials versus the

Pt/C, prepared using both methodologies. Table 1, summarize the kinetic parameters deduced for the ORR on the Pt-
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TiO,-C and Pt-C electrocatalysts in 0.5 M H,SO, at 25°C. The interaction of Pt-oxide substrate shows an ORR
kinetic current of 86.62 pA cm™p for Pt-TiO,-C-P while Pt-C-P reaches only 68.48 uA cm™p. Similars results were
found in catalysts prepared by vapor-phase impregnation-decomposition, Pt-TiO,-C-V shows higher kinetic current

(56.74 pA cmp) than Pt-C-V (46.72 pA cm™p).

Table 1. Electrochemical parameters and active surface of Pt-C and Pt-TiO,-C electrocatalysts sythesizedby photo-
deposition and vapor phase impregnation-decomposition methods.

EASco EAS (Hypa) E,. -b, Koutecky- *ika09V
(cm?) (cm?) V(NHE) (mV dec') Levich slope /NHE

(mA™ rpm %) (uA/cm’p)
(SI)  0.83 0.86 0.99 105 107.6 86.62
(82) 0.75 0.76 0.96 70 101.7 68.48
(S3) 4.1 3.9 0.98 69 112.0 56.74
(S4)  0.87 0.71 0.95 66 98.2 46.72

*EAS from CO stripping

3.5 ORR electrochemistry

Fig. 5 displays the ORR activity of Pt-TiO,-C compared with Pt-C prepared by photo-deposition and vapor-phase
impregnation-decomposition in oxygen saturated 0.5 M H,SO, at a rotating speed of 900 rpm at 25°C. As observed,
the Pt-TiO,-C electrocatalysts show a shift of the EDR curves toward more positive electrode potentials versus the

Pt/C, prepared using both methodologies.

1 ma em®

0.2 0.4 0.6 0.8 1
E (NHE) IV

Figure 5. ORR curves of (S1) 10%Pt-5%TiO,-C-P, (b) 10%Pt-C-P, (¢) 10%Pt-5%TiO,-C-Vand (d)10%Pt-C-Vin
oxygen saturated 0.5 M H,SO, at 25°C, scan rate of 5 mV s and 900 rpm as rotating speed.
The influence of the oxide is observed in the open circuit potential (E,.) wich is obtained for the different samples
(Table 1). Pt-C materials showed E;=0.95-0.96 V (NHE) range. A value of E,.=0.96 V (NHE) is typical of Pt
electrodes. Pt-TiO,-C samples had higher open circuit potential (0.98-0.99 V (NHE) range) than Pt-C materials, this
means that Pt-TiO,-C samples possesses better oxygen adsorption capacity than Pt-C. Pt-TiO,-C-P sample present a
value of the Tafel slope around -0.120 V(NHE) dec™’, while the Pt-C-P, Pt-TiO,-C-V and Pt-C-V show a Tafel slope
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aroud -0.60V(NHE) dec, as the theorical values for the first order reaction kinetics. These differents values depends
of the energy of the oxygen adsorption and means that the transfer of the first electron to the O,(ads) molecule is the
determined step of the kinetic reaction. All prepared samples had a similar Koutechky-Levich (K-L) slope like
theoretical value (100.7 mA™ rpm"?). Pt-TiO,-C-P and Pt-TiO,-V show higher K-L slopes (107.6 and 112 mA™
rpm”z, respectively) than Pt-C-P (101.7 mA™ rpm"?) and Pt-C-V (98.2 mA™' rpm"?). From the RDE experiments a
multielectron charge transfer process (n=4e") for the oxygen reaction was determined

Table 1, summarize the kinetic parameters deduced for the ORR on the Pt-TiO,-C and Pt-C electrocatalysts in 0.5 M
H,SO, at 25°C. The interaction of Pt-oxide substrate shows an ORR kinetic current of 86.62 pA cm™p, for Pt-TiO,-
C-P while Pt-C-P reaches only 68.48 nA cm™p. Similars results were found in catalysts prepared by vapor-phase
impregnation-decomposition, Pt-TiO,-C-V shows higher kinetic current (56.74 uA cm™p) than Pt-C-V (46.72 pA

2
cm pt).

4. Conclusions
The smallest size nanoparticles of Pt (2-3 nm) with a homogeneous dispersion onto TiO,-C nanocomposite were
obtained by vapor-phase impregnation-decomposition method. XPS results gives an evidence that Pt deposited on
TiO,-C substrate has different electronic properties than Pt deposited on carbon substrate. The electronic changes are
related to incorporation and interaction between Pt and TiO, structure, which produced a synergetic effect. It

generate that Pt-TiO,-C had better electrocatalytic activity for ORR than to Pt/C.
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Performance Improve of a PEM Electrolyzer, Decreasing the Ohmic Resistance
because of Manufacturing and Assembly Processes
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ABSTRACT

Proton Exchange Membrane Electrolyzer (PEME) can be coupled to Renewable Energy Sources (photovoltaic panel,
wave energy conversion device, wind turbine, etc) to obtain the necessary electricity for splitting the water. The ideal
thermodynamic voltage for hydrogen production by water electrolysis is 1.23¥; however the difference between
actual electrolyzer voltage and the reversible electrolyzer voltage for the reactions is called overvoltage. One of the
sources of overvoltage in an electrolyzer is ohmic overpotential, which arising due to the resistive losses from wrong
manufacturing and assembly processes. The study goal was manufacture a high efficiency and performance PEME to
produce hydrogen as an energy carrier, minimizing the ohmic overpotential. More suitable processes for the
manufacture of a PEME were analyzed and proposed. Prototype methodology was used to design the electrolyzer
and specify assembly processes. This methodology validates the final prototype when it was built. The PEME
performance was obtained by Chrono-potentiometric technique. The experiments were carried out by applying the
current pulse and determining the potential as a function of time. It is connected to a galvanostat in order to obtain its
response Voltage vs. time. Experiments were recorded in the current range of 1 to 300ma4 at 300s. The PEME
constructed had a current efficiency of 74% and an energy efficiency of 61% with overpotential of 1.8V, generating
1.456mIH2.min~" at 200mA. The current efficiency of the previous prototype with the same features was 11% and
an energy efficiency of 3% with overpotential of 4.7V generating 0.21 mly, min™ at 200mA. The energy efficiency

improved from 3 to 61% and production of hydrogen in ml,, min™ increased by 593% in performance.

Keywords: PEM electrolyzer; Performance improve; Manufacturing and assembly processes; Design methodology

of prototypes.
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1. Introduction

Mexico generates around 74% of its energy from fossil fuels [1], this situation involve about 2% of global emissions
of greenhouse gases into the atmosphere, which puts Mexico at 15" place of the nations polluters, the main reason is
because annually about 130 million tons of CO, are emitted to the environment [2]. One of the alternatives that have
been proposed to minimize the pollutions effects is to incorporate new sources of renewable energy. There are
energy sources that can be obtained from natural fuel to be used in several applications, with less environmental

impact than fossil fuels, gas and coal use.

Although renewable energy sources represent a great benefit to the depletion of fossil fuels and the impact of
environmental pollution, there is a downside in terms of constant use because they are intermittent, i.e. renewable
energy are not available all the time when they are required, and its storage and distribution are not fully developed.
That is the main reason to propose the use of hydrogen as a carrier energy, which is a fuel that does not produces

pollutants to the environment [3] and can be stored and transported anywhere to be use when it is required.

Hydrogen can be used in fuel cells to transform chemical energy into electric energy by means of a continuous
process by reduction and oxidation reactions in the presence of a catalyst and removes the reaction products. There
are a large number of applications of fuel cells; one of the most important of these applications is in transportation

vehicles such as automobiles, airplanes, and even space shuttles.

Although the hydrogen is an excellent source of clean energy, it is not in nature state and must be extracted from
some minerals or water [4-5]; in order to obtain hydrogen, a device called electrolyzer could be used. The way to

generate hydrogen from water is trough electrolysis.

The design of a PEM electrolyzer will be able to be integrated to a source of renewable energy, which will generate

electric energy to produce pure hydrogen as an energy carrier.

2. Experimental

This section gives a brief explanation of a GAMP methodology, which is a platform for DPEV methodology
development, this was used to design and manufacture an electrolyzed prototype. Each of the specifications,

auxiliary methods and validations stages to establish the design strategy are explained on this experimental section.
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2.1. GAMP methodology

Good Automated Manufacturing Practice methodology — GAMP, which is shown in Diagram 1, was developed for
the International Society for Pharmaceutical Engineering — ISPE. The ISPE is an affiliation society for professionals
who are involved in the manufacture of pharmaceutical products. The ISPE, which now has 22,000 members in 90
countries around the world, works to keep professionals informed about pharmaceutical industry on the latest
technological and regulatory trends that are occurring in the market. Core members of ISPE are pharmaceutical
professionals using expert knowledge to create high quality, cost effective solutions and Good Manufacture Practices
— GMP [6]. The GAMP methodology is based in the GMP which is defined by the World Health Organization —
WHO as “The part of quality assurance which ensures that products are consistently produced and controlled with

appropriate quality standards for the intended use and as required by the marketing authorization” [1,6].

Performanece
Qualification
Functional |, Operational
Specification Verifies Qualification
Design | | Installation
Specification Verifies Qualification
System
Build

Diagram 1. GAMP-5 Methodology developed for the ISPE.

2.2. DPtSQ Methodology

Design methodology for Prototypes through specifications and qualifications — DPtSQ, sets all specifications for all
different stages of prototype development, from idea conception until prototype building; in order to do it is
necessary to use some support methods to determine the requirements for each stage. After the prototype building,
the DPtSQ methodology provides a qualification process for each specification stage to validate and approve the
design and manufacture of each parameter specified. Tests and inspection methods are designed and used to support
the qualification processes to approve the prototype operation, installation in a system, and manufacture and

assembly processes. Diagram 2 shows the DPtSQ methodology.
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Objectives => Operating Operation <= Operation
Tree Specifications Qualification Test
Function > Design | _ Installation < — Review of

Analysis Specifications L Qualification Connections
{} Verifies i
Morphological | __ > Manufacturing | Manufacturing < = — Visual Inspection
Diagram Speuf‘li:rons Verifies Qualification and Tolerances
Poka — Yoke L =>_ Assembly |, Assembly <= — Tests and
Industrial Safety Specifications . Qualification Standards
Verifies :
Prototype
Build

Diagram 2. DPtSQ Methodology supported on GAMP Methodology.

2.3. Operating Specifications

To determine the “Operating Specifications” is necessary to identify and clarify the prototype goals, then satisfy the
main targets and link between them. Using the Objectives Tree method, it is be able to determine all the objectives of
the prototype which sets 3 fundamental steps: 1) to make a list of objectives; 2) to sort the list in sets of objectives
from higher to lower level; 3) to draw a diagram with data obtained. Diagram 3 shows hierarchy of each objective
and interrelationships.

PEM Electrolyzer
Prototype
retrmans |
Generation
Handling Spills of Temperature Power Corrosion Caracterization Transport
H,
Finishes Leaks Kinetics Thermodynamics Current Voltage Installation Assembly ‘Weight Size
|
Electrical H,0 H, (o]

Connection Connection Connection Connection

Diagram 3. Objectives Tree for a PEM Electrolyzer Prototype.

2.4. Design Specifications
Function analysis method is used to determine the “Design Specifications” which sets the required functions and
system limits for a new design. There are 5 steps to complete this process [7]; 1) Expressing the overall roll of design

in terms of converting inputs into outputs (black box); 2) Splitting overall function into a set of secondary functions;
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3) Drawing a block diagram to show the interactions between the secondary functions, (clear box); 4) Drawing the
system boundaries which define the functional limits for the prototype design; 5) Defining the appropriate
components for secondary functions and their interactions. The diagram 4 shows the black box used for this
prototype design; then overall function was divided into secondary functions and was drawn the line of the system
boundaries as shown in Diagram 5. H,O represent the distilled water entering the system; Ecg,_ is the electrical
potential needed to carry out the oxidation reaction; H, is the hydrogen obtained from the system; O the oxygen; and

finally L represents the heating lost.

‘ Inputs Overall Function Outputs ‘

Diagram 4. Black box model for a PEM electrolyzer.

Oxigen Hydrogen
Evolution Heating Evolution
A Lost A
I_ — e — — — — [ — — I
Distilled Ia Oxidation Protons Reduction EI Distilled
‘Water I |:> Transport |:> | ‘Water
P I S
% Electrons
Transport

Diagram 5. Clear box model for a PEM electrolyzer.

2.5. Manufacturing Specifications

Morphological diagram is used to determine the “Manufacturing Specifications”, which has the target to generate an
alternatives range for product manufacture and extend the search for new potential solutions. This method involves 3
steps [7]; 1) Each one of the prototype components can be manufactured with different manufacturing processes, so
it is necessary to make a list of processes; 2) Drawing a diagram that contain alternatives for each of the components;
3) Selecting the correct processes making an analysis of their characteristics, properties, benefits and costs. Table 1

shows the processes selected supported by this method.
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Table 1. Morphological diagram for manufacturing processes of a PEM electrolyzer.

Products Manufacturing Processes
Current (cutting) (cutting) (cutting) (cutting) (cutting) (cutting) (cutting)
Distributor Shears Laser Flame Milling CNC ‘Waterjet Plasma
Gas (cutting) (cutting) (cutting)
Diffuser Scissors Cutter Trimmer
Catalytie (mixture) (mixture) (mixture) | (mixture)
Ink Manual Ultrasound Automatic | Vibration
Membrane (cutting) (cutting) (cutting)
(PEM) Scissors Cutter Trimmer
Catalytic (print) (print) (print) (print) (print)
Layer Manual Airbrushing | Serigraphy| Spraying Tape-cast
Housing (cutting) (cutting) (drilling) (drilling) (thread) (thread)
Milling CNC Drill Drill press Tap Lathe
Seals (cutting) (cutting) (cutting) (cutting)
Scissors Cutter Trimmer | Punching

I:I Alternative Manufacturing Processes I:I Manufacturing Processes Selected

2.6. Assembly Specifications

Devices named Poka-Yokes are used to determine the “Assembly Specifications” to avoid mistakes; safety standards
are used during the assembly processes in order to prevent accidents. Poka-Yokes technique is use to eliminate
human and operation mistakes, simple and effective techniques to eliminate or reduce defects; it is a tool to achieve
quality “Zero Defects”. These devices aim to prevent omissions, lack of understanding, identification mistakes,
inexperience, volunteer mistakes, inadvertent mistakes, slowness mistakes, lack of standards, mistakes by surprise
and intentional mistakes. 3 levels of hierarchy must be taken into Poka-Yokes design: 1) level 3 — Making obviously
that a mistake has occurred; 2) level 2 — Making obviously that a mistake will occur; 3) level 1 — Eliminating the

possibility of mistakes. Table 2 shows the Poka-Yokes devises designed for this prototype.

Table 2. Poka-Yokes designed to development of PEM electrolyzer prototype.

Level of Type of Purpose of Location of
Poka-Yoke Poka-Yoke Poka-Yoke Poka-Yoke
Marks of positive To identify the

Level 2 and negatives poles polarities Housing
Identification marks To identify the gas

Level 2 of hydrogen and being generated Housing

oxygen
Notches — To put the power
Level 1 Interference fit distributors Housing
To assemble the

Level 1 Guide pin assembly housings Housing
Notches — Clearance To put the teflon

Level 2 fit seals Housing
Mark for recognition To put properly the

Level 2 of polarity MEA MEA MEA
Membrane covering To impregnate

Level 2 fixture electrocatalytic ink External device
Fixture for mounting

Level 1 of diffusers and To assemble MEA External device

membrane
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The standards used for operator safety were as follows.
9  NOM-005-STPS-1998. Health and safety conditions in the workplace for the handling, transport and storage
of hazardous chemicals.

(@

ISO-14062. Integration of environmental considerations in the design and product development.

9 NOM-017-STPS-1994. Relating to personal protective equipment for workers in the workplace.

9 NMX-S039-SCFI-2000. Safety products, protective gloves against chemicals, specifications and test
methods.

2.7. Prototype Build
4 specifications stages were defined, it proceeds with PEM electrolyzer prototype construction using the results

found in each of the stages previously evaluated.

a) Membrane activation

Nafion® membrane must pass through activation process for its correct functionality; the aim of this process is to
release the sodium content in this polymeric material. The membrane was introduced into a container with hydrogen
peroxide at temperature range of 80°C and 100°C for one hour; then the membrane was placed in other container
with 2.46 ml cm™ hydrogen peroxide solution and sulfuric acid at 2.19 ml cm™ due to the active area at range
temperature of 80°C and 100°C for one hour. After that the membrane was deposited in a container with distilled at
the same temperature and time; finally it was placed in a container with distilled water at room temperature and was
left for 24 hours. The reason of the temperatures is because it is the optimal range of Nafion® operating temperature
and over 150°C the membrane begins crystallization process and the molecular structures of the material are broken.

The Photographs 1 and 2 show part of the activation process.

o9

Theamolyne

Photograph 1. Activation at 80° for 1 hr. Photograph 2. Hydrated with distilled water
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b) Preparation of the electrocatalytic solutions

To electrodes construction was necessary to prepare an anodic solution for the oxidation process and a cathodic
solution for the reduction process. The cathodic solution was a mixture of 1.2 mg cm™ of 10% platinum etek,
40 pl cm of liquid Nafion® and 700 pul cm™ of chromatic grade ethanol; this last one as diluent. The anodic solution
was a mixture of 1.44 mg cm™ of ruthenium oxide, 1.65 mg cm™ of iridium oxide, 54 ul cm™ of liquid Nafion® and
667 ul cm™ of ethanol; both solutions was exposed in an ultrasonic process to dilute the particles homogeneously in

the solution. The Photograph 3 shows the ultrasonic process mentioned.

Photograph 3. Solution mixture using ultrasound

¢) Construction of the electrodes

The next step was defined to electrodes construct, the electrocatalytic solutions prepared were impregnated in the
membrane by airbrushing process; one membrane side was impregnated with anodic solution while the other was
impregnated with cathodic solution; the airbrushing process was manual because there are not an automated process
in the laboratory; it is necessary to identify properly the cathodic and anodic side of the membrane. The airbrushing
process is completed when both solutions are entirety deposited on both faces of the membrane. The airbrushing

process is shown in Photograph 4.
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Photograph 4. Anodic solution impregnated in the membrane by airbrushing process

d) MEA Assembly

For MEA assembly, it is required to join gas carbon diffusers fiber with the membrane in order to provide a
permanent contact; the process involves to introduce them into a membrane press placing between both diffusers and
to protect this set with a pair of micas and a pair of aluminum plates; the hot pressing is affected at 120°C
temperature with only 2 tons pressure for 5 seconds, then the pressure is released and adjusted to 0.4 tons; pressure is
applied again, in this time for 2 minutes period with the plates of the press at the same temperature. 120°C is the
temperature of a vitreous composition of the Nafion® membrane, above this temperature is produced a good
microstructural joint between both materials, however the atomic links are broken at 150°C and a decomposition
process can be initiated. Photograph 5 shows the press used in this process and MEA assembly is shown in

Photograph 6.

Photograph 5. Hot press process Photograph 6. MEA assembly

e) Prototype assembly
Last step was defined to assembly all the components previously manufactured of the PEM electrolyzer prototype,
housings, Teflon seals, current distributors and MEA. Housings was manufactured with acrylic due to the properties

of this material, such as impermeability to gases produced, resistance to the operating temperature of the PEM
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electrolyzer prototype, and low cost. Current distributors was manufactured with stainless steel mesh to conduct
electrical current and allow flow of gasses through themselves; screws, nuts, washers, quick connectors and silicon
were used to complete the final assembly. The use of the designed Poka-Yokes helped the placement and orientation
of each of the components. All the components were correctly placed in housings and the silicon was applied
between current distributors, Teflon seals, and housings, in order to avoid leakages. Photograph 7 a housing with its

components correctly placed, and the complete assembly is shown in Photograph 8.

Photograph 7. Housing with MEA, current distributor, and seal Photograph 8. PEM electrolyzer assembled

2.8. Assembly Qualification

To validate the assemblies made, first, it was used a visual inspection of the prototype reviewing the perfect seal of
both housings, position of the washers, adjustment of the screws and the quick connectors, the correct state of the
current distributors. In the MEA assembly process was verified adherence between gas diffuser and membrane.
Placement of current distributors and seals was also inspected before assembling the entire prototype. To verify the
absence of internal leakage was designed a test in which certain ports were blocked and water was introduced into
the system using a water low pressure pump. The test is verified as successful when there are no leaks in free ports;

the test was carried out according to the configuration of Table 3.

Table 3. Internal leakage test

Interconnected ports Pressurized port Blocked port Free port
Anode-Oxygen Anode Oxygen Cathode | Hydrogen
Cathode-Hydrogen Cathode Hydrogen Anode Oxygen

Second test was defined to block the ports on the evolution of oxygen and hydrogen to supply water with the same
pump, verifying that internal leakage are not observed at the juncture of the prototype housings; and finally one last
test was performed to validate the assembly, this test consist of filling the water tanks of the prototype to a low

pressure and keeping them for 24 hours to subsequently see if there is any type of leak.
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2.9. Manufacturing Qualification

To validate that manufacture of each component, visual inspections was performed to verify gas diffusers, seals and

membrane did not display defective edges; “go — no go” Poka-Yokes were designed to verify the specified

dimensions of the elements of PEM electrolyzer prototype. The “go — no go” Poka-Yokes designed for this stage of

qualification are shown in Table 4.

Table 4. “go — no go” Poka-Yokes designed to verify the specific dimensions of elements of PEM electrolyzer prototype.

Level of Typeof Purpose of Location of
Poka-Yoke Poka-Yoke Poka-Yoke Poka-Yoke
“go—no go” fixture ‘To validate size of
Level 2 to specific size of the water tanks External device
water tanks
To validate size of
Level 2 Calibrated screws the connection External device
thread
“go—no go” fixture ‘To validate size of
Level 1 to specific size of the current External device
current distributors distributors

2.10. Installation Qualification

To validate the installation, the prototype was placed in a test table where it was electric and hydraulic connected to

verify that there were no liquid or gas leaks and electrical connectors were right with power distributors when the

prototype is integrated into a system. The photograph 9 shows the prototype mounted in the table test with its

connections.

Photograph 9. PEM electrolyzer prototype connected in the table test.

2.11. Operation Qualification

In order to validate the operation of the prototype, characterization test were performed using the technique of

potentiometry, for which it was necessary to have a table test consisting of a galvanostat potentiometer, a mounting
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base, two graduated cylinders storage gases, a container of deionized water, two water low pressure pumps and a
stopwatch. The characterization test consisted of running operation of the prototype, which water was introduced into
PEM electrolyzer through the anodic and cathodic ports, circulating an electric current to different levels of intensity
in each test taking care to not exceed 5 volt, since this voltage is initiated a degradation process in the membrane.
Galvanostat potentiometer is able to determine the voltage required to circulate the current intensity that has been
setting. First phase consisted of visually checking the gases generation, then the voltage vs. current curves were
obtained, the same to determine the efficiency of a PEM electrolyzer. The second phase consisted of measuring the
amount of hydrogen that was extracted using a stopwatch and measuring the volume generated per unit time. The
evolution of hydrogen and measuring of the hydrogen generated are shown in the photographs 10 and 11

respectively.

Photograph 10. Evolution of hydrogen Photograph 11. Hydrogen measurement

3. Results and discussion

Methodology raising specifications at each stage was established to design and fabricate this PEM electrolyzer
prototype; prototype qualities were evaluated by tests that guarantee the optimal itself operation. PEM electrolyzer
built with this methodology shows favorable results compared with other prototypes built without a methodology
that involves aspects of manufacturing and assembly processes that finally contribute positively to the PEM
electrolyzer prototype achievement. The results obtained by characterization of PEM electrolyzer prototype by
potentiometry tests showed a good efficiency of it exhibit a low resistance ohmic getting a current of 300m4 with
only 1.92V and obtained a productivity of hydrogen in the range of 2.137miH,.min~* . The amount of hydrogen
produced per unit time resulted higher that other prototypes characterized by the same tests. Graphic 1 shows

performance curve obtained by potentiometry in which there is a current of 300mz4 below 2V,
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Graphic 1. Performance curve of PEM electrolyzer prototype

Graphic 2 shows a comparative of the results obtained between the PEM electrolyzer prototype and other
preliminary prototype built without application of the methodology presented in this work. The results of the
characterization tests show differences between both performance curves; the best performance curve is marked as
“prototype”, with 300mA below 2 while the other curve shows the performance of the preliminary prototype with
about half in current with the same voltage 150m4 below 2V reaching the 3004 above 2V. The data presented are
important because the amount of hydrogen produced per unit time is proportional to the current flowing through the
active area of the PEM electrolyzer prototype; it is convenient to work with the most current but without reaching the

5V because the membrane suffers severe irreversible degradation with this voltage.
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Graphic 2. Comparison of performance between PEM electrolyzer prototype and a preliminary prototype

4, Conclusions
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To achieve greater current flowing through the active area of the PEM electrolyzer prototype with the same voltage
results in a reduction of the ohmic resistance due to proper selection and treatment of manufacturing and assembly
processes. Increase the amount of hydrogen generated per unit time using the same amount of energy result in costs
reduction of hydrogen generation and becomes a major contribution to development of hydrogen economy. The
results presented in this work show the effectiveness of the methodology developed for this research since it involves
factors that were not previously covered in development of this kind of prototypes; other design methodologies do
not involves stages with processes and tests to validate each of the stages developed during the conception of the
prototype.
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Oxygen Reduction Reaction on Pt/C Electrocatalysts Obtained
by a Photo-Chemical Route
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'ESIQIE-IPN, Laboratorio de Catalisis, UPALM, CP 07738, México D.F
’Ingenierfa en Energfa, Universidad Politécnica de Guanajuato, Av. Universidad Norte s/n, Juan Alonso Cortazar
Guanajuato, C.P. 38438, México.
ABSTRACT
Platinum nanoparticles with homogeneous dispersion on carbon Vulcan was obtained at room temperature by
irradiation of an alcoholic solution of CioH,0,4Pt with UV-light. The electrocatalyst were characterized by X-ray
diffraction and transmission electronic microscopy techniques. TEM micrographs and XRD results confirmed the
formation of platinum nanoparticles (4 nm) with a high dispersion onto the carbon. The electrochemical active
surface area was determinate by CO stripping and hydrogen-adsorption/desorption reactions. The electrochemical
activity and stability of Pt/C for the oxygen reduction reaction (ORR) were determined by rotating disk electrode
(RDE) at different temperatures. An apparent enthalpy of activation AH# = 58.7 kJ mol-1 was calculated from the
electrochemical results from 25 to 50°C. The main reaction pathway was quantifying by rotating ring-disk electrode
(RRDE). The maximum amount of hydrogen peroxide produced in the ORR reaches a value of 3.8% at 0.36VV/NHE
following preferentially the four-electron transfer mechanisms to water formation. The current densities results
revels that Pt catalysts with high activity and selective for the ORR can be obtained by the photo-deposition method.

Key words: Platinum electrocatalyst, photo-chemical, oxygen reduction, rotating disk electrode

1. Introduction

Proton exchange membrane fuel cells (PEMFC) has been receiving much attention as power sources for vehicles,
portable devices and stationary applications due to their high energy conversion efficiencies and low pollutant
emissions. The performance of a membrane electrode assembly for PEMFC greatly depends on the activity and
loading amount of the electrocatalysts [1]. Platinum supported on high surface area carbon is still the catalyst most
widely used in the fuel cell, this is for both electrodes: anode and cathode [2-3]. One of the major challenges in this
field is the development of high-performance cathode catalysts in order to reduce the high overpotential present
during the oxygen reduction reaction (ORR) [4-6]. The kinetics of oxygen reduction reaction is determined by
various factors, which involve the geometric and electronic parameters of the material that catalyzes the reaction.
One of the most important aspect in the ORR is the interaction of oxygen molecule with active sites of the catalyst,
this is related with the catalytic activity, that is, with the size of its particles, its geometry and composition, its

V)
&
f Y,

‘ Y 9‘ l %‘\l/ fi
& 3 ucatan Center for
Mexican Hydrogen Society Selsniific Resscrch 134

4404
0‘0,0,0



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

dispersion and interaction with the support, it is important to control these factors during the synthesis process of the
catalyst by means of an appropriate selection of the synthesis method [7-8].

Pt supported electrocatalysts for PEMFC normally are synthesized in the presence of a capping agent via reduction
of a Pt precursor, decomposition of an organometallic complex, or a combination of these two routes [9-10].
However, in order to improve the metal dispersion, reduced the nanometer sizes and improve the interaction between
the catalyst and the support, in the present work we prepared Pt nanoparticles with a homogeneous dispersion on
carbon Vulcan using a photochemical route as synthesis method [11-16]. One of the advantages of this technique is
the facile and low cost to synthesize nanometer platinum particles without thermal treatments with the possibility of
employ both inorganic and organic precursors [17]. In this work, we report results concerning to the synthesis,
physical characterization and electrochemical activity of the Pt/C catalyst for the ORR. Also, the mechanism of the
catalyst activity toward water formation and the effect of temperature on the ORR Kinetics for the Pt catalyst were

investigated.

2. Experimental

2.1 Electrocatalysts preparation

10 wt.% Pt/C catalyst was synthesized by a photo-chemical method [16-17]. The platinum nanoparticles deposition
onto the carbon Vulcan was carried out using a commercial photo-reactor (Luzchem Model LZV-4V) with 14 UV
black light lamp of 20 W with the main wavelength at 365 nm. A platinum aqueous solution (C1oH1404Pt (Aldrich))
(5x10™* M), prepared with an excess of ethanol (1:3), was bubbled with Nitrogen to remove the dissolved oxygen.
Under this condition, the alcoholic solution was continuously stirred and irradiated for 3h. After this time irradiation,
the guantity of Vulcan carbon necessary was added to obtain the 10 wt.% Pt/C catalyst. The resultant suspension was
heated in an oven at 100 °C overnight to remove the solvent by evaporation. The product obtained was a powder of

the metallic platinum nanoparticles supported on carbon, labeled Pt/C-photo.

2.2 Physical characterization

The particle size distribution and the surface morphology of Pt/C-photo sample was obtained with Transmission
Electron Microscopy technique (TEM) using a JEOL-JEM-2200 field emission operated at 200 kV. The dry samples
obtained after the irradiation were prepared by dispersion in ethanol by ultrasound and the resulting suspension was
deposited onto a copper mesh and dried at ambient conditions before TEM analysis.

X-ray diffraction (XRD) patterns of platinum catalyst were collected on a Bruker D8 AXS equipment using a Cu
anode (K,, A=1.5406 A) and a Bragg-Brentano configuration. The angle 20 was varied between 20 to 100° with a
stepwidth of 0.2° min™ and 35 kV.

The H, chemisorption (pulse method) analysis was performed to determine the average active particle size and metal

dispersion (it is defined like the relation between the number of Pt surface atoms and the number of Pt total
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atoms).This analysis was carried out applying pulses of H, to the sample using an Autochem 11 2920 equipment

(Micromeritics) with a thermal conductivity detector (TCD) [16].

2.3. Electrochemical Characterization

Rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) techniques were employed to determine the
activation energy and main reaction pathway, quantifying the amount of hydrogen peroxide produced during the
oxygen reduction reaction. For RDE experiments, 8 ul of a sonicated mixture of 1mg of Pt catalyst, 60 pl of ethyl
alcohol (spectrum grade) and 8ul of 5wt% Nafion® solution (Du Pont, I000EW) were deposited on a glassy carbon
electrode (GC) with a cross-sectional area of 0.19 cm?.

For RRDE experiments, a commercial RRDE-PAR glassy carbon disk (diam=4.57 mm) and platinum ring with
N=0.21 of nominal collection efficiency was used. The catalytic ink was prepared with 1mg of catalyst, 8 ul of 5
wt% Nafion® solution (Du Pont, 1100 EW), 100 pl of water and 100 pl of ethyl alcohol (spectrum grade). 8 pl of
this suspension were deposited on the disk of working electrode surface. The current density was calculated using the
geometric surface area.

The electrochemical measurements to RRDE were carried out at room temperature in a single, conventional, three-
electrode test electrochemical cell. A platinum mesh was used as the counter electrode, and Hg/Hg,S0,/0.5M H,SO,
(MSE=0.680 V/NHE) as the reference electrode. RDE experiments were carried out in a water thermostated three-
compartment cell for temperature control.The reference electrode was placed outside the cell, kept at room
temperature and connected by a porcelain Luggin capillary. The temperature of the cell was controlled by a
thermostat (Haake F3) from 293 to 323 K.

All experiments were performed in a Potentiostat AutoLab PGSTAT12 and a Pine MSRX rotation speed controller.
A 0.5 M H,SO, (Merck) aqueous solution was used as electrolyte, prepared from distilled water. The potentials in
this paper are related to normal hydrogen electrode (NHE). Before the ORR measurements, cyclic voltammetry (CV)
was performed from 0 to 1.2 V at 50 mV s * in an argon-saturated electrolyte, to clean the electrode surface. Ten
cycles were necessary to stabilize the current—potential signal. Thereafter, the acid electrolyte was saturated with
pure oxygen and maintained on the electrolyte surface during the RDE and RRDE tests. Hydrodynamic experiments
were recorded in the rotation rate range of 100 to 1600 rpm at 5 mV s™. Between each measurement, the acid
electrolyte was saturated with pure oxygen for 5 minutes to obtain the stable open circuit potential.

The experimental techniques selected for determination of Electrochemical Active Surface Area (EAS) were the
cyclic voltammetry in in argon saturated 0.5 M H,SO, at 50 mV s' by integrating the hydrogen-
adsorption/desorption reaction (Hyg), EQ. (1), and the oxidation of adsorbed carbon monoxide or CO stripping
technique. The electrode potential was held at 0.1 V/NHE and CO bubbled by 5 min. Thereafter, the CO was
removed by purging the electrolyte with argon by 15 min and the test electrode swept from 0.05 V to 1.2 V/NHE
until the post-CO oxidation was completed. Eq. (2):
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Q4
EAS, = ~<H (1)
Hurd = 0.210mC cm™?
QCO
EAS. =___ <co (2
“° 7 0.420mC cm2

where, Qy and Qco are the measured charges for Hypg, and CO oxidation (mC), respectively. 0.21 mC cm™ and 0.42
mC cm™ corresponds to the charge required to oxidize a monolayer of adsorbed hydrogen and carbon monoxide

species on Pt, respectively [18].

3. Results and discussion
3.1. Physical characterization results
Figure 1 shows the XRD diffraction patterns of Pt/C-photo sample. The powder electrocatalyst showed five
diffraction peaks at 26 values of 39.8°, 46.2°, 67.4°, 81.2° and 85.7° characteristics of the (111), (200), (220), (311)

and (222) planes of face-centered cubic structure of platinum.
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Figure 1. X ray diffraction patterns of Pt/C-photo catalyst synthesized by photo-deposition method.

TEM micrograph of platinum supported on carbon prepared by photo-deposition method is shown in figure 2.
According to the figure 2, a homogenous distribution of Pt nanoparticles less than 5 nm onto de carbon was obtained.
The average particle size and platinum dispersion on carbon support were investigated by H, chemisorption as

complementary study.

Table 1. Physical and electrochemical parameters of Pt/C-photo sample.

Catalyst *Average particle size *Platinum EAS co(cm?)  EAS (Hypd) (cM?py)
(mn) dispersion (%)
Pt/C-photo 5.2 215 55 5.01

*Estimated by H, chemisorption technique.
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The results are reported in Table 1. Assuming spherical Pt particles, Pt/C-photo catalyst shows a small nanometer
size (5.2 nm) with a platinum dispersion of 21.5 %. These results mean that the photo-chemical route allows
preparing right Pt nanoparticles dispersed onto the carbon, by irradiation of the platinum acetil-acetonate precursor at

room temperature.

i"' ‘._‘!‘» i -
Figure 2. TEM graph for Pt/C-photo electrocatalysts synthesized by photo-deposition method.

3.2. Electrochemical characterization

Figure 3(a) shows a representative set of polarization curves for the ORR on the Pt/C-photo electrocatalyst in 0.5M
H,SO, at 318 K. Well defined kinetic currents (ji) (0.93-0.83 V/NHE), mixed-diffusion limiting currents (0.83-0.60
V/NHE) and diffusion limiting currents (jq) (0.2-0.6 NHE) are observed in polarization curves. It is considered that
the increase in limiting currents on high performance electrocatalysts is associated with the increase of molecular
oxygen diffusion in the boundary layer through the electrode surface. The reduction reaction is fast enough at high
cathodic overpotentials, associated in almost all the cases to a flat limiting plateau. An explanation of the well
defined catalytic current plateau of figure 3(a) could be associated to the existence of a uniform distribution of
electrocatalytic sites on the electrode surfaces. When distribution of active sites is less uniform and the

electrocatalytic reaction is slower, the current plateau is more tilted.

Table 2. Electro-kinetic parameters of Pt/C-photo electrocatalysts at different temperature.

Temperature Slop Tafel Transfer coefficient Exchanger Current Density J,

K mV dec? @ mA cm’
298 -82.10 0.72 1.30x 10°®
303 -82.48 0.73 1.55x 10°
308 -81.78 0.74 1.81x10°
313 -81.17 0.76 3.03x10°
318 -80.78 0.79 5.60 x 10°®
323 -79.28 0.80 7.17 x 10°
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Figure 3(b) shows the mass transport corrected Tafel plots obtained for the Pt/C photo-electrocatalyst ink-type
electrode on which oxygen reduction kinetics studies were conducted at different temperatures, from 293 to 323 K.
The Tafel plots were obtained after the measured currents were corrected for diffusion to give the kinetic currents in
the mixed activation—diffusion region, calculated from Eq. (3):

Ja

Jo =

jk = J 3)

Where j4/(jq—j) is the mass transfer correction. The Tafel plots at all temperatures show a linear behavior in the mixed
activation—diffusion region and a deviation of the kinetic current occurs with higher slope at high current density.

The kinetic parameters deduced for the oxygen reduction on Pt/C-Photo catalyst ink-type electrodes at different
temperatures are presented in Table 2. The temperature analysis on the kinetic parameters is important in the
cathodic reaction of a fuel cell. Effects such as the increase of the current and shift of the curves to more positive
potentials were observed with the temperature rise. This behavior indicates an enhancement of the kinetic reduction
of the adsorbed oxygen with the temperature. The dependence of the reversible oxygen electrode potential, E;, on

temperature [19] was evaluated using the value of AGe (H,—O, cell) at each temperature using equations (4) and (5):

AG® = [ 70650—8T InT +92.84T _ cal mol )
E, =-AG°/nF (5)

45°C
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Figure 3. (a) Steady-state current-potential curves for ORR at different rotating speed, in oxygen saturated 0.5 M
H,SO, electrolyte at 5 mV s™ and 45°C, (b) Mass-transfer corrected Tafel plots at different temperatures on Pt/C-
photo electrocatalyst.

TP
&
f A4

‘ Y 9‘ l %‘\l/ fi
& 3 ucatan Center for
Mexican Hydrogen Society Selsniific Resscrch 139

44
0‘0,0,0



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

The temperature dependence of the exchange current density in Table 2 was analyzed via conventional Arrhenius
analysis. Figure 4(a) shows an Arrhenius plot constructed for the Pt/C-Photo electrocatalyst in 0.5M H,SO,. The
apparent enthalpy of activation, AH*, was calculated from the linear regression analysis of the slope of the Arrhenius
equation represented by the equation (6),

dlogj, ~  AH®

= (6)
d@/T)  2.303R

An apparent enthalpy of activation AH* = 58.7 kJ mol™ was calculated from the slope of this plots. This value is in
agreement with apparent activation energies reported for platinum-base electrocatalysts for the ORR in acid media
[20]. The apparent activation energy of 58.7 k] mol* determined in 0.5M H,SO, lies in the range of 25-60 kJ mol*
reported for other materials for the oxygen reduction in acid media [19, 21]. One should keep in mind that the
assessment of the activation energy at the reversible oxygen potential is only an estimate of the activation energy, i.e.
AH? is the apparent activation energy.
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Figure 4. (a) Electrochemical Arrhenius plot of the exchange current density at the reversible potential for the ORR.
(b) Variation of Tafel slope and transfer coefficient with temperature

The Tafel slope, b, is dependent on temperature according to the relation given by equation (7) [20]:

_ dE _—2303RT @
dlogi onF

where: n and o are the number of electrons transferred and the transfer coefficient, respectively. Theoretically, b is
temperature dependent if a is assumed to be invariant with temperature. Temperature dependence of the Tafel slope

and transfer coefficient are shown in figure 4 (b). Here it can be observed that an experimental average Tafel slope of
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-80 mV dec™ is practically invariant with temperature for all the samples, leading to a dependence of the transfer
coefficient with temperature. An increased linear variation of the charge transfer coefficient with respect to the
absolute temperature ( do/ dT= 3.42 x10 K™) is also shown in figure 4. This behavior represents a significant
feature and has been considered as an exception in the ORR rather than a rule in this electrochemical process [20-

22]. In general the transfer coefficient a varies with the absolute temperature by the linear relationship, equation (8):

a=o,+Tag 8
Where ay is the enthalpic and as the entropic component to a.The term ay is related to the change of electrochemical
enthalpy of activation with electrode potential; mean while as is related to the change of electrochemical entropy of
activation with electrode potential [23]. a4 and as were evaluated from the slope and interceptof a nominated
Conway plot of the reciprocal of the Tafel slope against 1/T (plot not included) give the equation (8)

Ay = oy +Tag =—0.326+0.0035K T ©)
ay is found to be -0.326 and as=3.5x10° K™. The value of ay, suggests a less enthalpic contribution of the
electrocatalyst to the ORR than entropy transfer coefficient (as). Thus, entropy transfer-coefficient is the determining
factor for the catalytic activity of this reaction, indicating that the activation entropy turn over plays one of the most
important roles in this cathodic electrochemical process.
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Figure 5. (a) Steady state polarization curves at different rotation speed as a function of disk potential for ORR in 0.5
M H,SQO, at 25 °C. (b) Percentage of hydrogen peroxide produced for the ORR.
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The ORR is a complex reaction that proceeds via several consecutive and parallel elementary steps. It has been
accepted that this occurs along two principal pathways: the first is the direct reduction to water with the transference
of 4e’; the second is the so-called “peroxide pathway”, which involves the transfer of 2e” to the formation of H,0, as
intermediate. In this study, the RRDE technique was used in order to determine the amount of hydrogen peroxide
produced [24]. The collection efficiency (N) was obtained experimentally from the slope of an ig versus ip plot at
different rotation speeds, using as an electrolyte a 5x10° M K;Fe(CN)g solution in 0.1 M K,SO,. A value of N = 0.16
for this arrangement was calculated on the thin film formed on the glassy carbon electrode. The ring potential was
kept at +1.48V (NHE) during all of the electrochemical experiments, where oxidation of the H,O, formed by O,

reduction on the disk electrode is limited by diffusion.

Steady-state polarization curves obtained for the ORR in the disk and the currents for the hydrogen peroxide
oxidation in the ring to Pt/C-Photo electrode are shown in Figure 5. In the oxygen saturated solution, the diffusion
currents in the disk and ring are observed as a function of rotation speed. The peroxide percentage was evaluated

from the following equation [25]:

%H,0, - 200 Ix/N (10)
Iy +1g/N
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Figure 6. (a) Steady state polarization curves at different rotation speed as a function of disk potential for ORR in 0.5
M H,SO, at 25 °C. (b) Percentage of hydrogen peroxide produced for the ORR.

Figure 5(b) shows that the quantity of hydrogen peroxide formation depends on the potential. The maximum amount

of H,0, produced in the electrochemical process of the ORR reaches a value of 3.8 % at 0.36 VV/NHE on Pt/C-Photo

electrode. The maximum amount of peroxide is preferable at more cathodic potentials because the fuel cell operates

between 0.8 V (NHE) and 0.6 V (NHE).These results indicate that the Pt/C-Photo has a yield near 96.2 % for the
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ORR (i.e., %H,0 = 100- %H,0,), following preferentially the four-electron transfer mechanisms to water formation.
Figure 6 (a) shows the CO-stripping curves corresponding to electrocatalyst Pt/C-photo. Table 1 summarizes the
electrochemical active area EAS (CO) obtained under the oxidation CO curve. In order to complement the results,
the electrochemical active surface area (EAS) was calculated in hydrogen adsorption-desorption region (Hypq), figure
6 (b). The Hyy charge is estimated for hydrogen adsorption/desorption in the CV profile after the conventional
correction for the pseudocapacity in the double layer region. Similar EAS were found by both techniques, CO
stripping and Hupd. The EAS depends of the particle size, distribution and quantity of surface particles. In this case,
the real surface area differs highly from the geometric one, indicating high catalytic activity. The electrocatalysis
mechanism is based on the electrode—electroactive species charge transfer through the electrode surface. So the

reaction rate, and consequently the electric current, is proportional to the electrode real surface area [26].

4. Conclusions

Pt nanoparticles can be prepared at room temperature by the photo-deposition method. The physical characterization
of the synthesized platinum showed a homogeneous distribution of platinum nanoparticles onto the carbon with an
average particle size of 5 nm. Pt/C electrocatalyst showed activity and selectivity towards the ORR process in acid
medium. The ORR followed preferentially the four-electron transfer mechanism to water formation. The effect of
temperature on electrochemical parameters showed that the Tafel slope is directly proportional to the temperature

with the transfer coefficient a temperature-independent factor.
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ABSTRACT

Municipal solid waste (MSW) generation is a constant problem on growing cities. The organic fraction (OFMSW),
ca. 60% of MSW, is being literally ‘wasted” despite its applicability on energy production. Therefore, this work was
focused on hydrogen production from the OFMSW with a double purpose: (i) to evaluate the effect of the total solids
content (20.9 and 35% TS), temperature (35 and 55 °C) and mass retention time (MRT, 21 and 14 d) on semi-
continuous fermentation, and (i) to test the supplementation with nutrient nitrogen in the form of waste activated

sludge in batch mini-reactors.

Firstly, in the semi-continuous fermentation, it was found that factors had significant influence on hydrogen
productivity in the order: total solids > MRT > temperature. Significant interactions amidst factors were only
observed between TS and temperature or MRT. Indeed, best hydrogen productivity averaged up to 123 NmL
Ho/(kgwm: d) at 20.9 %TS, 55 °C and 21 d MRT. Secondly, in the batch fermentation, supplementation with nitrogen
in the form of activated sludge did not show a significant effect. Highest results were Py, = 1 983 pumoly,/gVS and
Ry = 68.3 umoly»/(gVS h) in the mini-reactors without addition of alkalinity or sludge. No significant lag phase was
observed in none of the experimental units. Microorganisms introduced through supplemented sludge might have

affected fermentation, particularly boosting hydrogen consumption.

In general, variations and inhibition of hydrogen production were related to low pH and lactic acid and solvent
deviation of the fermentation. This was in agreement with reports of a strong correlation between high lactic acid

concentrations and inhibition of hydrogenogenesis.
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1. Introduction

The incoming oil age decline has promoted over 15 years of intensive research for developing alternative energy
technologies; hydrogen production is among them [1]. One of the promising technologies for hydrogen production is
through the dark fermentation of biomass [2]. For the sake of process economic feasibility, it has been suggested that
the substrate ought to be inexpensive and inexhaustible [1, 3]. Indeed, municipal solid wastes are a major source of
biomass as organic wastes (OFMSW): in Mexico, 102 000 ton/day are produced and its the organic fraction (paper
and food wastes) represents up to 60% of the total [4].

OFMSW are biosolids with 50-70% water contents, yet its application to biofuel production has been mainly studied
at low solids (<10% TS) fermentation [5]. It is noteworthy that submerged culture under such conditions employs
large dilution water volumes, thus generating polluted wastewaters. Although less studied, solid substrate
fermentation (SSF) has advantages such as reactor volume reduction, no leachate generation and high H,

productivities [6, 7].

Although important investigations have determined the factors influencing the process performance (such as solid
contents, temperature and mass retention time), there is a lack of comprehensive experiments in the open literature
embracing all these factors in such a way to find interactions and the optimal operating conditions. For instance, high
solids content means more OFMSW being treated but also a possibility of osmotic stress to microorganisms. Due to
the complexity of the temperature strong influence on biochemical processes and microbiological interactions, a
consensus on which thermal regime is better has not yet been determined. Furthermore there is a wide variability
amidst processes, inocculum and substrates employed. Moreover, comparisons of mesophilic and thermophilic
regimes are still scarce in high solids semi-continuous hydrogenogenesis process, as most studies have operated

bioreactors mainly in the mesophilic range of temperature [7-11].

On the other hand, the organic load or mass retention time (MRT) can significantly affect the organic matter
available to microorganisms and metabolic deviations from hydrogenogenic conditions [7, 8, 12]. Despite its
importance, the information on the effect of MRT on solid substrate dark fermentation is still scarce, except for

recent reports from our group [5, 13].

Moreover, it has been supposed that OFMSW by itself provides all the nutrients required for dark fermentation.
However, carbon to nitrogen (C/N) ratio of municipal organic wastes is usually high, up to 76 [14], yet for anaerobic
fermentation the suggested C/N ratio is 25-35 [15]. This may suggest that nitrogen may be supplemented as

ammonia or in the form of organic nitrogen, such as manure, waste sludges, or food wastes [16, 17].
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Therefore, this work was focused on the hydrogen production from the OFMSW in SSF with a double purpose: (i) to
evaluate the effect of the total solids content (20.9 and 35% TS), temperature (35 and 55 °C) and mass retention time
(MRT, 21 and 14 d) on semi-continuous fermentation, and (7i) to evaluate the supplementation with nutrient nitrogen

in the form of waste activated sludge.
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2. Materials and methods

2.1. Effect of total solids, temperature and mass retention time on SSF

First hydrogenogenic set of experiments was carried out in glass bioreactors containing 500 g biosolids [5]. The
OFMSW consisted of dried food wastes from cafeteria (60% w/w) and waste office paper (40% w/w). It was
implemented a 2° experimental design for evaluating the effect of the total solids content (TS, 20.9 or 35 %),

temperature (35 or 55 °C) and mass retention time (MRT, 21 and 14 d) on semi-continuous hydrogen production.

2.2. Nitrogen and alkalinity supplementation at thermophilic and mesophilic regimes

The organic nitrogen and alkalinity supplementation studies were performed on batch, solid substrate anaerobic
hydrogenogenic fermentation in intermittently vented mini-reactors (SSAHF-IV) containing 80 g biosolids,
according to set-up described by Mufioz-Paez et al. [13]. Experimental design basis was 2°. Factors were temperature
(35, 55 °C), C/N ratio (basal 50, 30 adjusted with activated sludge), and alkalinity (none, 0.06 g CaCO;/g dry
substrate with phosphate salts).

2.3. Analyses

Analyses were performed to solid samples taken from OFMSW and bioreactors. Volatiles solids (VS) and total
solids (TS), pH, volatile organic acids (VOA), lactic acid and solvents were analyzed as reported elsewhere [18].
Biogas production was measured by acid brine displacement [5]; gas volumes were normalized to 273 K and 101.15
kPa (reported as NmL or NL). H, and CH, contents were determined in a GOW-MAC gas chromatograph model 350
fitted with TCD and a Molecular Sieve 5A packed column. Water availability of these mixtures was determined with
a thermohigrometer Thermoconstanter Humidat RTD-33/TH-2 (Novasina, Zurich, Switzerland), according to

specifications in manual. Analyses were performed by triplicate.

2.4 Response variables

Acetate to butyrate ratios A/B (on COD basis) is an indirect indicator of hydrogenogenesis. Theoretically, acetic
fermentation from hexose would yield four mol of hydrogen whereas butyric yields only two. If we assume that 50%
of hexose is fermented to H, plus acetic acid whereas the other 50% is fermented to H, plus butyric acid, then A/B
relationship would be 0.802 (on COD basis). Consequently, a value greater than 0.802 would mean that hydrogen

generation coupled to acetic acid production was favored [9].

The p ratio indicates whether metabolism was leaned to acidogenesis or solventogenesis. This parameter is the
product of the sum of the organic acids, divided by the sum of the solvents. Low rho values would be associated to
solventogenesis, and consequently, related to poor hydrogen generation [19, 20]. Lactic acid is considered also an
important parameter in dark hydrogen fermentation. Lactic acid fermentation is known to act as a hydrogen sink

similarly to solvents [5].
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3. Results and discussion

3.1 Effect of total solids, temperature and mass retention time on SSF

It was observed that hydrogen productivities (Iy,) were positively influenced by 20.9% TS, 21 d MRT and
thermophilic regime. Indeed, Iy, averaged up to 123 NmL H,/(kgyn, d) with factor 20.9% TS (Table 1). The Iy, in
thermophilic regime was higher to that in mesophilic operation (Table 1). In general, the highest I, were related to
the highest organic acids to solvent ratios (p) and the lowest production of lactic acid. According to Table 2, the
factors were significant to Iy, in the order TS > MRT > temperature. Significant interactions (p < 0.0554) amidst
factors only occurred between TS and temperature or MRT (Table 2). Acetate to butyrate ratios A/B (on COD basis)
were 0.62 to 0.68, meaning that hydrogen fermentation with butyric acid generation was the prevailing one in all the

reactors.

Effect of total solids

Total solids (TS) influence on response variables (Table 1) was very pronounced. During operation, hydrogen
contents reached up to 40 - 50% in selected bioreactors working at 20.9% TS. Reactors at 35% TS were below 25%
H,. Furthermore, difference in I, amidst 21 and 35% TS was over 15 fold. Although the A/B ratios were similar, the
production of VOA and solvents for each TS content was markedly different: the *VOA was 0.7 fold higher whereas
the XSolvents was 3.4 fold lower. Consequently, the p for 20.9% TS was over 5 fold superior to that of 35% TS. The
higher p in the 20.9% TS fermentation indicated acidogenic fermentation prevalence over solventogenic
fermentation. Oppositely, the 35% TS fermentation showed a performance leaned to solventogenesis. Furthermore,
the [HLac] was almost 4 fold superior for 35% TS. This was in agreement with reports of a strong correlation
between high lactic acid concentrations and inhibition of hydrogenogenesis [5]. All these results clearly show the
superiority of using 20.9% TS OFMSW.

Moreover, the water availability might be affecting the performance of the anaerobic fermentation, by the simple
equation that the higher the TS, the lesser of water availability. The water activity (a,) and water potential (‘¥/) of the
OFMSW in this work were 0.9300 (¥ = -9.2 MPa) and 0.9550 (¥ = -5.8 MPa) for 35 and 20.9 %TS respectively.
The water available to microorganisms can decrease by the osmotic effect (interaction with solute molecules, ionic or
not) and by the matric effect (i.e., adsorption of water to the surfaces of solids) in SSF. Likely, both mechanisms
could have contributed to low a,, and high ¥ in our OFMSW [21, 22]. Indeed, in soils an a,, of 0.90 is related to the
inability of plants to withdraw water from soil (i.e., permanent wilting point). Extra effort is required for a microbe to
grow in a medium with low a,, because it must spend energy to maintain a high internal solute concentration in order
to retain water [15]. Therefore it is likely that metabolism of most fermentative bacteria in our H-bioreactors was

adversely affected by the low availability of water [23].
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Table 1. Main effects of temperature, total solids and mass retention time on response variables

Factors  Levels [ EIVOA® XSolvents’ A/B® p'  [HLac]®

@D (1195 (223)°  (0.1)° (2.5  (1734)°
Thermal 35°C 553 11285 1415 068 85 12639
regime  55°C 757 8070 2508 062 113 13672
Mass 144 481 10154 1957 062 105 14470

tenti

rerention =51 4 828 9200 1967 068 93 11841
time
Total  209% 1229 12186 888 065 163 5432
solids  35% 81 7168 3035 065 34 20879

Notes: * Hydrogen productivity (NmL H,/(kgyme d)); ° standard error of the experimental design (EED =
(MSSeror/1)?); ¢ Volatile organic acids accumulation (mg CODyoa/KSwme); 4 Solvent accumulation (mg
CODygqpvent’kguwmi); © Acetic acid to butyric acid ratio (mg CODjeic acia/ME CODpuyyric acid); f$VOA/ESolvents factor; ®
Lactic acid accumulation (mg COD\acsic acia/KSwmr)-

Table 2. Significance probability of the effects for the response variables in the H-stage

[ TVOAP TSolvents® A/BY p° [Hlac]"
Model 0.0009 0.0013 <0.0001  0.4348 0.0022 < 0.0001
Temperature 0.1864 0.0052 0.0001  0.7423 0.1578  0.4239
MRT 0.0396 0.2919 0.9508  0.6387 0.5247  0.0643
TS <0.0001 0.0003 <0.0001  0.0623  <0.0001 < 0.0001
Temp x MRT 0.1361 0.6849 0.0630  0.7210 0.6227  0.6882
Temp x TS 0.1161 0.0007 <0.0001  0.1871 0.0079  0.0192
MRT x TS 0.0554 0.4984 0.9452  0.8667 0.6397  0.7892
Temp x MRT x TS 0.1224 0.4595 0.1385  0.4849 0.5728  0.4327

Notes: Same keys as in Table 1.

Effect of Temperature of operation

The thermophilic temperature (55 °C) had a positive but not significantly noticeable effect on Iy, (Table 2). Indeed,
thermophilic regime had an increase of 36% in Iy, when compared to mesophilic regime (Table 1). Analysis of
operation variables does not show a clear explanation for the difference on Iy,. For instance, the only significant
differences amidst these thermal regimes only occurred for EZVOA and ISolvents. Lactic acid concentrations in meso
and thermo regimes were not significantly different. The p had higher but no significant different value in the
thermophilic regime. A partial explanation was given by Youn and Shin [24], who compared H, production at
thermophilic (55 °C) and mesophilic (35 °C) regimes in submerged dark fermentation of food waste (6.7 %). In that
work they found that thermophilic operation had higher hydrogen production, and they ascribed this to the higher
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temperature in thermophilic reactors that helps reducing the dissolved hydrogen concentration, thus being more
effective in releasing hydrogen than mesophilic reactors. Another plausible explanation might be the microbiological
profiles fostered by temperature and substrate [25]. Thermophilic and mesophilic regimes exhibit different microbial
communities. Two of the principal genera related to hydrogen production in thermophilic regimes are
Thermoanaerobacterium sp. (more specifically 7. thermosaccharolyticus) and Clostridium thermocellum [6, 26-29].

On the other hand mesophilic regime is more likely to show diverse hydrogen producing communities [30], which

may include Clostridium pasteurianum, C. acidisoli, C. butyricum, C. acetobutylicum, [31-33].

Some authors claim the superiority of thermophilic processes over the mesophilic ones [27, 34, 35]. However, some
other authors allege the mesophilic regimes to be more economically feasible process [3, 9, 36], or at least to have a
larger infrastructure distribution [37, 38]. For instance, the net energy gain at both thermal regimes was negative in
most hydrogenogenesis cases analyzed by Perera ef al. [36]. As a measure to overcome negative energy balances,
they proposed coupling either methanogenic process or direct electricity production via microbial fuel cells. Indeed,
according to Escamilla-Alvarado et al. [5] the use of thermophilic regime is fully justified in coupled processes
producing hydrogen and methane (H-M process) despite its higher power consumption for heating. With
productivities of 202 mL H,/(kgum d) at 21 d TRM and 55 °C in hydrogenogenic reactor, and 2 023 NmL
CHy/(kgwm: d) at 55 °C when feeding a methanogenic bioreactor with fermented solids from 14 d MRT
hydrogenogenic reactor, the energetic balance proved that the net power was positive. Indeed, the net energy was
twice (even higher) the energy invested in the H-M process. Moreover, the highest contribution to the energy balance

corresponded to the methanogenic stage, which accounted for 95-98% of the total power potential.

Effect of Mass Retention Time

The MRT also had significant influence on Iy, (Table 2). The Iy, at 21 d MRT was 2 fold higher than hydrogen
productivity at 14 d MRT (Table 1). It is known that hydrogen is produced during the exponential growth of
hydrogenogenic microorganisms [39]. Although 14 d MRT regime provided a higher organic load to
microorganisms, this was not reflected on a higher Iy,. This could have been a consequence of excessive substrate

addition. For instance, [HLac] was higher in bioreactors operated at 14 d MRT, indicating a lactic deviation.

Furthermore, the high amount of metabolites produced could be used as substrate in, for example, methane
production through dark fermentation (submerged or solid substrate), photoheterotrophic hydrogen production, etc.
Solids remaining after metabolites extraction could also be further used. In this regard, Mufioz-Péez et al. [13]
washed fermented solids from a first batch dark fermentation of OFMSW and subjected them to a second
fermentation round (re-fermentation), thus obtaining 15% increase on total cumulative biohydrogen production (ca.
2.4 mmole H,/mini-reactor). They ascribed this phenomenon to the elimination of inhibiting organic metabolites

present at the end of the first batch.
i
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Concentration of lactic acid in our bioreactors was very high compared to that reported in works in submerged
fermentation [29, 31, 34, 40]. This pointed out that our SSF process showed a significant lactic deviation that
probably could have impaired biohydrogen generation. At present, it is not clear if hydrogenogenesis failure was due
to the lactic deviation or due to the secretion of bacteriocins by lactic acid bacteria (LAB), or both. Microorganisms
such as Lactobacillus sp., Enterococcus sp. and Bifidobacterium spp. are identified as the main responsible for lactic
acid production. LABs also produce bacteriocins, which are proteins with bactericidal activity directed against many
Gram-positive bacteria including most renowned hydrogen producing microorganisms, those belonging to the
Clostridium genus [41]. Neverthelesss, lactic acid could be extracted from the solid matrix and be used in other
applications such as food, pharmaceutical, leather and cosmetic industries, and as precursor for biodegradable plastic

[42].

3.2. Nitrogen and alkalinity supplementation at thermophilic and mesophilic regimes

Highest results of hydrogenogenesis performance in batch experiments in terms of cumulative hydrogen production
(Py2) and hydrogenogenesis rate (Ry,) were respectively 1 983 umoly,/g VS and 68.3 pmoly,/(g VS h), which
belonged to the thermophilic mini-reactor with no addition of alkalinity nor sludge (TOO treatment in Table 3).

Operation of batch process was carried out for 250-450 h. Controls did not show significant hydrogen production.

One and two cycles of hydrogen production were obtained. Exponential hydrogen production from OFMSW
fermentation was evident up to first 50 h (Fig. 1 and 2). This result was similar to that of Watanabe and Yoshino
[40], who had its maximum production of hydrogen near the 50 h of batch glucose fermentation. Indeed, in our work
75% of the Py, was reached during a similar period. It is known that the microorganisms of genera Clostridia
produce hydrogen during its exponential growth phase. When stationary phase is reached, the metabolism is shifted
towards solvent generation [25]. Once the stationary production of hydrogen was reached, the mini-reactors were
sparged with N, gas in order to overcome the partial pressure inhibition of hydrogen, and thus initiate a new cycle
production. This technique generated a new cycle of hydrogenogenesis for the thermophilic regime but did not for
the mesophilic one. Other works have used this strategy, thus obtaining from 2 [13, 43] to 5 hydrogen-producing
cycles [44]. Despite the lesser hydrogenogenesis cycles, our cumulative Py, was comparable and higher to those with
higher number of cycles (Table 4). Another strategy to increase hydrogen production is through the already

mentioned re-fermentation of the fermented solids from a hydrogenogenic batch [13].

During the first cycle of operation, Py, and maximum Ry, were higher in thermophilic regime than mesophilic one
(Fig. 1 and 2). No lag phase was observed: at 14 h most mini-reactors had hydrogen contents superior to 30%. In

contrast, other works presented lag times up to 350 h for heat-shock treated hydrogenogenic inocula, and 180 h for
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Figure. 1. Mesophilic hydrogen production: (a) cumulated per cycle, (b) cumulated sum. Keys: ®, no sludge or
alkalinity addition; ¥/, only sludge addition; M, only alkalinity addition; <, sludge and alkalinity addition

2000 t )
First I Second
| a cycle : cycle b
3 -
D 120 o oo ° !
f‘ L) |
[ ] 5 ™
MR ]
E &o| _ovv “a 5
% 830 0 © £° o ©o°
o Sgmmm |
400 1
4 | n
|
og . L 5 °
o 100 20 300 400 50 O
Tine®)

Figure. 2. Thermophilic hydrogen production: a) per cycle, b) cumulated. Keys: ®, no sludge or alkalinity addition;
V, only sludge addition; M, only alkalinity addition; <, sludge and alkalinity addition
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Table 3. SSAHF-IV results

Reactors® Py’ cum Py’ cum Ryp° max pHy ApH C/N
(umol Hy/g VS)  (umol Hy/reactor)  (umol Hy/(g VS h))

1 (MOO) 912+83 14 311 + 791 27.6+3.8 566 250 445+27
2 (MNO) 304 + 35 5253 +£365 26.6+2.4 5.87 2.02 29.3+2.0
3(MOA) 812£179 12742+ 1698 36.0+£9.2 6.07 134 448+32
4 (MNA) 333+ 74 5752+773 14.9+2.0 6.25 1.11 314+2.7
5 (TOO) 1983+ 17 30931 +274 68.3+10.4 620 1.62 472450
6 (TNO) 1488 + 369 25554 £6 337 442+ 42 6.41 132 36.8+£6.0
7 (TOA) 1785+ 124 27840+ 1948 16.0+2.0 6.39 1.02 53.2+3.6
8 (TNA) 1238+ 130 21 265 £+ 656 624+59 6.86 039 38.9+29
ControlC  0.0+0.0 0.0+0.0 ND 5.71 25.7+2.0
Control F 32+0.2 50.4+4.6 ND 5.38 34.6+22

Notes: *, M stands for mesophilic regime, T for thermophilic regime, N for sludge addition, A for alkalinity
supplementation, O is no addition of sludge or alkalinity; ® cumulated hydrogen production; ¢, hydrogenogenesis rate.

Table 4. Batch hydrogenogenesis using organic waste

Operating conditions Py, cumulated Ry, max (umol C/N  pHigitial PHfinal Ref
(umol Hy/g VS) H,/(g VS h))

OFMSW 25% TS, 1363 2.69 18.3 9.0 NR [3]
55 °C (4 cycles)

OFMSW 24.5 % TS, 1 346 7.19 18.3 7.34* NR [3]
55°C

OFMSW 24.5 % TS, 186 1.55 - 6.3" NR [43]
35 °C (2 cycles)

ASW 18.0 %TS, 3220 NR 19.0 6.65" NR [44]
35 °C (5 cycles)

OFMSW 20.9% TS, 1983 68.3 55.3 7.82 6.20 This
55 °C (2 cycles) work

Notes: * pH adjusted, NR, not reported

acetylene inhibition of methanogenic archaeas [3]. The Py, in the second hydrogen producing cycle for our mini-

reactors at thermophilic regime was in average, 10% of that obtained in their first cycles.

Effect of N nutrient supplementation
Apparently, the sludge supplementation affected negatively the cumulative Py, (p < 0.0008), whereas it did not have

any significant effect on Ry, (p = 0.8). The sludge addition was expected to favor the fermentative process by
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adjusting C/N ratio to 30 (according to literature). Negative results of sludge addition might be due to two reasons:
(i) alkalinization of pH beyond the optimum for dark fermentation due to the release of ammonium cations, and (7i)

contamination of culture by hydrogenotrophic microorganisms from activated sludge.

In the respect to the alkalinization explanation, it is known that excess nitrogen addition might be counterproductive
since it may favor the production of ammonium in anaerobic environments [45]. Its generation does not only have
the capability to increase the pH in the medium, but also to capture H' which could have been used for H,
generation. For instance, glutamic amino acid hydrolysis may produce hydrogen and ammonium (Ec. 1). Lay et al.
[46] reported hydrogen production from soluble condensed molasses (CMS), a by-product from molasses microbial
fermentation, which contains high amounts of carbohydrates and amino acids as monosodium glutamate. Indeed,
they ascribed their higher hydrogen production from CMS than from molasses either because CMS contained
glutamate as a good substrate for hydrogen-producing bacteria, or because CMS contained other microorganisms that
could convert glutamate into hydrogen. On the other hand, according to Strohm et al. (2007) reduction of nitrate to
N, (denitrification) or to ammonia (nitrate ammonification) is the highest-energy-yielding process, and therefore a

more favorable reaction (Eq. 2).
H,NC(C;H;0,)COO" + 2H,0 = 2CH;COO" + NH," + CO, + H, (D)
CeH 506 + 3NOy + 6H" 2 6CO, + 3NH," + 3H,0 (AG”=-1870 KJ/mol glucose) )

Regarding the second explanation, hydrogenotrophic bacteria could have been present in the sludge supplemented
and thus have been introduced into our batch mini-reactors. Hydrogenogenesis, as many biological processes, is
susceptible of microbial contamination and consequently to hydrogenogenic failure. For instance, Escamilla-
Alvarado et al. [5] ascribed hydrogenogenesis unstability to lactic and solvent deviations. Moreover, at 72 h a drop
on Iy, and presence of methane in the biogas in concentrations up to 9% v/v at 144 h, were observed on mesophilic
mini-reactors supplemented with sludges (MNO and MNA treatments, Table 3). This could be due to the presence of
hydrogenotrophic microorganisms in the sludge such as acetogenic and solventogenic bacteria, or even
methanogenic archaea [5, 31, 32]. To overcome such problem, all the mesophilic min-reactors were subjected to a
new thermal shock 93 °C for one hour. From this pretreatment on, the hydrogen production was not re-started, yet
methane production was utterly inhibited. The thermophilic mini-reactors received also the heat-shock pretreatment

at 144 h just as a preventive measure. Methane production was not evident throughout their operation.

It is noteworthy that methane production at low pH is not usual. Yet, anaerobic digesters have also been reported to
work at pH 4.0 - 5.3 when using acetic acid for methane production. Taconi et al. [47] ascribed this phenomenon to
the simplicity of their feed, consisting only of acetic acid. However they did not discard the possibility of
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microenvironments at neutral pH, as previously proposed by de Beer et al. [48]. Indeed, in our case niches of high
pH were likely to occur due to the physiology of the granules formed in our 20.9% TS solid substrate. Moreover,
mixing in our bioreactors was poor. So according to mass transfer in biofilms and biological solids, diffusion of
nutrients, salts, gas and heat diminish exponentially throughout the particles. These niches could be a protective

against pH variations and excessive heat to microorganisms inside the particles [48].

Effect of thermal regime

The Py, and Ry, were positively affected by thermophilic regime (p < 0.0004 and p < 0.0025, respectively). Mini-
reactors in thermophilic regime averaged almost two-fold the Iy, and the Ry, of the mesophilic mini-reactors. In
thermophilic regime after the exponential hydrogen production observed in the first cycle, a constant production rate
occurred in all the mini-reactors (Fig. 2). This constant hydrogen production was kept even after gas sparging.
Indeed, the exponential hydrogen production was not repeated in the second cycle. Final pH on mesophilic reactors
was in the range 5.5 — 6.3. In mesophilic regime, run MOO showed the highest Py, and Ry, and also presented the

lowest pH in mesophilic runs. Indeed, there was a correlation between pH and Pyp,.

Regarding the methanogenic deviation already discussed, only the mesophilic mini-reactors supplemented with
sludges exhibited methane production. Probably, thermophilic temperature could have served as a selective barrier

that avoided hydrogenotrophic microorganisms progression as previously proposed by Youn and Shin [24].

Effect of alkalinity supplementation

Alkalinity in form of phosphate salts supplementation did not have a positive effect on Py, and the Ry, (p < 0.05 and
p = 0.1, respectively). Previous experiments from our workgroup reported that alkalinity 0.11 g CaCO3/g dry
substrate on 20.9 %TS semi-continuous SSF of OFMSW had a positive influence on higher hydrogen productivity
[49]. The supplementation of alkalinity performed in our study was 0.06 g CaCOs/g dry substrate in order to control
the pH variations. The negative effect in our work of alkalinity supplementation was probably due to an alkalinity
that may have promoted an increase in osmotic pressure on the one hand, or a deviation from the optimal initial pH
in the mini-reactors on the other hand, or even both [6]. It is noteworthy that pH in our mini-reactors was not
adjusted previously to the beginning of fermentation. For instance, mesophilic mini-reactors had their initial pH in
the range 7.36 — 8.16, whereas thermophilic ones were 7.25 — 7.82 (data not shown). This work demonstrated that
heat-shocked inocula had the capacity to acidify the solid substrate thus favoring hydrogenogenesis. It was evident
that mini-reactors supplemented with phosphate salts had a lower ApH, which was a result of buffer capacity
provided by the salts. Therefore we ascribe the higher Py, to a final pH closer to the optimal, i.e. a higher ApH.

Nonetheless it was also likely that each thermal regime could have a different optimal pH.
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4. Conclusion

In semi-continuous hydrogenogenic fermentation of OFMSW, high total solids content in the feedstock affected
negatively the hydrogen productivity. The 21 d MRT promoted 2 fold higher hydrogen productivities compared to
that at 14 d MRT. Thermophilic regime had higher but no significantly different productivities than mesophilic
regime. It was observed that variations and inhibition of hydrogen production were mainly related to low pH, high

lactic acid and solvents production.

Regarding the studies on N nutrient supplementation on batch hydrogenogenic fermentation of OFMSW, both the
sludge and alkalinity supplementation did not have a positive effect on Py, in any of the thermal regimes. It seems
that the intrinsic C/N of OFMSW was sufficient to produce high amounts of hydrogen (P, = 1 983 umol H,/g VS,
Ry, = 68.3 umol Hy/(g VS h)). On the other hand, it could be inferred that microorganisms introduced through
supplemented sludge may have affected fermentation, particularly boosting hydrogen consumption. Side exploration
of the effect of temperature indicated that this factor had considerable influence on hydrogen production. Finally,
despite the few or inexistent multiple cycles, the hydrogen productions in our work were comparable to those in
literature of SSAHF-IV. It is very likely that there would be a maximum of hydrogen that might be harvested,
independently of the cycles.

Several observations were identified from results in this research. Further hydrogen experiments should focus on
increasing productivities and stability. Major efforts should be made towards:

i) Reducing/avoiding lactic deviation

ii) Increasing mixing in the bioreactors

iii) Bioaugmentation with hydrogenogenic fermentative bacteria from Clostridium genus

These technology improvements should be implemented in such a way that they do not compromise the economic

feasibility of the process.
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Notation

ASW agricultural solid waste

Ay water activity

COD chemical oxygen demand

LAB lactic acid bacteria

MRT mass retention time

OFMSW organic fraction of municipal solid waste
SSAHF-IV solid substrate anaerobic hydrogenogenic fermentetation in intermittently vented mini-reactors
SSF solid substrate fermentation

TS total solids

VOA volatile organic acids

VS volatile solids

Greek characters
p VOA to solvents ratio
4 water potential
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Analysis of Microbial Diversity of Inocula used with a Five-Face Parallelepiped and Standard Microbial Fuel
Cells

Ortega Martinez, A.C.", Solorza-Feria, O.?, Juarez-Lépez, K.2, Poggi-Varaldo H. M.

*Environmental Biotechnology and Renewable Energies R&D Group, Dept. Biotechnology and Bioengineering,
CINVESTAV del IPN, P.O. Box 14-740, 07000 México D.F., México
“Dept. of Chemistry, ibidem
® IBT-UNAM, Cuernavaca, México
*Tel: 57473800 ext. 4306, hectorpoggi2001@gmail.com

ABSTRACT

This work had a double purpose: (i) to study the effect of inoculum (sulfate-reducing (SR) and enriched (E) inocula
on the characteristics of one-chamber standard microbial fuel cell (MFC-S) and parallelepiped cell and (ii) to analyze
the bacterial communities in cells operated with either SR or E.

The MFC-P consisted of a parallelepiped built in plexiglass with a liquid volume of 270 mL. Five faces of this cell
were fitted with ‘sandwich’ cathode-membrane-anode assemblages (CMA). The internal resistances were 400 and
84, and 230 and 292 Q; and volumetric powers were 655 and 1800 mW/m?, and 5804 and 1772 mW/m® for the faces
connected in series and parallel and the MFC-P loaded with SR and E, respectively. Anode density powers were 18.4
and 50 mW/m?, and 209 and 64 mW/m? for the faces connected in series and parallel and the MFC loaded with SR
and E, respectively. The MFC-S of 150 mL consisted of one-chamber plexiglass cell with electrodes separated 7.8
cm. The values of R;; were 4602 and 1593 Q, and volumetric powers were 52 and 76 mW/m?3, for the MFC-S loaded
with SR and E, respectively.

Regarding the enrichment of the microbial inoculum, we could achieve a 419 mM Fe*? concentration at the end of
the 3" and last transfer; this was an evidence of the increase of either the Fe(IIl) reducing microflora, or Fe(lll)-
reducing activity, or both. Furthermore, 100 mM Fe*? concentration was achieved on day 4 of the first transfer, while
this concentration in last transfers was achieved in just the first day of incubation. There was a significant difference
in community composition between both inocula. Clostridia predominated in the community of the biofilm derived
from the SR inoculum; this class is believed to be responsible for the direct electron transfer to the anode according
to other literature reports. Predominant microbes in the biofilm derived from the E belonged to Deferribacteres class;
this class is known to contain c-type cytochromes. Current evidence suggests that a series of c-type cytochromes
associated with the inner membrane, the periplasm, and the outer membrane might interact to transfer electrons to the
outer membrane surface. Shannon indices were 1.27 and 1.38 for the community derived from SR and E inoculum,
respectively.

As conclusion, parallel connection of cell faces significantly improved the electrochemical characteristics of the cell.
E inoculum was better than SR on the performance of the MFCs as well as, performance of MFC-P was better than

MFC-S performance, feed with both inoculua. Also, the SR-derived community was sligthtly diverse than the E-
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derived one. Both communities harbored microbes that are electrochemically active.

Key words: enriched inoculum, internal resistance, microbial fuel cell.

1. Introduction

A microbial fuel cell (MFC) is a promising technology for generating electricity directly from biodegradable
compounds using bacteria under anaerobic conditions [1,2]. The power generation in a MFC is still insufficient for
the practical applications. In order to improve theMFC performance, efforts have been made to improve reactor
configuration and to enrich more electrochemically active bacteria [3-10].

The actual voltage output of an MFC is less than the predicted thermodynamic ideal voltage due to irreversible
losses; this limits MFC performance. The three major irreversibilities that affect MFC performance are: activation
losses, ohmic losses, and mass transport losses. These losses are defined as the voltage required to compensate for
the current lost due to electrochemical reactions, charge transport, and mass transfer processes that take place in both
the anode and cathode compartments. The electrochemical limitations on the performance of MFC are due to the
internal resistance (R;n) [11,12]. The primary component of R;, is ohmic resistance, which can be further divided
into the electrolytic resistance and ohmic resistance of electrodes, and the transfer resistance electrodes. The Rgnmic IS
dominated by the R;,, associated to the electrolyte(s) resistance [12.13]. The low voltage has been a large obstacle in
energy recovery from MFCs as this voltage is too low to be used directly for many practical applications. For
example, a single light emitting diode (LED) requires a minimum voltage of 2 V [14], a single MFC can produce a
maximum working potential of only 0.3-0.7 V because of thermodynamic constraints. Thus, effective methods of
boosting MFC voltages are needed. Several approaches have been used to increase MFC voltages [15]. One
approach is to produce voltage (and/or current) high enough for practical application, therefore, the connection of
multiple MFC units in series and/or parallel is necessary [16]. In series linking of six MFCs, Aelterman et al. (2006)
[17] produced a usable output (2.2 V at 228 W/m3 ), but this system used a hexacyanoferrate cathode that is not
suitable for large scale wastewater treatment. Shimoyama et al. (2008) [18] reported a more implementable system,
consisting of a series of cassette electrodes with air cathodes.

On the other hand, optimizing the growth conditions for the electrochemically active bacteria in the anode is also an
important consideration for improving the performance of MFCs [3]. A fuel cell type electrochemical device can be
used to enrich a microbial consortium using wastewater as the electron donor [19]. Molecular techniques are now
widely applied to assess the diversity of microbial communities by analyzing the 16S rDNA sequence [20]. MFC
systems can be a tool for selecting key electrochemically active bacteria (EAB) for cell inoculum, although recent
research has been focussed on ex-cell enrichment procedures, that is, inoculum enrichment in flasks by serial
transfers and other methods before loading to the MFC. The differences in bacterial populations between the
enriched cultures may also be due to the types of fuel cells used for the enrichment studies.

The aims of this work were to to characterize an design and characterize a novel, multiface parallelepiped MFC

(MFC-P) in the perspective of decreasing the internal resistance (Ri) and increasing volumetric power (P,) output,
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and to characterize one-chamber standard microbial fuel cell (MFC-S), both loaded with either sulphate-reducing
inoculum (SR) and enriched inoculum (E) in order to compare the performance with different inocula and different
cells, and to analyse with molecular ecological techniques the bacterial community in MFCs and differences in the

bacterial population between MFC fed with sulphate-reducing inoculum and enriched inoculum.

2. Experimental

2.1 Characterization of MFC-S and MFC-P loaded with SR and E inocula

2.1.1. Physical models of the cells

MFC-P consisted of a parallelepiped built in plexiglass with a liquid volumen of 1 000 mL (Figure 1A). Five faces of
this cell were fitted with ‘sandwich’ cathode-membrane-anode assemblages (CMA). Each CMA (from inside to
outside) consisted of an anode made of Toray carbon cloth, the proton exchange membrane (Nafion 117), and the
cathode made of flexible carbon-cloth containing 0.5mg/cm? Pt catalyst (Pt 10 wt%/C-ETEK, and a perforated plate
of stainless steel 1 mm thickness.

On the other hand, a standard cell of 150 mL MFC-S was fitted with a circular anode made of stainless steel plate 1
mm thickness with a Toray flexible carbon-cloth sheet placed in one circular face and a cathode in the opposing face
made of (from inside to outside): proton exchange membrane (Nafion 117), a Toray flexible carbon-cloth painted
with Pt catalyst, and a perforated plate of stainless steel 1 mm thickness. Separation between electrodes was 7.8 cm
(Figure 1B).

The MFC-P had a ratio & = 19.1 (1/m) whereas the corresponding value of the standard MFC-S was 12.9 (1/m).

2.1.2.Model Extract and Biocatalystst

The cells, MFC-S and MFC-P, were loaded with 7 and 15 mL, respectively, from a model extract [21-23]. The
model extract was concocted with a mixture of the following substances (in g/L): acetic, propionic and butyric acids
(4 each) as well as acetone and ethanol (4 each) and mineral salts such as NaHCO3; and Na,CO; (3 each) and
K,HPO, and NH,CI (0.6 each). Organic matter concentration of model extract was ca. 25 g COD/L. The cells, MFC-
S and MFC-P, were loaded with 143 and 255 mL, respectively, of biocatalyst (SR and E inocula). SR inoculum was
obtain from a sulphate-reducing, mesophilic, complete mixed, continuous bioreactor. The bioreactor had an
operation volume of 3 L and was operated at 35°C in a constant temperature room. The bioreactor was fed at a flow
rate of 150 mL/d with an influent whose composition was (in g/L): sucrose (5.0), Acetic acid (1.5), NaHCO; (3.0),
K,HPO, (0.6), Na,CO; (3.0), NH,CI (0.6), plus sodium sulphate (7.0). The initial COD and biomass concentration in
the MFC-S liquor were ca. 1 450 mg O,/L and 1100 mg VSS/L, the concentration and biomass in the MFC-P liquor
were ca. 1600 mg O,/L and 1400 mg VSS/L.

The enriched inoculum was obtained with serial transfers. Sediment sample was suspended in nitrogen filled
pressure tubes containing media with ferric citrate (55 mM) as electrons acceptor and sodium acetate (2 M) as

electrons donor. The tubes were incubated at 30°C for 7 days in the dark conditions. The enrichment procedure was

NE

<
f >

74 )
‘ :
% % Yucatan Center for
f
Mexican Hydragen Soclety Scientific Research 163

3¢
L o

a4



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

repeated 3 times [24].

The bioreactor with enriched inoculum had an operation volumen of 1.5 L was operated at 35°C in a constant
temperature room. The bioreactor was fed at a flow rate of 75 mL/d an influent whose composition was (in g/L):
Sodium acetate (2.0), NaHCO; (1.8), Na,COj3 (0.5), Na,SeQ, (0.1). The initial COD and biomass concentration in
the MFC-S liquor were ca. 950 mg O,/L and 800 mg VSS/L, the concentration and biomass in the MFC-P liquor
were ca. 1000 mg O,/L and 900 mg VSS/L.

O
O
Metallic Plaite O
Anode

Metallic Plaite
Cathode Anode

Cathode : .
Metallic Plaite PEM MetallicPlaite

Figure 1. Schematic diagrams of microbial fuel cells: (A) type P (parallelepiped cell), and (B) type S (standard
design).

2.1.3 Determination of internal resistence of the cells

The internal resistance of cells was determined using the polarization curve method, by varying the external
resistance (Rex) and monitoring both the voltage and the current intensity, according to procedures suggested by
Clauwaert et al. (2007) [25] and Logan et al. (2006) [1]. For the MFC-P, characterization was first carried out with
the five faces connected in series and second with faces connected in parallel. In brief, MFCs were loaded with
substrate and inocula as described above. MFCs were batch-operated for 8 h at room temperature. The circuit of the
MFCs were fitted with an external variable resistance. In this regard, we carried out the polarization curve of the
MFCs, relating mathematically the cell voltage (Ewvrc) and current intensity (Iyec) against the external resistance
value, forwards and backwards regarding the external resistance (Rey;) values. Ab initio, the MFCs were operated at
open circuit for 1 h. Afterwards, the Ry Was varied from 100 Q to 100 KQ and viceversa. After this, the cell was set
to open circuit conditions for 1 h in order to check the adequacy of the procedure (values of initial and final open
circuit voltages should be close). The voltage was measured and recorded with a multimeter. The current was

calculated by the Ohm’s Law as indicated below.

2.1.4 Analytical methods and calculations
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The COD and VSS of the liquor of sulphate-reducing seed bioreactor and cell were determined according to the
Standard Methods [26]. The current intensity lyrc, the power Pyrc and the power density P, were determined
according to [2].

The power per unit volume or volumetric power P was calculated as follows:

Py = EM (1)

VMFC . Rext

where Ry is the external resistance, Eyrc is the voltage, and Vyec is the cell volume.

2.1.5 Dermination of Fe(ll) reduction

Fe(lll) reduction activity was determined using a previous method [27]. A half mL of culture was aseptically
sampled with a syringe and mixed with 1 mL HCI solution (0.5 N). This mixture was reacted for 15 min. at room
temperature, and then centrifuged for 5 min. The micture of supernatant (0.1 mL) and ferrozine solution (ImL, 1 g/L
in 50 mM HEPES buffer) was reacted for 15 min before measurement of optical density at 562 nm using a
spectrophotometer. The fresh medium was used as a control sample instead of culture. Ferrous ethylenediammonium
sulfate tetrahydrate (C,H;o,N,0,SFeS0O,44H,0) was used to make a standard Fe(l1) solution [24].

2.2 Analysis of bacterial community

The biofilm formed on the carbon cloth electrodes from the anodes was used for DNA extraction using a PowerSoil
DNA Isolation Kit (Mo Bio Laboratories, Inc. Carlsbad, CA) according to the manufacturer’s instruction. Total
genomic DNA was used as template for PCR amplification of approximately 1500 pb of 16S rDNA with a forward
primer (271, 5 -AGAGTTTGATCCTGGCTCAG-3") and a reverse primer (1492r, 5-
GGTTACCTTGTTAACGACTT-3") [28]. The PCR products were purified and cloned into TOPO TA cloning
vector pCR2.1 according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Then they were transformed
into competent cells of E. coli XL1-Blue by electroporation. White transformants were transferred to plates
containing LB broth (25ug/mL kanamycin and 200ug/mL ampicillin), grown overnight at 37°C. Plasmids were
isolated using High Pure Plasmid kit (ROCHE, Indianapolis, IN) subsequently clones were digested (2 h, 37°C) with

EcoR1 (BioLabs, New England) for the presence of inserts.

2.2.1 Sequencing and phylogenetic analysis

Inserts were sequenced on the sense and antisense stands at the Instituto de Biotecnologia de la Universidad Nacional
Autonoma de Mexico using a Taq FS Dye Terminator cycle fluorescence-based sequencing with an automated
capillary sequencer (Perkin Elmer, model 3130xI, Applied Biosystems). The sequencing reaction was performed
using M13F-pUC (5"-GTTTTCCCAGTCACGTTGTA-3") and M13R-pUC (5"-TTGTGAGCGGATAACAATTTC-
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3"). 16s RNA gene sequences of aproximately 1500 nucleotides retrieved from each clone were assembled and edited
using Bioedit. All sequences were further analyzed with Bellerephon chimera check program and with BLAST
program (National Center for Biotechnology Information) [29] to determine the closest available database sequences.
Multiple sequence aligments were performed using ClustalW and MEGA 5.0 software. Phylogenetic analyses were
performed aligned sequences by the Neighbor-Joining algorithm with Kimura 2 parameter distance and
bootstrapping of 1000 replicates in the Phylip program.

2.2.2 Calculations of ecological indices
Shannon-Weaver diversity index has been a popular index in the ecological literature [30]. Shannon-Weaver index is
defined as:

S

H'= -2 (pi log p) )
i=1

where:

pi = is the proportion of characters belonging to the i type of letter in the string of interest. In ecology, p; is often the
proportion of individuals belonging to the i species in the dataset of interest.

Pielous evenness index is a measure of a biodiversity which quantifies how equal the community is numerically [31].
This index [32] is defined as:

J=H (3)
InS
where:

H’= is the number derived from the Shannon-Weaver index
S’=is the total Lumber of species
J'=is contrained between 0 and 1

Poggi’s divergence index is defined as.

Ap= (n’p+n’s) 4)
(na + ng)
where:

nag= number of bands that are present both in lane A and lane B
n A= number of bands of lane A absent in lane B

n's = number of bands of lane B absent in lane A

na= total number of bands in lane A

ng= total number of bands in lane B
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3. Results and discussion

3.1 Characterization of MFC-S loaded with SR and E

The polarization curves and the power variation with current intensity of the MFC-S loaded with SR and E are
shown in Figure 2A and Figure 2B, respectively.

The internal resistences were calculated as the slopes of the sets of aligned points of the corresponding polarization

curves; the values were 4602 and 35 Q for the MFC loaded with SR and E, respectively (Table 2).
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Figure 2. Polarization curves of MFC-S: (A) loaded with SR and (B) loaded with E.

Maximum volumetric powers Py in MFC loaded with SR and E were 52 and 76 mW/m?®, respectively, and anode
density powers P, of the MFC loaded with SR and E were 4.3 and 6.4 mW/m?, respectively. When MFC was
loaded with E, the voltage was 0.65 V; this voltage is higher than MFC load with SR (0.52 V). All the other
response variables in MFC-S loaded with E were higher than MFC-S loaded with SR (Table 1).

Table 1. Effect of inocula SR and E on characteristics of a standard microbial fuel cell

Parameter MFC-S MFC-S
SR E

Rint (Q) 4602 + 40 1593 +5

P an-max (MW m?) 43407 6.4+1.2

Py-max (MW m) 52 + 14 76 21

Ivecmax (MA) 0.10+0.1 0.33+0.1

Emrcmax (V) 0.52 +0.05 0.65 + 0.04

Purcma (MW)  0.008+0.002  0.015 +0.03

E inoculum was better than SR inoculum on the performance of MFC-S, this could be due that the electrochemically
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active bacteria in MFCs are thought to be iron-reducing such as Shewanella and Geobacter species [33-34]. A
number of bacteria have been isolated with the ability to use Fe(Il1) as a terminal electron acceptor [35-36]. Although
there is evidence that a soluble electron carrier is involved in the electron transfer to the water-insoluble electron
acceptor [37-38], direct contact between the bacterial cells and the electron acceptor is required for the dissimilatory
Fe(l11) reduction [35,39]. Among the Fe(lll)-reducers, Shewanella putrefaciens [40] and Geobacter sulfurreducens
[41] are known to localize the majority of their membrane-bound cytochromes on the outer memebrane; and the
former is electrochemically active [42-43].

On the other hand, performance of MFC-S loaded with E inoculum was superior to performance of MFC-S loaded
with SR inoculum (46% higher Pymax, 65% lower Rint), these results are similar to those reported by Wang et al.
(2010) [44] who developed a rapid selection method to enrich for a stable and efficient anodophilic consortium for
MFCs. They compared the characteristics of their MFC inoculated with the enriched consortium with those of cell
inoculated with original biofilm or activated sludge. They found that power density achieved with the enriched
consortium (226 mW/m?) was higher (by 10%) then those of the original biofilm (209 mW/m?) and activated sludge
(192 mW/m?).

In general, in our work performance of MFC-S with both inocula was relatively modest. This could be due to the
architecture of cell wich has a spacing inter-electrode of 7.8 cm, therefore the internal resistance values are high and
power densities are low. The significant decrease of R;,; with decrease of inter-electrode distance is consistent with

previous experiments on the effect of electrode spacing on internal resistance of MFC [45-48].

3.2 Characterization of MFC-P loaded with SR and E inocula

The polarization curves and the power variation with current intensity of the MFC-P loaded with SR inoculum and
connected in series and parallel, are shown in Figure 3A and Figure 3B, respectively. The figures 4A and 4B show
the variation with current intensity of the MFC-P loaded with E inoculum and connected in series and parallel,
respectively.

The values of Rj, were 400 and 84 Q for the MFC-P loaded with SR inoculum and connected in series and parallel,
respectively, and 292 and 130 Q for the MFC-P loaded with E, connected in series and parallel, respectively In
particular, the proportion of R;,, decrease in our work was similar to that reported elsewhere [11, 29]. Also, the effect

of using enriched inoculum was significantly beneficial.
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Figure 3. Polarization curves of MFC-P: (A) connection in series and (B) connection in Parallel.

Maximum volumetric powers Py, in MFC-P loaded with SR inoculum and connected in series and parallel were 655
and 1800 mW/m®, respectively, and anode density powers P, of the MFC-P connected in series and parallel were
18.4 and 50 mW/m?, respectively. During the connection in series, the voltage was 0.66 V; this voltage was almost
double of that obtained when the MFC-P was connected in parallel (0.34 V). All the other response variables in

MFC-P connected in parallel were higher than MFC connected in series (Table 2).

1.0 q 200 0.8 7 60
08 1150 o~ 06 PN
— o~ T 40
0 1100 2 0 04 B 2
= 04 = 2 =
[TT D% L 120 5
0.2 -+ 50 0.2
0.0 T T 0 0.0 T T 0
0.E+00 2.E-03 4.E-03 6.E-03 0.E+00 1.E-03 2.E-03 3.E-03
Imrc(A) Imrc(A)

Figure 3. Polarization curves of MFC-P loaded with E: (A) connection in series and (B) connection in parallel.

On the other hand, the values of maximum volumetric powers in MFC-P loaded with E inoculum and connected in
series and parallel, respectively, maximum volumetric powers were 1772 and 5 804 mW/m? and anode density
powers P, were 64 and 209 mW/m?. When MFC-P loaded with E was conected in series, the voltage was 0.82 V;
this voltage is higher than MFC-P connected in parallel (0.64 V). All the other response variables in MFC-P loaded

with E connected in series were higher than MFC-P connected in parallel (Table 2).
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Table 2. Characterization of a MFC-P using SR and E inocula and connected in series and parallel

Parameter MFC-P MFC-P MFC-P MFC-P
Series Parallel Series Parallel
SR SR E E

Rint () 400 + 40 84+5 292 + 40 1305

P anmax (MW m?) 18+0.7 50+1.2 64 +0.7 209+1.2
Py-max (MW m) 655 + 14 1800 + 21 1772+ 14 5804 + 21
IMFc-max (MA) 1.3+0.1 22+0.1 22+0.1 3.4+0.1
Emrcmax (V) 0.66 £ 0.05 0.34£0.04 0.82 £0.05 0.64 £ 0.04

Pmrc-max (MW) 0.19 +0.02 0.49+0.03 0.49+0.002 1.5+0.03

Parallel connection decreased the R;,; by presumably increasing the cross sectional area for ion flow.

Energy loss in the series connection is known to be caused by lateral ion cross-conduction between electrodes; this
phenomenon is common when fuel cell arrays sharing the same electrolyte are connected in series to increase voltage
output [16]. Parallel conection of multiple electrodes of MFC-P signficantly increased Py.m.x compared to that of the
MFC connected in series. Also, multiple MFC-P can be connected in series, forming a stacked system in order to
increase the voltage. However, when this is done the stack usually undergoes voltage reversal, resulting in a dramatic
decrease of stack voltage [15].

Parallel connection decresed not only the internal resistence by increasing the cross sectional area for ion flow, but
also possibly diminished the electrode overpotential by increasing the total electrode suface area.

On the other hand, series connection showed an inverse trend to those in the parallel connection, with one order of
magnitude higher resistence. Energy loss in the series connection is known to be caused by lateral ion cross-
conduction between electrodes [16].

The relatively low values of P, obtained in this work could be due to the be the surface area electrode material, the
effect of the larger anode surface area on power was show with several material such as plain graphite, carbon cloth,
graphite foam; this effect was relatively insignificant by adding graphite granules or using graphite fiber brushes in
the MFC. Those material increased the surface area [4,8].

Parallel conection of multiple electrodes of MFC-P signficantly increased Py.n.x compared to Py, of MFC-P
connected in series (Table 2).

On the other hand, E inoculum was better than SR inoculum on the MFC-P performance, this could be due to the the
presence of iron-reducing bacteria are, probably electrochemically active bacteria. Chang et al. (2006) [49] defined
EAB as bacteria that possess the ability to transfer electrons from oxidized fuel (substrate) to a working electrode
without mediators. Dissimilatory metal-reducing bacteria (DMRB), wich are capable of the reduction of soil metal
oxides, are known EAB species, including Geobacter and Shewanella spp. It was shown that the anode electrode in
MFCs served as the electron acceptor for growth and metabolism of EAB, which are capable of current production in

the absence of a mediator.
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3.3 Analysis of bacterial community
3.3.1 Enrichment procedure

The figure 4 show the results of serial transfers procedure. A concentration of 100 mM Fe*? was achieved on day 4 at
the stage inoculation, while this concentration in the other stages is achieved on the first day.
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Figure 2. Serial transfers procedure. (A) Inoculation, (B) First Transfer, (C) Second Transfer, (D) Third Transfer.

Table 3 show Fe*? initial and final concentration in serial transfers procedure. We could achieve a 419 mM Fe*? final
concentration in the last transfer, this value is more than twice what was obtained in the final inoculation stage. All

this is an evidence that the enrichment procedure was successful.
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Tabla 3. Concentrarion of Fe*> mM during serial transfer procedure

Stage Initial Fe™ mM Final Fe™ mM
Inoculation 7.3 173
First Transfer 255 336.5
Second Transfer 25.5 345.7
Third Transfer 25.9 419.9

Our results are similar to those reported by Hyun et al. (1999) [24] who isolated a Fe(Ill)-reducer from the natural
enviroment. Soil samples were collected from various paddy fields and enriched with ferric citrate as a source of
Fe(I11) under anaerobic conditions. The final enriched culture showed the highest Fe(l11)-reduction activity. Bacterial
growth was coupled with oxidation of lactate and pyruvate to Fe(lll)-reduction, final concentration Fe*? was 192.3
mM and 231.9, respectively, this results were obtained after 4 days

Table 4 shows the bacterial population obtained from biofilm of the MFC-S loaded with sulphate-reducing inoculum
and enriched inoculum. Clostridiales bacterium was present in both inocula.

The major clones amplified from biofilm of the MFC-S loaded with sulphate-reducing inoculum were: Clostridia
(42%), 98% identity with Clostridiales bacterium; J-Proteobacteria (16%), 99% identity with Desulfovibrio
desulfuricans; Firmicutes (16%), 96% identity with Alkaliphilus oremlandii, and an Uncultured bacterium (26%)
93% identity with uncultured bacterium.

The major clones amplified from biofilm of the MFC-S loaded with sulphate-reducing inoculum were:
Deferribacteres (25%), 97% identity with Geovibrio ferrireducens; Deferribacteres (25%), 97% identity with
Geovibrio Thiophilus; Deferribacteres (25%), 97% identity with Denitrovibrio acetiphilus, and a Clostridia (25%)
98% identity with Clostridiales bacterium.

There was a significant difference in community composition between both inocula. Clostridia predominated in the
community of the biofilm of the MFC fed with sulphate reducing inoculum, whereas in the the biofilm of the cell

loaded with enriched inocula the predominant microbes belonged to Deferribacteres class.

Table 3. The bacterial diversity on biofilm of MFC loaded with different inocula.

Inocula Similar relatives Identity Abundance Phylum
(clones) (%) (%) (class)
Desulfovibrio
desulfuricans (1) 100 16 o-Proteobacteria
Sulphate-reducing  Clostriales
Bacterium (3) 99 42 Clostridia
Alkaliphilus
oremlandii (1) 96 16 Firmicutes
Uncultured Uncultured
Bacterium (2) 93 26 bacterium
Geovibrio
ferrireducens (1) 97 25 Deferribacteres
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Enriched Geovibrio
Thiophilus (1) 97 25 Deferribacteres
Denitrovibrio
acetiphilus (1) 97 25 Deferribacteres
Clostridiales
Bacterium (1) 98 25 Clostridia

Our results were similar to those observed by Fung et al. (2006) [50], who enriched electrochemically active bacteria
in a MFC using glucose and glutamate (copiotrophic conditions); their enriched population consisted of y-
Proteobacteria (36.5%), followed by Firmicutes (27%) and J- Proteobacteria (15%). Logan and Regan (2006) [51],
observed that the bacterial communities that develop in MFC show great diversity, ranging from primarily J-
Proteobacteria, that predominate in sediments MFCs to communities composed of a- , B-, y- or J-Proteobacteria,
Firmicutes and uncharacterized clones in other types of MFCs. On the other hand Geovibrio ferrireducens,
Geovibrio thiophilus and Denitrovibrio acetiphilus are known to contain c-type cytochromes [52]. Current evidence
suggests that a series of c-type cytochromes associated with the inner membrane, the periplasm, and the outer
membrane might interact to transfer electrons to the outer membrane surface.

The bacterial population in the anodic biofilms of our cell was not as rich as found in other types of inocula. For
instance, diversity given by Shanon-Weaver index [30] was 1.27 and 1.38 and the species evenness given by Pielou’s
evenness index [31] was 0.66 and 0.71, for the sulphate reducing and enriched inoculum, respectively (Tabla 4).

These values mean that diverstiy of inocula was relatively low and the evenness was low-to-moderate, respectively.

Tabla 4. Ecological indices of the biocatalysts

Inoculum Shanon-Weaver Pielou’s evenness Divergence index
of Poggi
SR 1.27 0.66 0.75
E 1.38 0.71

4. Conclusion

MFC-P whose main features were the assemblages or ‘sandwich’ arrangement of the cathode-memebrane-anode and
the extended surface area of electrodes (higher &) exhibited a performance significantly superior to that of a similar
cell (standard cell) where the electrodes were separated. The characterization experiments showed that the MFC-P
lead to significant reduction of cell internal resistances compared to the standard cell. The improvement in Py, was
ascribed to the combined effects of increased & and decrease of Rjy.

The Ry of the MFC-P loaded with both inocula was significantly lower than that of the standard cell; this result was
ascribed to both the changes in cell architecture and decrease of the inter-electrode distance.

Our results confirm the advantages of the ‘sandwich’ assemblage of CMA over separated electrodes, and

demonstrate the convenience of parallel connection of faces in multi-face MFC-P in order to further abate the
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internal resistance of the new design cell and increse volumetric power Py,.

The enrichment procedure was successful and indicates the presence of iron-reducing bacteria. Enriched inoculum
improved the characteristics of both types of cells used in this work.

On the other hand, we demostrated the successful application of molecular ecological techniques to analyze bacterial
diversity, direct 16S rDNA analysis showed low species richness and low-to-moderate evenness. Microbial
community anchored in the MFC consisted primarily of Clostrdiiales bacterium and Desulfovibrio desulfuricans, the
last one is a member of d-subdivision of Proteobacteria. These bacteria are recognized to be capable of exocellular
electron transfer collectivelly defined as a community of “exoelectrogens”. Geovibrio ferrireducens, Geovibrio
thiophilus and Denitrovibrio acetiphilus are known to contain c-type cytochromes, current evidence suggests that a
series of c-type cytochromes associated with the inner membrane, the periplasm, and the outer membrane might
interact to transfer electrons to the outer membrane surface.
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CMA ‘sandwich’ arrangement cathode-membrane-anode
COoD chemical oxygen demand
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ABSTRACT

Among the familiar types of fuel cells, a new technology is emerging. Alkaline direct alcohol fuel cells (ADAFC)
have attracted much attention, since they overcome many of the major issues of its predecessors, such as carbonation
and alcohol crossover. Historically, either in acid or alkaline media, Pt has shown the best catalytic activity for
methanol electrooxidation. Unfortunately, the high price and limited supply of Pt make it prohibitive for large scale
production. In ADAFC, the weaker specific adsorption of spectator ions in basic media; and higher coverage of
adsorbed OH at low potential permit superior catalytic performance of other noble catalysts for methanol
electrooxidation.

In this context, the present work is concerned with two different carbon supported alloys, AuPd and Au,Pd. These
alloy compositions were chosen for comparison, but also, in the case of the latter, to set a scenario where Pd is
depleted due to its unavoidable dissolution during continuous operation of an alkaline direct methanol fuel cell
(ADMFC). Thus, the bimetallic catalysts were synthesized by chemical reduction with NaBH,; supported in
commercial carbon black; and later fully characterized to obtain parameters such as chemical composition, alloying
degree, particle size, and electrocatalytic activity. Exclusively, the AuPd/C demonstrated capability to promote the
electrooxidation of methanol. This proved that, within these bimetallic alloys, in conditions of dissolution of Pd and

ensuing enrichment of Au, a null catalytic activity is attained.
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1. Introduction

Among the familiar types of fuel cells, a new technology is emerging, which is not quite an alkaline fuel cell (AFC)
nor a direct alcohol fuel cell (DAFC), but a hybrid. These alkaline direct alcohol fuel cells, ADAFC hereinafter, have
recently attracted much attention, since they overcome many of the major issues encountered in the two
abovementioned parent technological approaches. As a matter of fact, the exploitation of alkaline anion exchange
membranes (AAEM) as electrolyte in ADAFC brings with it inherent benefits, such as carbonation prevention and
reduced alcohol crossover. Besides, a basic medium, on the other hand, eases both alcohol oxidation and oxygen
reduction.[1,2]

Either in acid or alkaline media, platinum (Pt) has shown the best catalytic activity for methanol electrooxidation.
Therefore, Pt and Pt-based catalysts have been traditionally used in direct methanol fuel cells (DMFC).[3] However,
the high price and limited supply of Pt make it prohibitive for large scale production. Here, alkaline direct methanol
fuel cells (ADMFC) become the obvious choice due to their weaker specific adsorption of spectator ions in basic
media; and higher coverage of adsorbed OH at low potential, necessary for methanol electrooxidation. These two
characteristics even permit superior catalytic performance of other noble catalysts in alkaline media, according to the
following reactions:

CH,OH+60H™ — CO,+5H,0+6€ [ E; =0.81V | "

$0,+3H,0+6€ »60H" [ EZ =0.40V | @)

Despite its slightly larger particle size, when compared to Pt, palladium (Pd) can be a suitable catalyst for ADMFC.
Actually, it has been shown that Pd exhibits an outstanding synergistic effect in combination with gold (Au) in
bimetallic alloys, [4] which make acceptable the use of Au, a precious metal twice more expensive than Pd.[5,6] This
improvement in catalytic activity and chemical stability is almost certainly due to the suppression of Pd dissolution
in a highly oxidizing medium [7] that in turn results of the capacity of Au to withdraw electrons within the bimetallic
alloy, as the most electronegative metal in the periodic chart. Thus, it is not surprising that since 1960s Au-Pd had
been investigated mainly as an alternative catalyst for hydrocarbon refining. [8]

Overall, among the key factors that affect the activity of a bimetallic catalyst during the electrooxidation process in
an ADAFC are the components arrangement, surface structure, particle size, and alloying degree. For instance, it has
been demonstrated that Pd particles in the range between 5 and 7 nm show an enhanced catalytic performance. [9]
Added to this, and even more important are the particular geometric effects exhibited by Au-Pd at various alloy
homogeneities.[10] At this last point, the catalyst synthesis route plays an important role in controlling metal

deposition and ultimately the alloying degree in bimetallic particles.

‘,::A\(;
{ y &

1 Ay,
% 2 Yuccgc‘:rlx ge}'/er for
f
‘ Mexican Hydrogen Society scientific Research 178

104
0’0‘0’0



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

Indeed, incomplete alloying of Au-Pd can be originated due to a faster reduction of Au, when employing sodium
borohydride (NaBHy,), particularly if both catalyst precursors are dissolved in tandem.[8] Thus, if the aforesaid
occurs, it is expected to encounter both Au and Au-Pd particles, rather than isolated Pd particles; such chemical
behaviour, it is understood in terms of the redox potentials of Au (1.00 V) and Pd (0.62 V), which do not allow a
galvanic reaction to occur for the electrodeposition of Pd, through the reduction of the PdCI,” ion, on the surface of
Au.

In this context, the present paper is concerned with the synthesis and characterization of a low metal loading catalyst:
Au-Pd/C. Data from two different carbon supported alloys, AuPd and Au,Pd, is discussed. These alloy compositions
were chosen for comparison, but also, in the case of the latter, to set a scenario where palladium is depleted due to its
unavoidable dissolution during continuous operation of an ADMFC. To our knowledge, the electrocatalytic

performance of such bimetallic alloy for methanol oxidation has not yet been investigated.

2. Experimental

Preparation of Au-Pd/C electrocatalysts

Carbon-supported AuPd nanoparticles with two different compositions [3:1] and [1:1], Au,Pd and AuPd hereinafter,
were synthesized by simultaneous chemical reduction of HAuCl, and Na,PdCl, in presence of NaBH, as a reducing
agent.

The Au,Pd and AuPd nanoalloys were prepared by dissolving appropriate amounts of HAuCl, and Na,PdCl, in 50
mL of deionized water, as summarized in Table 1. The two resulting aqueous solutions were then heated at 50°C
under air atmosphere. In tandem, a protective agent was obtained by dissolving 300 mg of Polyvinylpyrrolidone
(PVP40) in 100 mL of methanol. Afterwards, each of the two aqueous solutions containing the precursors were
mixed, separately, with 50 mL of the solution containing PVP40 and kept under stirring under air atmosphere. These
metallic admixtures were then chemically reduced by the drop-wise incorporation of 6 mL of a 66 mM NaBH,
solution. All reagents were high purity, 99.99% or better, from Sigma Aldrich, except for NaBH, which was
obtained from Fluka.

Table 1. The amounts of precursors weighed and expected compositions of Au-Pd particles synthesized in this study.

Sample System mmol Au mmol Pd mgHAuUCI, mg Na,PdCl,
Au,Pd [3:1] 0.99 0.33 33.63 9.70
AuPd [1:1] 0.66 0.66 22.42 19.41

The aforesaid procedure yielded two colloidal dispersions, AuPd and Au,Pd. In order to obtain either of the
supported bimetallic catalysts, AuPd/C or Au,Pd/C, 1 g of carbon black (Vulcan XC72) were oxidized with 500 mL
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of H,0, (30wt%) at 40°C, and just before the carbon paste got dry, 1 mL of the corresponding colloidal dispersion
was added, and then treated at 330°C under nitrogen atmosphere for 20 minutes.

Characterization Methods

X-ray diffraction (XRD) was carried out directly on the supported electrocatalysts using a Siemens D5000
diffractometer with a step of 0.1° from 5° to 90° 26, 5s/step; and employing a Cu Ka radiation’s wavelength of
1.541877 A. Thermogravimetric analysis (TGA) was performed within a TGA Q500 from TA Instruments. The
sample (ca. 20 mg) was heated in a platinum pan from room temperature up to 950°C at a temperature slope of
10°C/min and with a constant flow of 50 mL/min of N,. X-ray fluorescence (XRF) measurements were made in a
Horiba XGT-1000WR spectrometer equipped with a Rh X-ray source and a high purity Si detector. A Jeol 100 CX
was used for transmission electron microscopy (TEM) analysis of the bimetallic particles. For this purpose, a drop of
each of the nanoparticle colloidal dispersions was placed separately on a copper grid and later dried for its
observation under the microscope.

Electrochemical Measurements

Electrochemical characterization of the supported catalysts was conducted at room temperature (20 £ 0.5°C) in a
three-electrode glass cell consisting of a platinum rod as counter electrode; a saturated calomel electrode (SCE)
serving as reference; and carbon paper with an area of 1 cm? acting as working electrode. The reference electrode
was fixed close to the working electrode through a Luggin capillary. The working electrode was produced by
dropping a suitable amount of alcoholic sol containing the catalyst onto the carbon paper; such sol was prepared
dispersing ultrasonically 20 mg of the carbon supported electrocatalyst in 0.5 mL of isopropanol to which 25 pL of
5wt% Nafion solution were added, during 20 minutes.

Cyclic voltammetry (CV) and electrochemical impedance (EIS) measurements were performed in 0.5 M NaOH in
absence and presence of 1.0 M methanol, using a Voltalab Potentiostat/Galvanostat model PGZ 301. In both
experimental scenarios, the electrolyte (0.5 M NaOH) was bubbled with high purity nitrogen gas for deaeration
during one hour before initiating any electrochemical analysis. Whereas voltammogram curves were acquired at 50,
25 and 10 mV/s; impedance spectra were recorded at open circuit potential within the frequency range between 100
kHz to 10 mHz and the amplitude of the AC signal at 10 mV.

3. Results and discussion

Catalyst Characterization

Figure 1 shows the micrographs of the Au,Pd and AuPd colloidal dispersions. A qualitative interpretation of TEM
analysis through the micrographs (insets in Fig. 1A and 1B) obtained from high angle annular dark field scanning
transmission electron microscopy (Z-contrast) revealed that there was not just one single phase occurring in the
colloidal dispersions, as would be expected; which is likely to result of an incomplete alloying process between Au
and Pd during simultaneous chemical reduction. All of the above derived from the fact that under Z-contrast

conditions, the micrographs exhibited several dots within the specimens in which the brightness was not similar.
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Figure 1. TEM images of the colloidal dispersions of: A) Au,Pd; and B) AuPd. Inset in each figure displays a
HAADF-STEM micrograph of its corresponding system.
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Since it was, therefore, important to verify the alloying degree in both bimetallic systems, XRD and XRF were
exploited. Figure 2 displays the XRD patterns of Au,Pd/C and AuPd/C. In both cases, the diffractograms revealed
peaks that relate to the (111), (200), (220) and (311) planes indexed for Au (JCPDS 04-0784) and Pd (JCPDS 05-
0681) in their face centered cubic structures. Although all of these XRD features observed in the diffractograms
result of the sum of two single diffraction peaks, it was remarkable to notice an isolated reflection for tetragonal
PdO, evolving from the convolution of its facets (002) and (101); such observation made clear that the asymmetric
peak ca. 45° should also include a significant contribution from the (110) plane of PdO (JCPDS 75-0584). The
unexpected occurrence of PdO is evidence of an inadequate catalyst supporting process, which did not avoid
oxidation of the free metallic Pd, produced due to an incomplete alloying process. With respect to the carbonaceous
catalyst support, the diffractograms allowed to identify unequivocally a broad band ca. 25°, attributed to the (002)
plane of turbostratic carbon, which is clearly evident in both XRD patterns. Isolated reflections for Au-Pd (alloy) and
PdO, ca. 39° and 32° respectively, were chosen to estimate the mean crystallite size according to the Debye-Scherrer
equation. Peak fitting analysis correspondingly indicated crystallite sizes of about 5 nm and 19 nm for Au-Pd and
PdO. Also using the results of the peak fitting analysis of the XRD patterns, the alloying degree in both catalysts was
calculated using Vegard’s law, based particularly on the position of the (111) peak for Au-Pd; since that is one of the
two Au-Pd reflections free of contribution from PdO. According to the above, the atomic percent of alloying Au in
Au,Pd/C was 77% and 64% in AuPd/C. These values were, however, in discrepancy with the XRF atomic
compositions, as shown in Table 2. This provides further support to the abovementioned argument that sustains that
oxidation of free metallic Pd gives rise to PdO; as a matter of fact, such difference among atomic compositions
yields that 33% and 50% of the Pd within Au,Pd/C and AuPd/C, respectively, is in the form of PdO.
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Figure 2. X-ray diffractograms of the bimetallic supported catalysts.
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In order to determine the metal loadings of the two supported catalysts TGA was exploited. Figure 3 presents the
analytical thermograms of Au,Pd/C and AuPd/C. Several insights were inferred through simple observation. In the
case of Au,Pd/C, it is evident an early weight loss that stabilizes around 100°C that, accordingly, it has been
associated with water evaporation. Another drop, ca. 300°C, solely observed in Au,Pd/C was attributed to a
palladium hydride (PdH,) that decomposes at such temperature, releasing hydrogen. Despite not being apparent in
Figure 2, PdH, was considered, since its corresponding XRD reflections could easily be obscured by the (111) and
(200) peaks of Au-Pd. Besides, PdH, could be feasibly produced via dissociation of BH, ions and later absorption of
chemisorbed hydrogen atoms into its lattice.[11] Then, a uniform behavior was observed for both catalysts, where
full thermal decomposition of the carbonaceous support was achieved at 550°C; followed by the melting and
ultimate conversion of PdO to Pd starting at 750°C.[12] Thus, based on the analytical thermograms, the actual metal
loadings in Au,Pd/C and AuPd/C were 4.56% and 5.56%, respectively. Note that, in virtue of the above, metal
loadings were determined in the flat region situated between 550°C to 750°C with the aim of incorporating the mass

contribution of PdO within the metal loadings of both catalysts.
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Figure 3. Top: Thermograms of Au,Pd/C and AuPd/C. Bottom: Zoom in on the PdO decomposition region.

Table 2. Summary of relevant characterization results of the supported catalysts prepared in this study.

Sample Composition Components Crystallite sizes (nm) Metal loading
Alloy Atomic Au-Pd PdO

Au,Pd/C  Aup77Pdo2s  AuggePdoss  Au-Pd, PdO; PdH,; H,O; C 4.8 16.9 4.56%

AUPJ/C  AugePdoss  AupssPdosy Au-Pd; PdO; C 5.6 21.6 5.56%
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Electrochemical Performance

The cyclic voltammograms for the Au,Pd/C and AuPd/C in alkaline media are shown in Figure 4. Whereas the main
plot in Figure 4 is intended to observe methanol electrooxidation; the inset within should display the characteristic
hydroxyl (OH") adsorption/desorption process.
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Figure 4. Cyclic voltammograms of methanol electrooxidation on the Au-Pd electrodes in 0.5 M NaOH solution
containing 1.0 M methanol with a scan rate of 10 mV/s. Inset: Cyclic voltammetry of hydroxyl (OH")
adsorption/desorption in 0.5 M NaOH solution at 10 mV/s.

Although similar, both voltammograms presented in the inset in Figure 4 revealed two distinct cathodic peaks ca. -
300 mV, which were attributed to the reduction of PdO (Reaction 3), already present in both catalysts, as
demonstrated by the XRD patterns. It is noteworthy that no clear evidence of sorption processes was found. Even
though, the electrochemically active surface area (ECSA) was calculated for AuPd/C (434.9 cm?/mg) based on the
PdO reduction peak; subsequently the electrocatalytic activity was only qualitatively assessed due to the significant
uncertainty derived of the occurrence of PdO in the original composition of both catalysts and therefore the
abovementioned value for ECSA of AuPd/C should be taken with caution.

PdO +H,0+¢€—Pd+20H" )

At this point, and despite the lack of adsorption and desorption peaks; it was outstanding to observe in Figure 4, only
for AuPd/C, the capability of promoting electrooxidation of methanol in alkaline media, even if it is at a higher onset
potential (-437 mV) with respect to Pd/C (-590 mV).[13] Methanol oxidation in alkaline media has been
characterized by two anodic peaks obtained during the forward and reverse scan. The former is usually related to the
oxidation of freshly chemisorbed species from methanol adsorption; whereas the latter is fundamentally associated to

removal of the carbonaceous species originated during the aforesaid chemisorption process.[13] It should be noted
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that during cyclic voltammetries the forward sweep was restrained in order to avoid water oxidation that could lead
to oxygen production, which ultimately would interfere. Therefore it was suffice to observe just one of the anodic
peaks to verify the electrocatalytic activity of AuPd/C. Finishing with a detailed description of the cyclic
voltammogram of methanol oxidation on the surface of AuPd/C, there is a broad anodic peak centred at -75 mV
caused by the formation of an oxide of the alloy. The complementary cathodic peak corresponding to the reduction
of the oxide of the alloy is diffuse, and roughly centred at 70 mV.
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Figure 5. Nyquist plots of the EIS results obtained for Au,Pd/C and AuPd/C in alkaline media, whether in presence
or absence of methanol. Whereas experimental data is represented by dots; simulations are presented as solid lines.

Impedance results are shown in Figures 5. The EIS experimental data was simulated using ZPLOT software. The
values obtained for the Charge Transfer Resistances (Rct) and Constant Phase Elements (CPE) are summarized in
Table 3, and the electric equivalent circuits used for the simulation are presented in Figure 6.

Table 3. Electrical elements and their values employed during simulations of the electrochemical data.

Sample MeOH Rcq CPE; n Rct, CPE, n

() (F) @ (F
AuPd/C ()  109.60 0.0074 0.52 245 0.039 0.80
AuPd/C  (+) 6 004 070 80 015 0.87

AUPd/IC () 200  0.057 0.87
AUPd/IC  (+) 220 0.042 087
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Figure 6. Electrical equivalent circuits used during simulations of the EIS results. A) Au,Pd/C; and B) AuPd/C.

In both materials, a response controlled by a Faradaic process was observed. For the AuPd/C sample, the Nyquist
diagrams in presence and absence of methanol were represented with a single semicircle slightly depressed. This
response is typical for an electrode/electrolyte interface, where the charge transference between the catalyst and the
chemical species in the electrolyte is accomplished in one single step. [14]. This behaviour is highly desirable in a
catalyst, since as the number of steps involved in the oxidation/reduction of species diminishes, the overall kinetics
of the process is increased.

A complete different scenario was observed in the Au,Pd/C sample where two overlapped semicircles were obtained.
This response is attributed to two different processes associated to an additional interface comparable to the AuPd/C
system. According to the TGA and XRD results of Au,Pd/C, PdH, is also occurring within the catalyst. As a matter
of fact, PdH, contributes to the EIS analysis, and is represented by the second semicircle present solely in Au,Pd/C
impedances. This additional interface provides an additional opposition to the charge transference between the
chemical species and the catalyst. This observation is in agreement with the voltamperometric analysis that shows a

higher catalytic activity of AuPd/C with respect to Au,Pd/C.

4. Conclusions

A complete characterization of Au,Pd/C and AuPd/C, prepared by co-reduction in aqueous solution, revealed that an
inadequate thermal treatment during catalyst supporting process coupled to an incomplete alloying process yielded a
significant amount of PdO in both systems. Nevertheless, and contrary to what it would be expected, AuPd/C
demonstrated electrocatalytic activity to promote methanol oxidation in alkaline media, although at higher potentials
than Pd/C on its own. In fact, cyclic voltammetry put forward nanostructured PdO, as the active phase in AuPd/C,

rather than the bimetallic nanoalloy.
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On the other hand, there was an implicit suggestion that the deficiency of palladium in Au,Pd/C could be associated
to a preferential reaction pathway, in which the occurrence of PdH, is benefited over the reduction reaction, and

ultimately the alloying process.
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ABSTRACT

Previous work recently presented by our group focused on the electrocatalytic activity of NiMo
alloys for the hydrogen evolution reaction (HER). The performance of electrodeposits fabricated by
means of current pulses from a binary Ni-Mo electrolyte was characterized by cyclic voltammetry. The
deposition time was kept constant at 2 seconds in all cases, whereas the pulse current density was varied
in the range of 7 to 107 mA/cm?®. As a follow-up work, this investigation gathers information on
compositional analysis and morphological features of electrodeposits. Electron microscopy imaging
indicated that at the electrodeposition conditions utilized, the formation of nanoparticles (NPs) was
favored; NP size ranged between 30 to 50 nm and was not significantly affected by variations in the
intensity of the current pulse. Compositional analysis of the deposits suggested that Ni content in the
electrodeposits was sensitive to changes in the applied current density, whereas Mo content was
unaffected. The presence of oxygen within the materials suggested that oxide formation is highly
probable. The electrosynthesis of two different catalytic materials was indicated by electrochemical
characterization of the deposits; each showing different electrocatalytic activity, oxidation potential and
electrochemical stability. The material with the greatest catalytic activity has also the disadvantage of
being highly unstable, since its elimination reduces almost completely the activity for the HER. Ongoing
work on compositional analysis and electron microscopy imaging is being helpful to further confirm the
presence and distribution of such different catalytic materials within the electrodeposits, as well as their

composition.
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1. INTRODUCTION

One of the biggest challenges that we face today is the need to shift our energy consumption which
currently is heavily dependent on fossil fuels to a more environmentally friendly and sustainable source of
energy. The world energy demand is a natural consequence of our search for economic wealth and
technological development but it is also tied to an unbalanced increase in the concentration of CO, in the
atmosphere, responsible for the greenhouse effect, with the direct consequence of an steady increase in
the average temperature of the earth [1, 2]. Nevertheless, the cost of fossil fuels will only increase as these
reserves significantly decline, bounding most of the current development of alternative energy sources to
a cost-effective target. Among the proposed alternatives, hydrogen is a fuel with zero emissions of
greenhouse gases (GHG), which has generated great interest in its use. To make its use feasible it is
necessary to develop a method of obtaining it environmentally clean and economically viable. The use of
solar energy in the electrolysis of water represents a process that is completely sustainable and
environmentally friendly [3].

The hydrogen evolution reaction (HER) is essential in this process. The cost efficiency of the production
of hydrogen using this method is limited by the efficiency of the energy conversion and the cost of the
materials used in the hydrogen evolution reaction, in particular the electrocatalysts for which precious
metals are commonly used [4]. As alternatives to platinum, some of the most important and studied metal
catalysts are nickel and binary or ternary alloys are Ni-V, Ni-Ti and Ni-Mo [5, 6, 7]. Many studies report
the particular catalytic activity of the nickel molybdenum (NiMo) system for the HER. This system has
demonstrated superior performance [7] and long term stability [8] compared to bare nickel and other
nickel alloys, requiring lower overpotentials [7]. In addition, Crespo et al [9] showed that NiMo
nanoparticles deposited on a glassy carbon electrode presented a current exchange density of 3.09x10™
Alcm? compared to 2.6x10°® A/cm? for nickel.

2. EXPERIMENTAL METHODOLOGIES

The composition of the electrolytic bath used for NiMo alloy deposition contained the following, 0.2M
NiSO46H,0 (Sigma Aldrich), 0.06M Na,Mo00,2H,0 (Mallinckroft Chemical Works), 0.136M
NasCgHs0,:2H,0 (Baker Analyzed Reagent) and deionized water; the pH was adjusted to 9.0 adding
NH,OH.

Electrodeposition experiments were performed using a three-electrode arrangement connected to an
EG&G PAR potentiostat/galvanostat, model 273A. The working electrode was made from a glassy
carbon rod. The rod was encapsulated in a resin and only its cross section was exposed (7x10~* ¢cm?) and
polished with alumina powder with particle diameters of 1, 0.1 and 0.02 um. The electrode was polished
for 30 seconds on each particle size. After each polishing process, the electrode was rinsed with deionized
water and cleaned by immersion in an ultrasonic bath for 30 seconds. The reference electrode was a

Hg/Hg,SO, electrode (—0.641V vs SHE) and the auxiliary electrode was constructed with a platinum
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mesh. All three electrodes were fitted into a Teflon cap to hold them in position and placed in a glass cell
with 50 mL of the solution. Current pulses of varying intensity were applied in order to deposit the nickel
and molybdenum ions from the electrolytic bath; the pulse time was kept constant at 2 seconds in all
cases. The current density range used for the electrodeposition experiments was between 7 and 107
mA/cm?. Each deposition experiment was performed in triplicate to verify reproducibility of the results.
Electrodeposited NiMo alloys were visualized under a FEI scanning electron microscope (Nova Nano
SEM 200) and images captured at an accelerating voltage of 15 kV. Quantitative compositional analysis
of the deposits was conducted by means of energy dispersive spectrometry (EDAX) integrated to the
electron microscope.

Nanoparticle size was quantitatively measured by image analysis (Image J, NIH, Baltimore, MD).
Processing of original SEM files consisted of binary image reconstruction at a predetermined grayscale
threshold. Approximately 300 in-focus objects were measured to obtain representative determinations of
particle size.

The cyclic voltammetry (CV) technique was used to characterize the electrocatalytic activity of NiMo
deposits, each electrode was transferred to a 0.78M H,S0O, solution, and a potential sweep from the open
circuit potential of the system (usually —0.4V vs Hg/HQ,SO,) to —0.9V and back to the starting potential
was performed. The activity of the deposit was a direct measure of the current generated at a fixed
overpotential of 100 mV.

3. RESULTS AND DISCUSSION

The polarization potential behavior, the electrochemical characterization, as well as the electrocatalytic
activity of fabricated deposits have been previously discussed elsewhere [10], and will be briefly
summarized next. Additional work presented here included results on compositional analysis and
morphological features of electrodeposits.

Previous results regarding the effect of the applied current density on the polarization potential behavior
(Figure 1) suggested that at current densities above 35 mA/cm? a fast polarization leading to a minimum
and a recovery towards a steady state are obtained, but at this and higher current densities the potential
drops again and a second minimum is observed at longer times. This is best shown in Figure 1 b), where
the time is plotted in logarithmic scale. This observation suggests that two different materials were
deposited at current densities above 35 mA/cm® The electrochemical characterization of deposits
consistently suggested the synthesis of two completely different materials, with distinct electrocatalytic
activities for hydrogen evolution. The most active material, whose oxidation potential occurred at
—241mV vs Hg/ Hg,SO,, was named la, whereas a second material, showing lower catalytic activity, but
higher electrochemical stability than la, was referred as Ila. This was found to oxidize at 128mV vs Hg/
Hg,SO.,.
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a)

b)

Figure 1. Polarization curves generated upon applying current pulses at different intensities in the

The catalytic activity of electrodeposits for hydrogen evolution was characterized by means of cyclic
voltammetry. Figure 2 a) shows voltammograms generated by materials obtained at different current
pulsing conditions. The current measured a given potential is a relative measure of the speed at which
hydrogen is being formed on the electrode surface where the NiMo catalyst sits, and therefore of its
electrocatalytic activity. Figure 2 b) shows a correlation between the current density used in the
preparation of electrodeposits and the current generated at a potential of -0.9V vs Hg/Hg,SO,. It was
observed that the activity of the deposits rapidly increases as the current density of the pulse used
increases and reaches its largest activity for the electrodeposits prepared with current densities between

70 to 100 mA/cm?. The activity of the deposits obtained at currents greater than 100 mA/cm? remained
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Figure 2. a) Electrocatalytic performance of deposits obtained using current pulses of 25, 35 and
71 mA/cm?. b) Current generated -0.9V as function of pulsing current fabrication conditions.

3.1. Compositional and morphological characterization of deposits

Figure 3 shows scanning electron microscopy (SEM) images of electrodeposits obtained at an applied

current density of 15 mA/cm? (a) and b)) and 70 mA/cm? (c) and d)). Figures 3 a) and 3 c) were captured

at a magnification of 60000X, whereas in Figures 3 b) and 3 d), this parameter was set-up at 120000X.

Nanoparticles (NPs) were observed in both cases, i.e. at 15 and 70 mA/cm?® However higher density

(number of nanoparticles per unit area) was found when the applied current pulse was 70 mA/cm? in
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comparison to that observed at 15 mA/cm?. These results were consistent with an expected higher nuclei
formation upon increasing the intensity of the current pulse. NP size distributions were obtained by means
of quantitative image analysis following the procedure detailed in the Experimental Section. A mean size
of 39 and 45 nm was determined when the current pulse was, respectively, 15 and 70 mA/cm? These

results indicate that the influence of the applied current density on the size of nanoparticles was not very

significant.

Figure 3. Scanning electron images of electrodeposits fabricated at 15 mA/cm?, a) and b) and 70 mA/cm?,
¢) and d). The magnification is 60000X in a) and c), and 120000X in b) and d).

In Figure 4, energy dispersive spectrometry (EDXS) results show the compositional analysis of fabricated
electrodeposits. The applied current density in Figure 4 a) was 15 mA/cm?, whereas that in Figure 4 b)
was 70 mA/cm?. Electrodeposit composition was affected by applied current density; a higher Ni content
(~4 wt %) observed when the current pulse was 70 mA/cm? contrasted with that determined at 15
mA/cm? (~2 wt %). A Mo content of approximately 0.75 wt % was practically unaffected by upon

changing the current pulse from 15 to 70 mA/cm?.
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Figure 4. EDXS analysis of electrodeposits fabricated at 15 and 70 mA/cm?, a) and b), respectively.

EDXS mapping of deposits shown in Figures 3 a) and 3 c), i. e. fabricated at 15 and 70 mA/cm?,

respectively, are presented in Figure 5. In Figures 5 a), 5 ¢) and 5 e) the respective detection of Mo, Ni

and O within the deposit obtained at 15 mA/cm? is presented; Figures 5 b), 5 d) and 5 f) show the

distribution of Mo, Ni and O in the deposit fabricated at 70 m/cm? These results suggested a rather

uniform composition of the material throughout the sample, in other words, an approximately identical

composition is expected at any point. Additional EDXS analyses of deposits fabricated at different current

densities are needed to detect compositional heterogeneities throughout the samples and confirm the

possible presence and distribution of two different catalytic materials mentioned above. This work, to be
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conducted, will be helpful in understanding the role of each material type in the catalytic performance of

deposits, as well as the pulsed current conditions at which the deposition of each type is promoted.

The presence of oxygen was evident from EDXS results presented in Figures 4 and 5, and suggested that

oxide formation is highly probable. Further EDXS analysis will provide information on the way this

oxygen gets incorporated within the electrodeposits, as well as on its role on the catalytic activity of

NiMo alloys.
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Figure 5. EDXS mapping of electrodeposits fabricated at 15 (a), ¢) and e) and 70 mA/cm? (b), d) and f)).
Images a) and b) present Mo distribution within the samples, whereas images c) and d) show Ni detection.
O distribution is given by images e) and f).

4. CONCLUSIONS

Electrodeposition of NiMo alloys using a binary electrolyte and current pulses showed the formation of
nanoparticles ranging in the size of 30 to 50 nm in diameter. The applied current density did not
significantly affect nanoparticle size, when changed from 15 to 70 mA/cm?. Compositional analysis od
deposits indicated a higher Ni content as the intensity of the current pulse was increased; being ~2 wt %
at 15 mA/cm? and approximately twice as much at 70 mA/cm® Mo content was unaffected upon
changing the applied current density from 15 to 70 mA/cm?. Electrodeposits showed compositional
uniformity at any point within the sample and further studies are needed to confirm the synthesis of

distinct types of catalytic materials suggested by the electrochemical characterization of deposits.
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Abstract

This work is a first step towards a road map for hydrogen technology in the transport sector in the city of Merida,
Yucatan, Mexico. In the case of the Metropolitan Area of Merida (MAM) approximately 34.3 % of the mobility is by
public transport, with approximately 750,000 trips and moving 352,262 habitants every day. For this reason, it is
important to improve the efficiency of the local transport system, in order to supply the demand with a high quality
service. In addition, the public transport system consists of an obsolete fleet of approximately 1,700 units. As a
consequence it is generating high operation costs due to maintenance and serious environmental pollution. The local
public transport system indeed is one of the major causes of carbon emissions.

In this study it is proposed to replace part of the existing transport system by hydrogen-based technology, in order to
achieve a more sustainable public transport infrastructure. This road map includes the selection of a specific route
and estimation of the required hydrogen production, from clean renewable energy sources connected to the grid
according to the potential of natural resources. Also, the challenges that need to be overcome along the
implementation of the hydrogen technology are analyzed. Based on an interpretation of environmental, economical
and social benefits, the most adequate chain for production, distribution, storage and conversion of hydrogen,
according to the requirements of the MAM and available hydrogen technologies, is being determined. Finally, the

economical feasibility for this proposal is determined.

Keywords: Hydrogen technology, Metropolitan Area of Merida, Urban Public Transport.
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1. Introduction
Nowadays, sustainable development is one of the global biggest challenges, being at the same time an opportunity to
develop new projects. According to the last population census of INEGI (National Institute of Statistic and
Geography) the Yucatan state had around of 1,955,577 inhabitants in 2010 and it is expected to reach 2,180,690
inhabitants in 2020 [1, 2].Therefore, it is important to mention that approximately 52.5 % of the population of the
Yucatan state is concentrated in the Metropolitan Area of Merida (MAM). The MAM is composed by six
municipalities: Progreso, Uct, Uman, Kanasin, Conkal and Merida [3].In the case of MAM, the transport system is
one of the major local pollutants that is currently expanding throughout the city. According to a mobility study
approximately 34.3 % of the mobility within the MAM is by public transport [4].
Likewise, according to the department of transport of the Yucatan state, approximately 750,000 trips are made daily
by 362,752 habitants every day [5]. In addition, the public transport system consist of 247 routes and approximately
1,700 units that use approximately 51 million gallons of fuel per year and produce 135 kton/day of CO, emissions,
being a sign of high operating costs and serious environmental pollution [5].
In order to implement a more sustainable public transportation infrastructure that includes hydrogen fuel cell buses,
we must produce the energy carrier, hydrogen, from clean renewable energy sources. In this project we analyze the
options that the MAM has to put us onto the clean hydrogen pathway, and the challenges that need to be overcome
along the implementation of hydrogen technology. Therefore, it is expecting to get the best chains of production,
distribution, storage and conversion of hydrogen, according to the potential of the MAM and the available hydrogen
technologies options. Likewise, it is expected to determinate the possible environmental and social benefits, as well
as the dimension of energy charge for produce hydrogen from renewable sources, in this case specifically from wind
and photovoltaic because of the detection of potential areas in the zone of Yucatan, with moderate wind resources of
an average 4-6 m/s range [6, 7] and with daily high solar radiation of > 5 kWh/m?[8, 9]. Also the region has 4 central
powered electricity plants with the capacity of annual electricity production of 7,721,000 MWh [10].
In order to produce clean hydrogen by the separated from water via electrolysis, electricity can be taken from the
grid (from a variety of sources) and generated by wind turbines or photovoltaics that feed the hydrogen production
facility directly [11].

2. Experimental

The development of this work is based on the information available in data base of several Mexican institutions like
SENER, INEGI, SCT, SEDUMA, PEMEX, CFE. The next paragraph describes the methodology followed for this
work.

First it has been necessary to describe the characteristics of mobility within the MAM and the structures of the Urban
Public Transport (UPT). One specific route was selected for gradual hydrogen bus implementation. Next, available
H, technologies (H, buses and electrolyzers) were analyzed according their technical specifications and local
requirements and an estimation of required hydrogen production and electrical energy could be calculated. In order
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to determine the implementation strategy an analysis of regional electrical energy resources was performed; and
based on the previous information, the emission reduction potential could be determined according to emissions
factors of IUPT (International Urban Public Transport): 70 gr/passenger/km for CO,, 1 gr/passenger/km for CO, 0.5
gr/passenger/km for HC and 0.9 gr/passenger/km for NO, [12] and the average emission factor of electricity that is
0.4698 tonCO,eq/MWh [13]. Finally, a cost analysis was realized, based on theoretical costs for different energy
sources for the chains of production, distribution and supply of H, and others costs taken for direct price quotes. The
internal rate of return (IRR) and the net present value (NPV) were determined in order to evaluate the economical
feasibility of this work; besides, a sensibility and risk analysis has been made with a variation in 10 % of the cost of
economic variables of income and expenditures obtained in this work. Based on the information obtained in the
different parts of this project, conclusions are drawn on the technical- economic viability for the implementation of
H, technology in the UPT in the MAM. The next diagram demonstrates the methodology.

Describing the UPT of
the MAM

|

Defining the strategy according to the
selected Ha technologies and resources of
the MAM to generate electricity

!

Reduction analysis of GHG Costs analysis < > Sensibility and risk analysis

!

Conclude respect to the technical-
economic viability over the
implementation of H2 technology in the
UPT of the MAM, Yucatan

Information analysis over the

offer of Ha technologies ( Hz 2

buses and electrolyzers)

Estimating the hydrogen production
and electric energy requirements

v

Figure 1. Methodology diagram for the technical-economic evaluation H, technology in the UPT in the MAM.

3. Results and discussion
First, it was necessary to define the principal stakeholders that potentially play a role in the implementation of this
pilot project, main stakeholders include federal government secretaries like SENER (secretary of energy) and SCT
(secretary of communications and transport), state government secretaries such as SEDUMA (secretary of urban

development and environment) and DTEY (transport department of the Yucatan state), local transport business
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organizations of the MAM, research and educational institutes such as CINVESTAV (Center for Research and
Advanced Studies of the National Polytechnic Institute), CICY (Yucatan Center for Scientific Research),UADY
(Autonomous University of Yucatan) and ITM (Merida Institute of Technology) and finally national energy
companies such as CFE (The Federal Electricity Commission), PEMEX (Mexican Petroleum) , and a number of
private companies. Besides it is necessary to obtain financial support of international organizations such as World
Bank, NadBank, ONU and governmental organizations; for example, the European Union.

A gradual implementation of H, buses is proposed for one specific route for in the UPT based on analysis of the
characteristics of the MAM and the available renewable hydrogen technology. The strategy consist in a short time
period (2014-2020), for metropolitan circuit route, which circumscribes the city of Merida, is 63 Km long, has a fleet
of 40 buses, buses operating 18 hours each day [14]. For H, production, electrolysis using renewable energy sources
is considered. The estimation of hydrogen production and electrical demand has been estimated according to the
characteristics and needs of the electrolyzers system Hystat 60 (Hydrogenics) with a flow rate of 5.5 kg/hr and
conversion efficiency of 53.4 kWh/kg [15] and transport model based on the Citaro autobus (Mercedes-Benz), which
has an autonomy of 200 km for 35 kg of H, [16]. Based on this information, it has been estimated that each H, bus
will perform 6 full trips per day and needs running 378 km per day requiring 66.15 kg of H,,

It is considered to introduce 4 H, buses in 2014, and increase up to a total of 20 H, buses in 2016, 28 H, buses in
2018 and 40 H, buses in 2020. In order to supply the total H, demand for these buses a yearly hydrogen production
of 110 H, ton/year for 2014 is required 516 H, ton/year for 2016, 700 H, ton/year for 2018 and 994 H, ton/year for
2020. The required yearly renewable energy production is of 7 GWh/year for 2014, 34 GWh/year for 2016, 46
GWh/year for 2018, 65 GWh/year for 2020.The amount of water needed is of 1,752 m*® for 2014, 8,176 m® for
2016, 11,096 m* for 2018 and 15,768 m® for 2020. Also, it has been determinate the emission reduction from clean
fuel is in order of 16 kton/year of CO.eq , 0.2 kton/year of CO, 0.1 kton/year of HC, 0.2 kton/year of NO,. The
emission reduction from using renewable energy instead of fosil energy for H, production is around 31 kton of
CO.eqlyear. Therefore, a total yearly GHG ( Green House Gases) reduction of 47 kton of CO,eq can be achieved, as

is shown in the figure 2.
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Figure 2. Total CO,eq avoided emissions for H, technology implementation for UPT in the MAM.

Once that the requirements of H, production, electrical demand, GHG and pollutants reductions have been
estimated; an economical analysis was performed in order to determine which are the most sensitive variables and
the economical needs for this technology application. The basic cost calculations are based on theoretical cost of
hydrogen production in midsize electrolysis plants, including the initial investment, as well as the variable and fixed
costs for the chain of production, distribution and supply of H,. Different schemes of energy production are
compared [11, 17] and the calculated hydrogen cost is of 5.33 USD/kg H, for an onsite electrolysis grid power
system, 4.26 USD/kg H, for an onsite electrolysis wind turbine power system, 4.78 USD/kg H, for an onsite
electrolysis hybrid wind turbine/grid power system, 7.66 USD/kg H, for an onsite electrolysis photovoltaic power
system and 5.69 USD/kg H, for an onsite electrolysis hybrid solar photovoltaic/grid power system. Besides, apart
from direct income from transport users, an additional income from carbon bonds is estimated to be 5 USD for each
ton of CO, [18]. The cost of water is considered to be 1.01 USD/m?® in 2014 [19]. The project has been evaluated
with a real rate of 7.69 %, considering a minimum acceptable rate of return of 12 % (the rate at which public projects
in the Yucatan state are evaluated) and also considering an inflation of 4 %. The amount that the government sector
has to provide trough financial mechanisms in order to support the project is indicated in the figure 2. An average
amount of 20 million USD a year is needed (actual subsidies for local transport amount to 7,757,952 USD/year).The
table 1 indicates in ascendant order the variables that are financially more sensitive and represent a high risk in case
of variation and show that the amount of government support is the most sensitive variable, followed by the cost of
the fuel cell bus, the cost of H, production chain, the price of transport service, carbon bonds and the water cost is the
less risk variable. It was noted that in Mexico there is a lack of financial and legal support as well as of norms and
standards that stimulate the implementation of clean energy technologies.
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Figure 3. The amount of necessary money by government in order to support the H, technology implementation for
UPT in the MAM.

Table 1. Results of sensitive analysis for different energy sources technologies.

OEGPS OEWTPS OEHWTP/GPS OESPVPS OEHSPVP/GPS
Variable '(';OF; NPV(USD) '(';)F; NPV(USD) '(';)F; NPV(USD) '(f;g NPV(USD) '(f;:; NPV(USD)
Governmental

economic 3351 10,413,009  30.12 9,981,094 3177 10138546 3721 113368312 3379 10,464,491
support

Cost of Citaro

26.25 7,178,907 2405 7,178907 2517 7,178,907 28.21 7,178,907  26.41 7,178,907
Fuel Cell Bus

Cost of H,

Chain 15.02 1,994,943 12.60 1,559,040  13.76 1,778,955 18.77 2,835,332 8.42 127,569

Price of
Transport 12.37 1,106,568 11.37 1,106,568 11.84 1,106,568 13.71 1,106,568  12.46 1,106,568
service

Carbon Bonds ~ 7.87 31,445 8.05 92,074 8.11 92,074 8.50 92,074 8.21 92,074
Water costs 7.66 -5,820 7.67 -5,820 7.66 -5,820 7.63 -5,820 7.66 -5,820
/oA ~
‘ 60 2
/ v
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4. Conclusions

A gradual implementation of hydrogen technology in public transport was proposed for one specific route in Merida,
and energetic, environmental and economic requirements were determined.

It can be concluded that H, bus implementation in Merida is technically and sustainably viable. However, according
to the sensitivity and risk analysis, it is necessary to obtain financial support, from governmental funds and

international collaborations.
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ABSTRACT

It has been recognized the role of supports in electrocatalysis as a way to increase both specific activity and lifetime
of electrocatalysts. Due its stability, some doped SnO, supports could be used as an alternative to carbon black in
PEM water electrolysis. In this work, 1rO, catalyst was mixed in a colloidal mini-mill with SnO, supports doped with
antimonium (ATO) in a fixed proportion (50:50 wt %) and the mixtures were used as anode material for Oxygen
Evolution Reaction (OER). ATO supports were obtained by reaction between Sn and Sb chloride precursors in
alcoholic medium at moderate temperature, followed by an annealing procedure at 500 °C and different times of
treatment (between 3 h and 15 h). The electrodes were evaluated in terms of OER by Linear Scan Voltammetry
(LSV) and Electrochemical Impedance Spectroscopy (EIS) techniques. Electrokinetic parameters as Tafel Slope and
Exchange Current Density for OER were obtained as a function of the different annealing times material support.
Furthermore, the Charge Transfer Resistance (Rct) for oxygen evolution obtained from the Nyquist impedance
spectra was compared. Although the LSV results showed a similar behavior for the OER of the several electrodes
studied, the EIS analysis presented some distinctive Rct values for the electrodes assayed. The electrodes that
showed minimum Rct values corresponded to those prepared with supports of 3 and 12 h of annealing time. These
results could suggest that the ATO conductive properties depend strongly on the time of thermal treatment of the

oxide in the synthesis procedure.

1. INTRODUCTION

In recent years, new technologies are being developed for energy generation in a clean, efficient and
sustainable way. The fuel cells (FC), water electrolyzers (WE) and the unified regenerative fuel cells (URFC) that
combines FC and WE in a single unit, represent viable options for electrochemical hydrogen production and power
generation in an environmental friendly way. Although some of these devices are now commercially available,
problems about the cost, availability and performance of catalysts and supports remain as the principal drawbacks of
the hydrogen electrochemical energy conversion systems. The electrochemical reactions of oxygen: oxygen

reduction reaction (ORR) and the oxygen evolution reaction (OER) usually are the slowest reactions in FC, WE and
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URFC, representing thus limiting factors for these devices developing. In this sense, an important number of studies
are currently dedicated to promote the electrochemical reactions of fuel cells and electrolyzers mainly based on the

research and developing of new effective electrode and support materials for oxygen reactions [1-9].

Although it is commonly acknowledged the use of noble metals as catalysts in FC and WE, it has been
found that Pt and other electrocatalytic metals show a better performance in the ORR than in the OER, presenting a
high overpotential for the oxygen evolution. It has been noted that the oxides of Ir and Ru, and their combination
with other metals; produce materials that are more convenient for OER catalysts. By the other side, despite of that
the Vulcan coal and others carbonaceous materials show a well behavior as catalytic supports in FC, the high
electrical potential used in an electrolyzer corrodes them, producing degradation of carbon material and a loss of
electrical contact. Consequently, the research studies in electrochemical devices besides of finding catalysts with an
activity enough for both oxygen reactions are focused in obtain support materials with the sufficient stability and

electronic conductivity required in the anodic conditions of a WE [10, 11].

In the FC a potential near of 1 V vs. ENH is reached at the operation conditions, while in the WE is
necessary to apply a potential proximate to 1.6 V vs. ENH for splitting the water into H, and O,. An oxygen
electrode in a URFC operates alternatively at these two potential values, so that it is not advisable to use Vulcan
carbon as support for the preparation of electrodes. The main disadvantage is that the operation with high potentials
promotes the degradation of coal, limiting the electron transfer when a URFC operates mainly in the fuel cell mode.
For this reason it is necessary to find an alternative support, which must be stable to a high potential of operation and

it provides a higher electrical conductivity for the reactions of the oxygen electrode [12, 13].

Tin oxides have been used as transparent conductive films in liquid crystal displays, photodetectors, solar
cells, gas sensors and protective films [14-17]. Recent studies have shown that the doped ceramic materials with a
conductive material, as is the case of ATO, means a new field in the study of the electrode supports science [18-20].
The ATO has characteristics of high resistance to corrosion in acid media and when it is doped with conductive
species as Sb™, its electrical conductivity increases to 10% or 10° Q * em™. Studies indicate that the ATO could be
used as catalyst support for OER in WE, being reported an improvement in the stability of the support as compared
with an undoped oxide, in the conditions of oxygen evolution [18, 21]. Recent researches indicate that the
characteristics of micro-structural and the nano-metric size of the ATO both depend strongly on the heat treatment of

oxide in the stages of synthesis and the relative amount of doping agent [19].

This paper shows the preliminary results of the study of the OER kinetics of an 1rO, catalyst supported on

ATO. The catalytic materials composed of IrO, with ATO obtained at different times of heat treatment (between 3 h
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and 15 h) were used to evaluate the dispersibility of catalyst and kinetic parameters as Tafel slope and transfer charge
resistance respect to OER in acid medium. The study was based in the electrochemical techniques of cyclic

voltammetry (CV), linear voltammetry (LV) and electrochemical impedance spectroscopy (EIS).

2. EXPERIMENTAL SECTION

2.1 Synthesis of antimony doped tin oxide (ATO)

ATO supports were obtained by reaction between Sn and Sb chloride precursors in alcoholic medium at
moderate temperature, followed by an annealing procedure at 500 °C and heat treatment times of 3 h, 6 h, 9 h, 12 h
and 15 h. The supports prepared by this procedure are denoted as ATO (nh) where n means the number of hours of
thermal treatment.

2.2 Electrochemical characterization
2.2.1 Electrodes preparation

The electrodes were prepared from a catalytic ink comprising 90 pL of Nafion ® (5 wt. %, Aldrich), 540 uL
of ethanol spectroscopic grade, 6 mg of IrO, and 6 mg of ATO. The ink was obtained using a
FRITSCH/PULVERISETTE 23 mini-mill for a period of 0.5 h in order to homogenize the mixture and promote
dispersion of the ink. Later, the resulting suspensions were hold in an ultrasonic bath for 0.5 h in aim to gain
additional dispersion of mixture. Subsequently, a volume of each ink was deposited on a clean polished glassy
carbon disk electrode (GCE) (A = 0.07068 cm?). The coated GCEs were dried in a furnace at 80°C for 10 min. In
order to comparison a Pt supported on ATO (3h) electrode and IrO, supported on Vulcan carbon electrode were used
Finally, IrO, and Pt films supported on ATOs were used as working electrodes for the OER Kkinetic studies. All the

current values reported in this paper are normalized to the electrode geometric area.

2.2.2 Electrochemical characterization of electrodes

All the experiments were performed in a double-compartment electrochemical glass cell. An Hg/Hg,S0,4/0.5
M H,SO4 (ESM = 0.69V vs. NHE) electrode was used as reference which was positioned as close to the working
electrode as possible by means of a Luggin capillary. A Pt-mesh was used as counter-electrode and the aqueous
electrolytic medium was 0.5 M H,SO, at room temperature. The electrochemical measurements were performed
using an EG&G PAR VersaSTAT 3 Potentiostat/Galvanostat. In this study, all measured values of potential are

reported respect to the normal hydrogen electrode (NHE).
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Cyclic voltammetry (CV) was carried out to evaluate the effect of different ATO in the IrO, or Pt electrodes
by scanning the potential at a rate of 50 mV s between -0.16 V and 1.54 V under a N, atmosphere electrolyte
solution. Oxygen evolution experiments were performed by linear scan voltammetry (LSV) at a scan rate of 5 mV s
in the anodic direction from 0.59 V to 1.69 V in O,-free electrolyte solution at a constant electrode rotation
frequency of 1000 rpm. The rotation rate was controlled by a PINE MSRX precision rotating system.

In addition, electrochemical impedance spectroscopy (EIS) experiments were carried out in the
potentiostatic mode in the 100 kHz to 10 mHz frequency range. The impedance spectra were registered with a
logarithmic data collection scheme at 10 steps per decade at 1.57 V of potential with alternate signal amplitude of 10
mV.

3. RESULTS AND DISCUSSION
3.1 Evaluation of the supports by cyclic voltammetry

Figure 1 shows cyclic voltammograms obtained for 1rO, supported on ATOs in N, saturated 0.5 M H,SO,
solution. The CV diagrams reveal that the electrochemical response for IrO, is practically unchanged with the use of
different ATO as support. Also is showed that the current density (j) attributed to 1rO, supported on ATO (3h) and
ATO (9h) are greater than the rest of the ATOs, this enhancement may be considered evidence that the dispersion of
IrO, is improved with the use of this supports. The off-peak potential for oxygen evolution on all the 1rO,/JATO
electrodes appears near to 1.45 V, although on the ATO(3h) and ATO(9h) supported electrodes the onset was about
50 mV more negative than the rest of ATOs as showed in Figure 1.

20 '
15 -
--------- ATO(3h)
10 - ATO(6h)
= ATO(9h)
g — = = ATO(12h)
<’
£
= — - = ATO(15h)
0 m
-5
'10 T T T T T T T

-0.25 0 0.25 0.5 0.75 1 1.25 15 1.75

E(NHE)/V 209



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

Figure 1. Cyclic voltammograms of GCEs coated with IrO,/ATOs (with different heat treatment times: 3h, 6h, 9h,12
h, 15h) in 0.5 M H,SO,4 at 50 mV s-1. 50 wt % IrO,/ATOs, with atmosphere: N, and room temperature.

The Figure 2 compares the cyclic voltammograms obtained for 1rO, and Pt supported on ATO (3h) and IO,
supported on Vulcan carbon in N, saturated 0.5 M H,SO, solution. The CV of Pt supported on ATO (3h) shows that
the reactions associated with the surface of Pt in an acid medium are limited by the support, avoiding identify the
characteristic peaks of Pt on a clearly way [22], nevertheless the general electrochemical behavior in acid medium of
platinum is still outlined in the voltammogram. The voltammograms corresponding to IrO, catalyst show broad
waves corresponding to the redox reactions over the Ir surface, these waves are more evident when Vulcan is used as
support. In the voltammograms of Figure 2 also can be observed that the potential onset for oxygen evolution in the
Pt/ATO electrode appears near to 1.7 V, while the corresponding oxygen evolution peaks of IrO,/ATO and 1rO,/C

electrodes appear at potential values about 300 mV more negative.
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Figure2. Cyclic voltammograms of IrO,/ATO (3h) (....), Pt/ ATO (3h) ( dashed line ) and 1rO,/C ( solid line )
electrodes in N, satured 0.5 M H,SO, at 50 mV s™.

3.2 Oxygen evolution activity of the IrO, supported on ATO

The Figure 3 shows linear scan voltammograms for OER with 1rO, support on ATO (with different heat
treatment times: 3h, 6h, 9h,12 h, 15h) in 0.5 M H,SO, at a scan rate of 5 mVs™. Since the IrO, catalyst used in the
electrode preparation was the same in the different mixtures, and the proportion catalyst-support was maintained
fixed in a 50:50 weight percent ratio, the voltammograms displacement observed in Figure 3 indicate that the OER
depend on the ATO annealing times used in the electrodes. It is observed that the OER begins in a potential near to
1.45 V when the IrO, is supported on ATO (3h) and ATO (12h), while that for the IrO, supported on other ATO the
EOR onset occurs near to 1.5 V. It is means that EOR is facilitated when ATO 3h or 12h annealed is used as support
for IrO2. As a consequence, the higher current densities are obtained when the ATO (3h) and ATO (12h) are used as
supports for EOR. In Table 1, the values of current density obtained at a potential of 1.57 V corresponding to the
different IrO,/ATO electrodes studied, are showed.
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Figure 3. Linear scan voltammograms for OER of IrO,/ATO (with different heat treatment times) electrodes in N,
satured 0.5 M H,SO, at v=5 mVs™.

In Figure 4 the linear scan voltammograms for OER with IrO2 supported on ATO (3h) and IrO, supported

on carbon are shown [23]. In order to comparison the voltammogram corresponding to EOR on Pt/ATO (3h) is
included. It can be observed that the oxygen evolution occurs in a potential about 100 mV more negative when the
IrO, is supported on carbon respect to the onset OER potential obtained with the IrO,/ATO (3h) electrode. This little
difference in overpotential could be put sideways in considering the disadvantage of carbon supports that suffer an
supported on ATO (3h) and

easy corrosion at the high potentials used in the electrolysis process. Then the IrO,
finally Pt supported on ATO (3h). In Figure 4 also can be seen the poor catalytic activity of Pt for OER.

20

15 4

j(mAcm?)

T
1]
]
]
]
]
]
]
]
)
]
]
!
]
]
]
]
]
]
]
]
]
]
]
]
]
]
1
]
]
]
]
!
!
]
]
]
)
[}
]
!
7

1.7 1.9 2.1

E(NHE)/V

), Pt/ ATO (3h) (solid line) and IrO,/C (dashed

Figure 4. Linear voltammograms for OER on IrO,/ATO (3h) (
line) electrodes in N, satured 0.5 M H,SO,, at v=5 mVst,

.
= 4
S

{
t 4 \ /
Mexican Hydrogen Society YU‘COf?r] Center for
Scientific Research 212



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

Tafel plots were obtained from LSV curves for OER after ohmic drop (IRs) correction due to the electrolyte
resistance (Rs). This correction was done by subtracting the IR to the applied potential [24]. The Rs-values were
obtained by electrochemical impedance spectroscopy (EIS) for each electrode. Rs values were in the 3 Q — 7.5 Q
interval which are mainly attributed to a combined resistance between the solution resistance and the electrode film
resistance. Figure 5 shows the Tafel curve for OER on IrO, supported on ATO (3h) electrode after IR correction, a
Tafel slope (b) value of 62 mV dec” was obtained. A value close to 60 mV dec™ has been observed for OER on
some metal oxides in the low overpotential region (n,0.) [25, 26], for this slope value has been proposed the
following mechanism [27]:

OH ads - Oz;ds + H ’ (1)
O 0O, +€ 2
Oads + Oads - O2 (3)

Being the reaction limiting step (rls) for the oxygen evolution process, the reorganization of the oxygen-
species over the surface Ec. (1) before transfer of the first electron. Similarly to the graph shown in Figure 5, Tafel
were plots obtained for each of the support under study, showing similar Tafel slope values. These results are
presented in Table 1.
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Figure 5. Tafel Plot for OER for IrO,/ATO (3h) after IR correction.

Figure 6 shows a comparison of Tafel curves for OER on IrO,/ATO (3h), IrO,/ATO (15h) and IrO,/C
electrodes after IR correction. In the potential interval shown, some Tafel curves exhibit two linear slopes related
with changes in the EOR kinetic mechanism, in this case the Tafel slope data at high overpotential (nnign) Show
values close to 120 mV dec™. These results indicate a change in mechanism where the rls is the first transfer electron
in the electrolysis of the water molecule. In Figure 5 this behavior is clearly observed for IrO,/JATO (15h) and IrO,/C
electrodes. The two Tafel slope behavior in OER has been observed in other metal oxide electrodes. The similar
values of b observed in the IrO,/ATO and IrO,/C electrodes, could mean that the OER mechanism is the same in

both supports and that the oxygen evolution is developed mainly on the Ir surface.
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Figure 6. Tafel Plots comparison for OER on IrO,/ATO (3h) (.....), IrO,/ATO (15h) (solid line) and IrO,/C (dashed
line) after IR correction.

3.3 Electrochemical impedance spectroscopy performance for OER

EIS measurements for oxygen evolution was carried out on IrO,/ATO electrodes in O,-free 0.5 M H,SO,
solution, in the potensiostatic mode at an anodic potential of 1.57 V. Figure 7 shows the Nyquist plots for OER on
IrO, supported on ATO. The depressed semicircles presented in Figure 7 were adjusted by a CNLS fitting to the
following equivalent circuit [28]:

— AT J\/C‘/L\ T
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Where Rs is the electrolytic solution resistance, Ry and C; the resistance and capacitance of the film of
catalyst/support/Nafion system, and Ry the resistance of charge transfer associated with the OER in parallel with
CPEy the constant phase element corresponding to the impedance of a double layer over an heterogeneous material
electrode surface [28]. The values of Rg and Ry calculated for the IrO,/ATO electrodes are resumed in Table 1 along
with other OER kinetic parameter values.

In consistency with the LSV results, the Nyquist plots of Figure 7 show that OER is faster when the IrO; is
supported on ATO (3h), followed by supporting on ATO (12h) as can be seen by their smaller semicircles in the
complex impedance plane. In contrast, the ATO (15h) support shows the bigger Rtc value (c.a. 577 Q) that means
the slowest reaction rate for oxygen evolution on the support materials studied in this work. The rest of ATO
supports obtained at other heat treatment times showed intermediate Rtc values.

With the results of this study it was not possible to explain the non-linear behavior obtained for the

annealing times of ATO preparation effect on the OER catalytic activity obtained over the IrO,/ATO electrodes.

Table 1. Onset potential and kinetics parameters for OER on IrO,/ATO electrodes in O, free 0.5 M H,SO,.

Eoer (NHE)V  j/(mAcm?) @ Rs/Q Rct/ Q b/(mV dec?)
157V @157V MNiow Thigh

IrO,/ATO(3h) 15 16.2 4 42 62 -
IrO,/ATO(6h) 1.55 5.7 3 230 68 -

IrO,/ATO(9h) 1.55 4.5 3.5 321 78 120
IrO,/ATO(12h) 15 15.8 7.5 184 65 -

IrO,/ATO(15h) 1.55 4.5 4.5 577 75 122
|I’OZ/C 1.41 - 4.1 284 @ a9 60 -
PUATO(3h) 2 - 6.8 1050 o e - -
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Figure 7. Nyquist plots for OER on IrO2/ATO electrodes at anodic potential value of 1.57 V, in O2-free 0.5 M H2SOs solutions

4. CONCLUSIONS

Electrochemical studies were performed for the OER on IrO,/JATO electrodes. The OER was assessed
using the ATO with different heat treatment time as support. The results show that the catalytic activity of the
electrocatalyst depend on the annealing time of ATO supports, the best behavior corresponding to ATO (3h)
followed by the ATO(12h) one. Further characterization of ATO is necessary to explain the non-linear behavior of
thermal times respect to its performance as a support for the OER.

The study has showed that the Sb-dopped SnO, (ATO) is a promising supports for WE and URFC. The
OER onset potential of 1rO, on ATO is near to observed on the Vulcan carbon, this could mean that the electronic

conductivity and catalyzer dispersion properties are similar in both support materials.
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ABSTRACT

Petroleum supply will be in increasingly higher demand as heavily populated developing countries expand their
economies and become more energy intensive. Air quality and global climate impact are other major concerns with
this continuing dependence on fossil energy sources. Widespread use of hydrogen as an energy source in Mexico
could help address concerns about energy security, global climate change, and air quality. Fuel cells is an important
enabling technology for the hydrogen future and it has the potential to revolutionize the way we power our nation,
offering cleaner and more efficient alternatives to supply energy than fossil fuels. In this work, a fuel cell stack
prototype was designed and manufactured with three single assemblies to power a LED’s system. The combination
of anode/membrane/cathode is referred to as the membrane/electrode assembly, MEA. The three MEA’s were
prepared by placing the gas diffusion electrode (GDE, standard carbon cloth with 0.5 mgs-cm™), at both sides of the
Nafion 115 membrane, followed by hot-pressing of 10 kg-cm™ at 120 °C for 2 min. The effective area for each single
MEA was 28 cm’ being 84 cm? the total anodic and cathodic geometric area. The MEA’s were tested with a
commercial fuel cell system (Compucell GT, Electrochem) at 25 °C and atmospheric pressure. The performance
achieved was a 2.7 V open circuit voltage, achieving a 7.4 W peak power, the optimum performance is at 2 V-2 A.

The lamp was integrated by 16 LED’s connected in parallel.

Keywords: Prototype, fuel cell stack, LED’s system.
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1. Introduction

The world now faces tremendous challenges associated with pollution, greenhouse gas emission, climate change and
the need for a sustainable development. Providing reliable, environmentally friendly, and affordable energy has been
a goal for many countries throughout the world. The rising consumption of energy and falling accessibility of natural
resources are increasing the cost of electricity. Therefore, renewable energy has received more attention recently.
Solar radiation is considered the most preferred renewable energy source for its availability and inexhaustibility [1].
However, due to the sporadic characteristics of natural resources, it has been a challenge to generate a highly reliable
power with photovoltaic (PV) modules [2]. To overcome this limitation, previous studies were conducted using a
fuel cell as another energy source and simulated results showed that a PV/fuel cell hybrid power system may be a
feasible solution for standalone applications [3-5]. Since a multi-source hybrid power system increases energy
availability in a significant way [6-7]. Fuel cells is an important enabling technology for the hydrogen future and it
has the potential to revolutionize the way we power our nation, offering cleaner and more efficient energy supply
alternatives than fossil fuels.

Production of hydrogen from renewable energy resources has the potential to bring a local energy solution. Water
electrolysis is an attractive option to generate renewable hydrogen and oxygen with solar energy without any
purification process and is one of the most important energy related electrochemical processes, because water is an
inexhaustible natural resource and hydrogen a renewable non-polluted energy source [1-5]. Water electrolysis is a
proven method for continuous production of hydrogen by converting electrical into chemical energy. Conversely, a
fuel cell is an electrochemical cell which can continuously convert the chemical energy stored in a fuel into electrical
energy. The launching of hydrogen and fuel cell technology in the market is now the starting block of renewable
energy technology. There are no barriers to the introduction of hydrogen and fuel cells either from a technological
perspective or from a safety point. Hydrogen has been produced and utilized in industry for over a hundred years [2],
and can be produced by a number of different sources using a variety of techniques. When hydrogen is produced
from coal, oil or natural gas, the by-products will be harmful to the environment if they are not handled in an
environmentally reliable way. In this work, a stack fuel cell prototype was designed and manufactured with three
single assemblies to power a LED’s system. The three membrane-electrodes assemblies MEA’s were prepared by
placing the gas diffusion electrode (GDE, standard carbon cloth with 0.5 mgs cm™), at both sides of the Nafion 115
membrane.

2. Experimental

The objective of the fuel cell stack design was to be simple, self-contained, and to achieve optimal performance with
respect to size. The complete system includes the fuel cell stack and the LED’s system. However, it is not included in
the system design the hydrogen storage device, neither the hydrogen fuel pressure regulator nor the electronics

system. A fuel cell consists of several components; these must be machined according to established design. Each
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part of the fuel cell is very important and can help to optimize the operating conditions, providing a better

performance.

2.1 Bipolar plates

The fuel cell used at the present study was designed and in-home built by our research group. Bipolar plates, BPs,
being one of the most important components in PEMFC stacks, must perform a number of functions in order to
achieve good stack performance and lifetime. BP supply the reactant gases through the flow channels to the
electrodes and serve the purpose of electronically connecting one cell to another in the electrochemical cell stack.
These plates also provide structural support for the thin and mechanically weak MEAs and means to facilitate water
management within the cell. Plate topologies and materials facilitate these functions. Topologies can include straight,
serpentine, or interdigitated flow fields, internal manifolding, internal humidification, and integrated cooling.
Therefore, optimal design must be sought for the BPs because the above functions have conflicting requirements on
the BP design. The essential requirements for BPs, in respect to physicochemical characteristics, are: a uniform
distribution of the reactant gases over the respective active electrode surface to minimize the overpotential
concentration; high values of electronic conductivity for current collection; high mechanical strength for stack
integrity; impermeability to reactant gases for safe operation; resistance to corrosion in severe cell environment for
long lifetime; cheap materials, easy and automated fabrication for low cost. One of the main obstacles to large-scale
commercialization of fuel cells is the gas flow fields and BPs, including the development of low-cost lightweight
construction materials, optimal design and fabrication methods and their impact on PEMFC performance (i.e.,
energy efficiency and power density). As much as 50% increase in the output power density has been reported [7]
just by appropriate distribution of gas flow fields alone. In spite of all the group efforts, the time-effective design and
optimization of the gas flow fields and BPs remain one of the important issues for the cost reduction and
performance improvement of PEM fuel cells. As to the geometrical configurations of the gas flow fields, a variety of
different designs are known and the conventional designs typically comprise either pin, straight or serpentine designs
of flow-field channels [1,7].

In this work, two flow field designs in AUTOCAD were done, horizontally, straight and parallel flow field and
transverse, straight and parallel flow field. The flow fields design influences the fuel cell performance and can help
to optimize the operating conditions on the reagent area, providing a better distribution of gas over the diffuser and
exits the water in a more efficient way. It should be noted that the design of the flow fields is limited to the
machinery that is type of specialized tools to work with sufficient accuracy. The current collector plate material was
low porosity graphite, in order to avoid mixing of the gases and it is resistant to corrosion, high pressures and
moderate temperatures. The machined current collector plates with flow fields was performed on a CNC milling
machine CNC EMCO Concept MILL 55 mark, especially for graphite. At this stage monopolar and bipolar plates

were fabricated.
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2.2. Membrane electrode assemblies

The MEAs have an active area of 28 cm? providing a total active area of 84 cm? for the entire fuel cell stack. The
MEAs were selected based on both the characteristics of performance and simplification of the system design. The
electrolyte used was Nafion® N-115 type ionomer membrane. The catalyst loadings on the anode and cathode side
were 0.2 mg Pt/cm?. A carbon cloth type gas diffusion layer was used for both the anode and cathode sides of the
MEAs. The MEAs were tested with a commercial fuel cell system (Compucell GT, Electrochem 890B) in a single
cell rig with 5 cm? active geometrical area. The gas pressures (gp) at the anode and cathode sides were kept at 30 psi
for H, and 34 psi for O,, respectively. The fuel cell test station was operated with high purity H, and O, at 100 cm®
min . The temperature of the humidified reactant gases was kept 5 °C above the temperature of the cell. The

performance was measured under steady-state conditions at 25 °C and atmospheric pressure.

2.3. Current collectors
The current collectors used are constructed out of 0.36 mm thick plates of high conductivity brass alloy machined
with a guillotine. Also included with the current collectors are two tabs per collector, which are used for attaching

power leads and voltage sensing leads for testing.

2.4. End plates

The endplates of the fuel cell stack consist of two 1 cm thick aluminum sheets with a 12-hole bolt pattern designed to
accept M3 type fasteners. The end plate located on the anode side, or the fuel inlet side, of the stack contains two
ports for hose fittings to supply each of the cells with hydrogen. Two ports were included instead of one because it

allows the cell to be purged of water and air.

2.5. Gaskets/sealing

Due to the effusion characteristics of hydrogen, a significant amount of study and focus was required for the design
of sealing the fuel cell stack. In order to prevent hydrogen from leaking from the gas inlet fittings to the mani-folding
in the bipolar plates an “x-ring” was placed between the fittings, through the current collector, and to the first flow
channel plate. An x-ring type seal was used as it provides more points of contact than an o-ring giving a better
probability of a good seal. In order to prevent hydrogen from leaking from the perimeter of the flow channel plates,
two separate gaskets were used. A 0.04 mm was placed around the perimeter of the flow channel plate on the anode
side of each cell. A 0.02 mm Teflon gasket was used to provide sealing on the cathode side of the flow plates to

prevent hydrogen crossover and to protect the Nafion of the MEAs from damage.
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3. Results and discussion
Figure 1 shows the two flow field designs; horizontal, straight and parallel flow field, figure 1(a) is better than
transverse, straight and parallel flow field, figure 1(b). Because of the fabricating horizontally channels is easier than

transverse and efficiency is nearly the same.
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Figure 1 Variation of configuration in straight or parallel flow field design

When the reactant flow channels are formed on the anode and cathode plates, the plates are normally referred to as
fluid flow-field mono-polar plates. When the flow channels are formed on both side of the same plate, one side
serves as the anode plate and the other side as the cathode plate to the adjacent cell, and the plate is called bipolar
(separator) plate.

The primary compartments of the PEM fuel cell have are shown in figure 2. Advantages of fuel cells in comparison
with other type of equipments which produce energy are: higher efficiency, no existence of mobile parts and as a
result lack of sonic pollution, no emissions of environmental polluting gases such as SOx, NOx, CO2, CO, among
others. On the opposite side, the main disadvantage of fuel cells is their high cost, but it is expected that this problem

will be solved by applying the new technologies and mass production of these fuel cells.
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Figure 2. Stack components of fuel cell
The hydrogen feeded fuel cell stack designed in this project contains three individual cells, each having a 28 cm?
active area. The three cells are stacked in a series configuration with current collectors placed on the anode and
cathode sides. An image of the CAD model used for fuel cell stack design is show in figure 3. The components
considered in the volume size restriction are the endplates, current collectors, bipolar plates, all sealing materials, and
the membrane electrode assemblies (MEA). The components not included in this volume are the fasteners, hose
fittings, and the current collector tabs. The dimensions of these components are 114.5 mm x 63 mm x 45 mm when

the stack is fully assembled and compressed. Images of the fuel cell stack are shown in figure 4.

Figure 3. CAD model used for fuel cell stack design.
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Figure 4. Images of PEM Fuel Cell Stack.

In the fuel cell the chemical energy of the stored in hydrogen is converted to electrical energy. Figure 5 shows the
performance (cell voltage-current-power) of the stack containing MEAs with 0.2 mg Pt/cm? on anode and cathode
catalyst. The fuel cell was tested with a commercial fuel cell system (Compucell GT, Electrochem), without pressure

and flow rate of 100 cm® min™ of both gases at cell temperature of 25 °C.
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Figure 5. H,/O, fuel cell stack performance curves at 25 °C.

The open-circuit potential is 2.8 V lower than the reversible potential of 3.69 V. This behavior is attributed to the
crossover of hydrogen from the anode to the cathode sides and also to a mixed potential that results from the
galvanic currents in the oxygen electrode, which is caused by platinum oxidation. At low overvoltage low current
arises due to the slow kinetic rate of the oxygen reduction. In the intermediate current the transfer of the conductive
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protons from the anode to the cathode is predominant. The global power output under hydrogen and oxygen
saturation conditions from figure 6 is 2 A and 4 W evaluated at 2.0 V. Figure 6 shows the picture of the integrated

fuel cell connected to the LED’s system.

Figure 6. Images of the fuel cell system in operation.

4. Conclusions

A PEM fuel cell system was designed, constructed, and experimentally tested, which has a continuous power output
of 4 W and a peak power output of 7 W. This fuel cell was coupled to a LED’s systems.

The next stage of this project is to scale up the fuel cell to power a 50 W LED’s system. The results of testing and
analysis reveal that significant improvements can be made to future designs to greatly improve performance and
efficiency. The polarization curve of the fuel cell indicates significant concentration losses at higher power densities
which also reduce the efficiency of the fuel cell. The fuel cell is also the greatest contributor to power loss in the
entire system. Therefore, the most significant improvements can be made from a more efficient design of the cathode
flow channel geometry and the use of a more efficient and a more properly sized cell stack?. Further, a controller
power could be used to increase the efficiency of the power electronics. This would reduce the amount of fuel

consumed when the fuel cell system is at idle and when operating at low power output.
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ABSTRACT

It has been found that Pt-Mo catalysts can play an important role in direct methanol fuel cell systems. This
activity is explained by some authors in terms of different mechanisms such as the bifunctional mechanism, the
ligand effect, the hydrogen spillover effect and it has also been proposed a physical blocking effect of some Pt
sites by Mo species. In this work, constant composition materials (PtygM0q.2)o.25/Co.75 Were synthesized in two
different ways, in order to have different surface structures and to compare their activities towards methanol
oxidation. The first catalyst consists of two active phases (Pt and Mo) simultaneously deposited on the carbon
support. The second catalyst is obtained by the synthesis of monometallic materials (Pt/C and Mo/C) that are

mixed and vigorously stirred in suspension, in diethyl ether.

Monometallic and bimetallic materials were synthesized by a carbonyl thermolysis method using, as precursors,
molybdenum hexacarbonil (Mo(CO)g) and hexachloroplatinic acid (H,PtClg) and using Vulcan XC-72 carbon as
support. The synthesized materials were studied by cyclic voltammetry and current-sampled voltammetry tests to
evaluate their activities. X-ray diffraction and transmission electron microscopy were carried out in order to

determine the relationships between the active phases.

1. Introduction .

Platinum is recognized as the most active catalyst for the oxidation reaction of methanol and, so far, it has been
indispensable in the formulation of such materials. However, the formation of different organic intermediates
during the methanol oxidation reaction, which are adsorbed on the surface of Pt, cause metal poisoning, reducing
its efficiency as a catalyst. Previous studies indicate that the modification of the Pt catalyst with other transition
metal lead to interesting results in the methanol oxidation at low potential (lower than in pure Pt) [1]. Some
studies suggest that the presence of metal oxides at the catalyst surface can supply oxygen-containing species,
promoting the removal of CO (which is the major contaminant) and other organic species adsorbed at Pt sites
[2.3].
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It is well known that bimetallic materials showed increased activity in the electro-oxidation reaction of CO,
yielding CO,. This activity is explained by some authors in terms of the so-called bifunctional mechanism
whereby the formation of reactive species containing oxygen takes place at lower potential than in pure Pt,
promoting the complete oxidation of CO [2.3]. However, other researchers propose that it is an electronic effect
(or binder) [4], responsible for the increased activity. In this case, the presence of a second metal modifies and
weakens the bond Pt-organic species so that the adsorption energy of CO on these materials is different [4].
Other theories suggest the existence of a hydrogen spillover effect. In this phenomenon, a proton (H*) migrates
from a Pt site to form metallic bronzes in the promoting phase and leaving Pt active sites available for adsorption
of a methanol molecule [5]. Moreover, it has been suggested that, by modifying the surface of a Pt catalyst with
metallic molybdenum and MoO; species the chemisorption of CO on the surface of Pt (110) can be suppressed
due to a physical partial blocking effect of Pt sites by molybdenum, allowing the presence of free active sites for
the oxidation reaction and preventing the adsorption of CO at the crystaline platinum plane in which it most
strongly adsorbs [6].

Currently the most widely used catalysts to direct methanol fuel cells (DMFC) are formulated with Pt and Ru.
Recent works have demonstrated the influence of the structure of particles formed by different oxidation states
of Ruthenium in this kind of catalysts to improve the performance of devices using these materials [7, 8]. It is
commonly accepted that the Pt-Ru electrocatalyst provides superior activity for the electro-oxidation of methanol
in DMFC’s. However it has been reported that Ruthenium from several commercial catalysts dissolves into and
migrates through the proton exchange membrane (PEM). This process results in loss of activity from oxidation

of fuel in the anode and the Pt catalyst activity for oxygen reduction at the cathode decreases [9].

Some research groups and industry laboratories are working on proton exchange membrane fuel cell (PEMFC)
with the objetive of achieving power densities useful in technological applications and reduce costs to facilitate
market entry. Different synthesis methods and characterization techniques for these catalysts and devices have
been proposed [10]. Among the commonly used methods to synthesize these materials are: the thermolysis of
metal carbonyls [11]; the chemical reduction to obtain small particles at low temperatures (below 100 ° C), and

the support treatment to achieve optimal performance [12-18].

Studies on the catalytic effects that take place on bimetallic surfaces, product of pure metals and modified by the
deposition of a second metal, are related to the technological development of low temperature fuel cells. One of
the main objectives in this research field is the understanding of the CO oxidation. Some researchers have
emphasized the use of CO as a test molecule to show the electronic effect associated with this reaction. The CO
desorption energy is apparently related to strong intermetallic bonds and mixed orbitals of the active phases.

Methanol is probably the most studied one—carbon atom molecule, because it is a fuel with high energy density,
that can power fuel cells at low temperature. Hence, a catalyst with high activity for the oxidation reaction of

methanol must also have high activity for CO oxidation [19]. In this work, we prepared and studied catalysts
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formulated with constant Pt and Mo loadings. One series of these materials was prepared with both active phases
simultaneously supported on carbon. The second series consisted of monometallic, carbon-supported Pt and Mo
solids, that were mixed in suspension. From the comparison of results from the characterization tests carried out
for both series, it is expected to establish if long distance effects between active phases can take place in the

methanol electrochemical oxidation.

2. Experimental

2.1 Catalysts synthesis.

As a first step, Pt hexacarbonyl complex was synthesized by bubbling CO, at 25 cm® min™, during 24 h, through
an aqueous H,PtClg dissolution. This complex is used as the precursor for the Pt phase in the catalysts and this
synthesis procedure allows to have control on the Pt particle size [12,20,21]. The Pt-Mo/C catalyst preparation
was carried out by the thermolysis of Pt and Mo carbonyl complexes. Comercial Mo hexacarbonyl (Aldrich) was
employed. The adequate amounts of the metallic carbonyl species to obtain solids with a formulation (Ptye-
M0y 2)025/Co75 IN Weigth percent, are disolved in 1,2-dichlorobenzene and Vulcan XC-72R is added as a
suspended phase simultaneously. The temperature of the system is increased up to 110 °C and maintained during
4 h, with vigorous stirring. After this stage, the solvent is distilled. The solid is washed twice with diethyl ether

and placed in N, atmosphere, at 400 °C during 2 h. The bimetallic material designed (Pt-Mo/C) is thus obtained.

In a second step, starting with the Pt hexacarbonyl and Mo carbonyl complexes, monometallic materials were
separately synthezised. Afterwards, the Pt/C and Mo/C solids, were mixed by mechanical stirring in diethyl ether
suspension during 5 hr at room temperature, to yield the same overall composition as the bimetallic catalyst. The
solid is placed in N, atmosphere, at 400 °C during 2 h. The obtained product from this suspension mixture shall
be designated (Pt+Mo/C).

2.2 Electrode preparation and electrochemical measurements.

An ink containing 1 mg of each catalyst dispersed in a 10 pL 2-propanol, 10 pL Nafion™ resin liquid mixture,
was prepared. The dispersion was placed in an ultrasound bath during 15 min and 5 pL of the ink were placed on
the tip of a commercial vitreous carbon disk electrode with the aid of a micropipette. The solvent is evaporated at
ambient temperature and a catalytic solid layer is obtained. The catalyst content in this electrode is 2.54 mg cm™,
referred to the geometrical surface area of the disk. (0.5 cm diameter). Cyclic voltammetry experiments were

carried out in a three electrode cell at 25 °C.

The catalyst layer was used as working electrode, a saturated calomel electrode (SCE) was used as reference and
a graphite rod as counter electrode. An aqueous 0.5 M H,SO, solution was employed as supporting electrolyte in
all experiments. The working solution is a 1.0 M methanol, 0.5 M H,SO, electrolyte. Working media were
degassed by bubbling nitrogen during 15 min previous to each experiment. Voltammetry results presented here

were obtained at a potential scan rate of 30 mV s, with a Voltalab 50 potentiostat. Potentials are referred to the
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Normal Hydrogen Electrode (NHE). Before each experiment, electrodes were activated by applying 50 potential
cycles, between 300 and 1000 mV vs. NHE in a sulfuric acid solution.

2.3 Characterization by physical techniques

The materials were analyzed by means of High Resolution Transmission Electron Microscopy in a JEOL 2010
microscope working at 200 kV and by Scanning Electron Microscopy. The catalysts were dispersed in

isopropanol, in an ultrasound bath for 1 h and the microscope copper grids were impregnated with the liquid.

3. Results and discussion.

(Pt-Mo) catalysts displayed better performances than the (Pt+Mo) material. This performance is observed as a
decrease in the oxidation potential of organic species. In figure 1, the voltammetry results of the last potential
cycle from the Pt+Mo/C and Pt-Mo are presented. A higher current is observed with (Pt-Mo), suggesting that
this material provides an increase in the oxidation catalytic activity. The methanol adsorption — oxidation peak
appears at a lower potential than with (Pt+Mo). The same behavior is observed in the reverse sweep, where the
organic intermediates oxidation — desorption peak is observed. Furthermore, an analysis of the cyclic
voltammetry curves showed that the active phases simultaneously deposited display methanol oxidation current
peaks higher than the material obtained from suspension mixing. Much higher electrical charges transferred per

VC cycle are obtained in the bimetallic catalyst.

last cycle Pt+Mo vs. Pt-Mo
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Figure 1. Cyclic voltammetry results from the Pt-Mo/C and Pt+Mo/C materials, in 1.0 M methanol, 0.5 M H; Oy,
at30 mVs™.

SEM and TEM images of the (Pt-Mo/C) material, presented in figure 2, reveal that particle sizes of all active

phases are not homogeneus, as there are particle sizes from 5 nm to clusters between 50 and 100 nm. In the case
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of this materials, a uniform dispersion of the metals on the carbon support is observed although the metallic
phases reveal agglomeration in some regions. This can be related to the high activity obtained with this material:
if water dissociation is expected to occur on Mo surfaces, and organics adsorption — oxidation takes place on Pt,
then the fact of having molybdenum adjacent to platinum can play a role in the catalytic performance

improvement.
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Figure 2. SEM and TEM Micrographs of the Pt-Mo/C material.

In figure 3 is shown an analysis of the charge transferred per cycle in the VC, the difference is large because the
transferred charge into the (Pt-Mo) material is higher than the material that was mechanically mixed. This could
support theories on the different propsed mechanisms, such as the bifunctional mechanism, the ligand effect, and

even the physical blocking effect of Pt sites by Mo species.
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Figure 3. Transferred charge vs. cycle of materials Pt+Mo and Pt-Mo.

4. Conclusions.
The synthesis method allowed to retain the original proportions, although the particle size is not homogeneous,

with particles sizes ranging from 5 nm to 100 nm.

The presence of molybdenum allowed the decrease of reaction potentials, which results in a higher catalytic
activity. The transferred charge is greater in the material obtained by simultaneous synthesis. This suggests that

the promoting role of Mo is due to a short distance effect.

As in previous studies, in this work we demonstrate that Pt — Mo materials can be employed in this kind of
device with similar performances and lower production costs than Pt-Ru. The obtained results show that the
catalysts synthesized by this method present all the requirements to be efficiently used in direct methanol fuel

cells or can be employed in this kind of device with similar performance and lower production costs.
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Appendix.

Figure 1. Cyclic voltammetry results from the Pt-Mo/C and Pt+Mo/C material, in 1.0 M methanol, 0.5 M H, O,,
at30 mvs™.,
Figure 2. SEM and TEM Micrographs of the Pt-Mo/C material.

Figure 3. Transferred charge vs. VC cycle of Pt+Mo and Pt-Mo materials.
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Sustainable Hydrogen Production in Yucatan
Rodrigo Patifio”

Departamento de Fisica Aplicada, Cinvestav — Unida Mérida
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Tel: +52(999)9429438, e-mail; rtarkus@mda.cinvestav.mx

ABSTRACT

More than 90 % of the hydrogen production in the world depends on carbon compounds, principally fossil fuels, and
its use as energetic vector is only justified in some applications as fuel for spaceships or demonstrative buses or cars.
The goal of this proposal is to compare different approaches for sustainable hydrogen production as a commercial
activity in rural communities in Yucatan. The Yucatan peninsula is a particular region at the Southeast of Mexico,
where a fragile environment is present in combination with poor rural Mayan communities. Moreover, energy supply
in this region depends mainly on fossil fuels provided from other regions. However, in Yucatan, solar radiation and
winds have an important potential application that has not been exploited yet. An application of these renewable

energy sources could be hydrogen production as an economic activity promoting rural development of the region.

According with meteorological analysis, as well as with the consideration of energy requirements and efficiency of
commercial electrolysis systems, an estimation of the hydrogen production is evaluated, considering both investment
and maintenance costs. This estimation may be a reference in order to propose small industries for the production of
hydrogen in specific rural communities in Yucatan. A transportation network organized by the regional government
could be a solution to consume this hydrogen as fuel, although a number of other applications may be proposed
depending on the regional energy requirements. Finally, the bioproduction of hydrogen is explored in order to
compare it with the simple hydrolysis systems. Until the moment, as far as we can research, there are not commercial

methods to produce biohydrogen and it is necessary to evaluate the capacity of bioprocesses to produce hydrogen.
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1. Introduction

In Mexico, the Yucatan Peninsula includes three federal states: Campeche, Quintana Roo and Yucatan, which
involve 7.1% of the national territory but only 3.7% of the total population (Table 1). In the national context, the
three States represent in surface the 6.5% of the urban areas, the 5.2% of the agriculture regions and the 13.5% of the

natural protected areas.

Table 1. Key information for the three Mexican states in the Yucatan Peninsula.?

State Campeche  Quintana Roo  Yucatdn  Peninsula
Surface (thousands km®) 57.9 42.4 39.6 139.9
Population (million) 0.82 1.33 1.96 4.11
% Rural Population 25 12 16 17
% Indigenous Speaking Population 12 16 30 22
% National Gross Domestic Product 1.2 1.6 1.4 4.2
Urban areas surface (km?)" 184.66 217.01 421.05 822.72
Agricultural surface (km?) 2,341.65 1,238.15 7,844.78 11,424.58
Natural protected areas surface (km?)° 17,544.12 12,500.97 4,451.30 34,496.39

# Values from the National Census 2010 [1], unless any other reference is given.
® Values for the year 2005 [1].
¢ Values for the year 2010 [2].

Being an important oil and natural gas producer in the last decades, Mexico has been energetically independent, with
both the oil and the electrical sectors as Federal industries: Petroleos Mexicanos (PEMEX) and Comision Federal de
Electricidad (CFE), respectively. In the last years, the annual energy supply has reached more than 8 EJ in the
country (around 75 GJ per capita). More than 90% of this energy is produced from fossil fuels and almost the half is
used in transportation [3]. Table 2 includes a comparison of the general energy data in the Peninsula, in which
electricity is produced exclusively from fossil fuels in 16 different plants, representing around 4 % of the total
production and consumption in Mexico. Not only fragile ecosystems are detected in the region, there are also
important touristic services, which generate important economic incomes. For these reasons, it is important to
develop a systematic analysis to detect potential energy production from renewable sources in the zone. A special
interest is in proposing sustainable processes, where not only economic but also environmental and social issues

should be considered.
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Table 2. Electrical services in the three states, compared with the national supply.

Campeche Quintana Roo  Yucatdn  Peninsula  Mexico

Installed capacity (MW)? 449 285 1,532 2,266 51,172

Brut generation (TWh)® 2.0 Not available 8.7 - 241.5
Annual sells (TWh)® 1.1 3.6 2.8 75 186.6

% Population with electrical services® 95.8 94.5 96.6 95.7 96.2
Electrical supply (kWh per capita)* 1,331 2,734 1,454 1,843 1,661

# Values for March 2011 [4].
b Values for the year 2010 [3].
¢ Values form the 2010 National Census [1].

¢ Estimated values with the 2010 sells and the National Census population.

The general aim of this project is to develop an analysis of sustainable processes to use renewable sources of energy
in the States of Campeche, Quintana Roo and Yucatan, Mexico. The natural resources to be considered are solar,

wind and biomass, with interest to produce clean electricity and gaseous fuels (methane and hydrogen).

2. Methodology

Databases from both satellite and meteorological sources were used to analyze the solar and wind resources of the
region. The National Renewable Energy Laboratory (NREL) has published an analysis of the solar potential in the
region as a renewable source of energy [5]. The solar resource potential is shown in three different modes for
Mexico, Central America and the Caribbean Islands: (i) for use with horizontal flat-plate collectors, (ii) for use with
flat-plate collectors tilted at latitude, and (iii) for use with 2-axis tracking concentrating collectors. The data were
developed from NREL’s Climatological Solar Radiation Model, but the resolution is reduced to a geographical grid
with cells of approximately 40 km by 40 km in size; the modeled values are accurate to approximately 10% of a true
measured value within the grid cell. The NREL has published also an analysis of the wind potential in this specific
region as a renewable source of energy and a database (provided by Anthony Lopez in the GIS group) is available
for the offshore wind potential in Mexico.

The Cinvestav-Merida manages at the moment four meteorological stations in the state of Yucatan. The oldest is
installed in the Merida campus, and three more are installed in the North cost: from east to west, they are in Telchac
Puerto, Chelem and Sisal. The stations are installed on towers at 10 m height and automated records are periodically
performed every 10 minutes; the corresponding databases were provided by David Valdés in the Department of

Recursos del Mar.
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The System Advisor Model (SAM), developed by the NREL [6] was used here to analyze two hypothetical medium-
scale electrical plants: a wind farm in Sisal, where the best wind potential is found in the region, and a PV plant in
Merida, where the maximal energy requirements are found. For every plant, a 500 kW installation was considered,
which is the maximal capacity allowed by CFE-Mexico for commercial electricity production. Although most of the

default values were used, different variations were tested for every plant, representing a number of scenarios.

3. Results and discussion

Table 3 resumes the solar potential for the Yucatan Peninsula from the NREL database with a satellite model; it is
possible to see that tilted collectors represent the best way to use the solar radiation in the region. However,
considering photovoltaic (PV) systems, there is only a small fraction of these solar resources that can be transformed
to electricity. Following the methodology proposed by Denholm and Margolis [7], under Standard Test Conditions
(1000 W-m™ of solar irradiance at 25°C), a 13.5 % efficiency is considered for the PV modules (commercial systems
range from 6 to 26 %). Moreover, when a minimal spacing is considered between arrays to allow maintenance, the
total system power density (per unit of array area) is reduced from 135 to 65 W-m™. Finally, the efficiency of the
inverter to convert direct current (DC) generated by the PV modules to alternating current (AC) depends on many
variables, a value of 70 % was considered in this work. An annual estimation of (92 + 3) GWh-km™ is obtained as a

rough average in the region with tilted PV systems.

Table 3. Annual Solar Radiation in the Yucatan Peninsula.

Radiation (kWh-m*.day™)

Collectors General Range More Frequent Range Average?
Horizontal 4.5-6.0 5.0-5.5 52+0.2
Tilted 5.0-6.0 5.0-5.5 55+0.2
2-Axes 3.5-6.0 45-5.0 5004

& Uncertainty is the standard deviation of the mean value.

If it is considered the electricity consumed in the region during 2009: 7,617.31 GWh, and using the estimated solar-
to-electricity potential for the region, a surface of only (83 + 3) km? is required to supply the electrical needs of the
Yucatan Peninsula. If considering that the electrical consumption is about 10 % of the total primary energy supply,
less than 900 km? of land surface would be needed to satisfy the energetic needs of the whole region with PV
technologies. To compare, this surface represents roughly about the half of the urban area of Merida or the 0.6 % of

the total surface in the Yucatan Peninsula.
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The solar resources in the region could also be analyzed as a footprint, defined by Denholm and Margolis [7]. When
the annual electrical demand of the region, 1,843 kWh per capita, is divided by the corresponding PV energy density,
(92 + 3) kWhm', the solar electric footprint is only (20 + 1) m? per capita. This means that if every inhabitant installs
20 m? of a PV system, the electrical demand should be satisfied for the region. This footprint can be diminished to
around the half if the PV systems are installed in small arrays. The USA average is 181 m? per capita, ranging from
354 in the state of Wyoming to 89 in the state of California. At this point, it is natural to question why so a “small”
system is not already installed. The answer is easy: there are a number of restrictions, including relatively high costs,
intermittent output and land use. In the Unites States, by instance, scarcely 1% of the electricity supply is provided
by PV systems.

Analyzing the wind resources in the Yucatan Peninsula, only a stretch line in the Caribbean coast (Riviera Maya) and
a small tip at the Northwest of the Peninsula (Sisal), beside other smaller areas, show moderate to good potential use
(Class 4). Nevertheless, the Riviera Maya beaches in Quintana Roo are reserved as environmental protected areas or
touristic zones and a wind farm in this surface would be not appropriate. Considering the Sisal region in the state of
Yucatan, an assessment of the annual wind energy density could be envisaged through a number of scenarios using a
three-factor analysis, with minimal and maximal values for every factor: the capacity factor, the height of the wind
turbines and the capacity density. Table 4 describes the eight proposed scenarios for 1.5 MW wind turbines with 77-
m rotor diameter; note that for this turbine, the recommended capacity density is 5 MWkm™ [8]. In the USA, the
most popular wind turbines in the last 5 years are in the size range from 1.01 to 1.5 MW, although the market for
capacities larger than 1.5 MW has been increasing [9].

Table 4. Scenarios to determine the annual wind energy density in the Sisal region.

Scenario Capacity factor Height  Capacity density Energy density®
(Wind Class 4) (%) (m) (MW-km?) (GW-km?year™)
1 30 50 2 7-8
2 30 50 10 33-41
3 30 100 2 9-11
4 30 100 10 45 -55
5 50 50 2 11-14
6 50 50 10 54 — 68
7 50 100 2 15-18
8 50 100 10 75-92

& Ranges correspond to minimal and maximal power densities for wind Class 4.
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Assuming the capacity factor of 33.8% suggested by Aabakken [10], the capacity density of 5 MWkm™ calculated by
[8], and a height of 80 m that is the average installation in for wind turbines in the USA [9], the annual energy
density for the Sisal region is (25.3 + 2.3) GW-km™.year™, where the mean and the uncertainty values correspond to
the Class 4 wind power densities range. The annual electrical needs of the state of Yucatan, 2,939.55 GWh, would
require a wind farm of (116 + 12) km?. If compared with PV systems, wind turbines require more land; however,
wind plants could combine uses with other activities as agriculture [8].

Since Denmark’s first project in 1991, Europe has held the lead in offshore wind, but the installed capacity and the
technologies are still limited [11]. However, interest is being spread to the international community and the market is
continuing to expand. Analyzing the potential of wind resources at 90 m over the sea level, maximal wind speeds (8
to 9 m-s™) are observed in the Caribbean Sea, but an enormous shipment density can be detected also in this marine
region. However, most of the national Gulf of Mexico presents an attractive wind potential (7 to 8 m-s™) without
high density of shipment routes. Moreover, around the Yucatan Peninsula, the oceanic waters are shallow,
characterized by short bathymetric distances, diminishing technical barriers to install offshore wind farms.
Nevertheless, any offshore wind development have to be evaluated in the context of hurricanes that frequent the
region, and an risk factor must be considered in the structural design of any turbines that are put in place.

Table 5 condensates the average values for the meteorological data in four stations in the Yucatan state. In general,
the average values are in good agreement with those from the NREL database. These average values are also
consistent with those reported by the NASA-USA [12] from satellite measurements and correlation models in a low-
resolution grid, but with 22-year averages for temperature and solar radiation values, and a 10-year average for wind
speed values. The NASA information complements those from the meteorological stations to estimate monthly mean
values for diffuse horizontal and direct normal radiations, as well as atmospheric pressure and albedo values. Annual
files with 8,760 hourly variations of the solar and wind resources can be constructed for every meteorological station
in order to analyze with more detail their potential for electricity production. These files are used to analyze the

performance and economics of renewable energy technologies.

Table 5. Average values from four meteorological stations owned by Cinvestav-Merida in the state of Yucatan.

Mérida  Telchac Chelem Sisal

Temperature (°C) 26.4 25.4 25.2 24.2
Global horizontal radiation (kW-h™.day™) 5.30 5.64 5.82 5.31
Wind speed (m-s™) 2.64 4.98 4.59 5.06
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Tables 6 and 7 show the main results for two hypothetical 500-kW plants with a 30-year lifetime, using the System
Advisor Model (SAM). The economic analysis has to be improved for the conditions in Mexico, but give an idea of
the cost differences among proposed scenarios. Table 6 represents different scenarios for the hypothetical wind plant
in Sisal. Scenarios 3 to 6 consider four different turbine models and sizes: Endurance Wind E-3120 (E), with 50 kW
of capacity and 19.2 m of rotor diameter; Northern Power Northwind 100 (N), with 100 kW of capacity and 21 m of
rotor diameter; AOC 15-50 Wind Turbine (A), with 63 kW of capacity and 15 m of rotor diameter; and WTIC Jacobs
31-20 (W), with 20 kW of capacity and 9.4 m of rotor diameter. All of these turbines are supposed to be installed at
80-m height. The most attractive model is that of scenario 3 and it is used to compare with a 30 m hub-height
installation (scenario 1), a plant with just 100 kW of installed capacity (scenario 2), and the same plant in scenario 3
but installed in Mérida (scenario 7).

Table 6. Wind farm at Sisal considering different scenarios.

Scenario 1 2 3 4 5 6
Turbine model E E E N A w E
Hub height (m) 30 80 80 80 80 80 80
Total surface (m%)? 9,600 1,920 9,600 5,250 6,000 11,750 9,600

Total installation cost (M$US)" 2.540 0.556 2.540 1.996 2.334 4.173 2.540
Produced energy (GWh-year™) 1530 0.388 1.940 1.298 1.244 1.205 0.548

Pay back period (years) 12.3 11.2 9.0 11.4 14.8 > 30 >30
LCOE nominal (¢US/kWh)® 8.69 6.87 6.85 8.21 9.88 17.65 24.24
LCOE real (¢US/kWh)° 6.67 5.23 5.26 6.30 7.58 13.54 18.60

& Estimated from the recommendation 10D x 5D by Denholm [8].
b and costs are not included; differences in hub-height installation costs are not considered.

¢ Levelized costs of electrical energy, accounting the effect of inflation (real) or excluding it (nominal).

From these results, it is possible to see that the type of installed turbines is determinant for the performance of the
wind plant, and not just the costs but also the technical characteristics are important. The hub height is also important
for the amount of transformed energy, but the installation costs should be different and the model must be adjusted in
this case. It is interesting, however, that no big economic differences can be found when the plant is reduced five
times in installed capacity; this could motivate different size projects, depending on financial and land availabilities.
Nevertheless, the local wind resources are extremely important and it is shown here that Mérida is not a good place

to install a wind plant.
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Table 7 resumes a series of scenarios for the hypothetical PV plant installed in Merida. A big variety of commercial
systems are available in the SAM database; but the PVWatts System Model was used instead to simplify the
comparisons. Scenario 1 is for a plant with an installation of just 100 kW, while the other scenarios are for a 500-kW
plant. Scenarios 2 to 4 give the differences when the type of installed array is changed from tilted to tilted with one
tracking axis and to 2-axis tracking. Scenario 5 considers a lower DC-AC conversion than the other systems. Finally,
scenario 6 is for the same system in scenario 3 but installed in Sisal.

Table 7. PV plant in Mérida considering different scenarios.

Scenario 1 2 3 4 5 6
AC-DC conversion (%) 77 77 77 77 70 77
Array 1-axis Tilted 1-axis 2-axis 1-axis 1-axis
Total surface (m?)? 2,083 7,692 10,417 25,000 10,417 10,417

Total installation cost (M$US)® 0.450 2.249 2.249 2.249 2.235 2.249
Produced energy (GWh year™) 0.172 0.705 0.860 0.901 0.781 1.011

Pay back period (years) 24.5 > 30 24.5 22.7 28.4 19.0
LCOE nominal (¢US/kWh)® 13.80 14.70 13.80 13.17 15.12 11.74
LCOE real (¢US/kWh)* 10.59 11.28 10.59 10.11 11.60 9.01

& Estimations from PV array power density values given by Denholm and Margolis (2008).
® Land costs are not included; differences in array-installation costs are not considered.

¢ Levelized costs of electrical energy, accounting the effect of inflation (real) or excluding it (nominal).

The results let see again that the performance and costs of a system are not important when a 100 kW or a 500 kW
plants are installed. However, the pay back period and the LCOE values should be reviewed to verify if there is not
an error in the calculations. The performance of the systems is improved if one or two tracking axis arrays are
installed, reducing the cost of the produced electricity, but again the model should be reviewed in the installation
costs. Moreover, the land-use in the 2-axis arrays diminishes its interest if the footprint is considered. Finally, when
comparing the results for a PV plant in Merida and in Sisal, it is important to remark the importance of the location
of the plant, accordingly with the available regional resources but also with the needs of energy. Not only the
electricity production costs should be considered but also the lost of transmission when the energy is not consumed
at the place of production. In addition, the retail prices should be considered when connected to the electricity grid in

commercial systems.
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When comparing the scenario 3 in table 6 for a wind farm, with the scenario 6 in the table 7 for a PV plant, both
installations in Sisal, the land requirements and installation costs are similar. However, the wind system gives an
economical advantage over the PV system in the levelized costs of electrical energy. Nevertheless, the use of the
land should be reviewed with more detail: the wind plant allows another open-air activities among the installed
turbines, including agronomical production. On the other hand, the PV installations are also attractive because of the
potential shadow they can offer: when direct radiation is avoided in some systems, an important amount of energy
consumption is saved from refrigeration systems. More scenarios can be reviewed considering specific interests of
the Yucatan state government, investors and municipalities. A review of the local costs should be also done to
consider them in the economical analysis, including retail prices for the regional grid pricing structure. In addition,
some social and environmental implications must be added to the balance in order to have a full view of the
advantages of investing in renewable energies.

The potential for hydrogen production from renewable resources in the United States have been already studied [12-
13]. The typical energy requirements for electrolyzers range from 53 to 70 kWh per kilogram of hydrogen, with an
average of 58.8 kWh kg™. Saur and Ramsden [14] have used an efficiency value of 50 kWh-kg™ and an operating
capacity factor of 98% for wind electrolysis plants. In addition to the energy requirements for water electrolysis,
some more energy is required if hydrogen is used for refueling stations in transportation systems. Around 72 kWh
per kilogram of produced hydrogen is considered for a small filling station, with approximately more 3 kWh-kg™*
needed for compression, storage and dispensing [13]. These values were considered to estimate the hydrogen
production capacity of the electrical plants proposed just before. Table 8 presents an estimation of hydrogen
produced with electrical energy from wind farms and PV plants in Mérida, Telchac, Chelem and Sisal. If a 12-
passenger hydrogen-powered shuttle bus is used, with an efficiency of about 9.3 km per kilogram of hydrogen, it is

possible to calculate the distance that could be driven every day from the hydrogen fuel station.

Table 8. Estimation of hydrogen production from PV or wind plants in Yucatan.

Plant Transformed energy  H, production H, production  Driven distance
(GWh year™) (kg year™) (kg day™) (km day™)
Wind Sisal 1.940 25,867 70.9 659.1
Wind  Telchac 1.882 25,093 68.7 639.4
Wind  Chelem 1.574 20,987 57.5 534.7
PV Chelem 1.016 13,547 37.1 345.2
PV Sisal 1.011 13,480 36.9 3435
PV Telchac 0.988 13,173 36.1 335.6
PV Merida 0.860 11,467 31.4 292.2
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As can be observed, the hydrogen plants using wind technologies have better yields than using PV systems. In
addition, the communities along the coast of Yucatan show better results than Mérida. A more detailed analysis must
be done in order to consider the costs involved in these systems, the requirements of water for electrolysis, and the
social and environmental implications to establish a network of public transportation fueled by hydrogen in the
region.

Finally, table 9 gives an estimation of a microalgae (Chlamydomonas reinhardtii) plants for hydrogen production in
Meérida, with an average of the hydrogen production in the PV and wind plants analyzed before. It is interesting to
see the potential of hydrogen production considering the land required in every plant. Although wind farms require
more extensions of land, the net production of hydrogen is twice that of the PV plant and 2.5 times that of the
microalgae plant. It has been remarked before that PV plants are more expensive than wind farms. Therefore, wind
farms are more convenient to install than PV systems. For the microalgae plant, it is necessary to evaluate the
required costs of installation and operation, since the hydrogen production is not so far away from that of wind
systems. Therefore, additional research and technological development is expected for the algae production in order

to have an alternative renewable system to the wind and PV systems in the region.

Table 9. Hydrogen production plants in Mérida.

Plant Annual hydrogen production (kg-m™.year™)
Wind-Hydrogen 2.50
PV-Hydrogen 1.24
Microalgae-PV-Hydrogen 0.96

4. Conclusions

According with satellite databases, solar resources are an interesting possibility for the Yucatan Peninsula to produce
energy. However, from meteorological measurements, wind resources are also important and even more attractive
than PV systems to produce hydrogen as an energy vector. A system of wind-hydrogen plants along the Yucatan
coast is proposed here as an alternative economical activity to fuel a public transportation system.
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ABSTRACT

Polymer electrolyte membranes used in hydrogen fuel cells need some mechanical resistance in order to stand for the
humid environment observed into a cell in operation. Alternative copolymers to the well-known Nafion membranes
are the styrene/acrylic acid copolymers; with advantages in cost and availability of raw materials to prepare them.
Previous attempts to improve mechanical properties of such materials involved crosslinking with divinyl benzene,
but in this work we are reporting the use of the tryfunctional monomer TMPTMA (trimethylol propane
trimethacrylate) for such purpose. Copolymers with a PS/AA ratio of 94/6 were prepared by radical polymerization
reaction, including TMPTMA at 0.1, 0.01 and 0.001 %mol concentrations. Reactions were followed by percentage
yield (gravimetry), FTIR and crosslinking level by gel percentage evaluation (soxhlet extraction) with three different
solvents (water, THF and dicloromethane). Thermal transitions were followed by DSC, stability by TGA and
mechanical properties by DMA. FTIR spectra show typical bands from the copolymer while the corresponding bands
to crosslinking are overlapped; however, gel percentage evaluations show higher level of crosslinking for the 0.1%
TMPTMA copolymer and lack of solubility in water. DSC thermograms indicate increment of Tg and TGA a small
increment in thermal stability for crosslinked copolymers. Elastic modulii suggests a rubbery material for TMPTMA
crosslinked copolymers while loss modulus confirm Tg enhancement as observed by DSC. 0.1 % TMPTMA

copolymer does not even form a membrane due to insolubility and infusibility.

1. Introduction

Recent restrictions in environmental pollution from mankind activities have initiated the search for modern
alternatives to energy generation. Although, fuel cells technology is not considered a new option for such purpose,
optimization of their cost is quite recent. The most important item into a polymeric fuel cell is the polyelectrolyte
membrane (PEM) and the well-known Nafion has been used for decades for mobile applications [12], although
sulphonated polystyrene membranes were the first low temperature commercial options offered from General

Electric Company since 1960 [8].
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Alternative materials to improve Nafion’s membranes include 3 groups: modified perfluorosulphonic acid polymers,
complex acid-base membranes and sulphonated hydrocarbon alternated polymers. The latter include diverse
materials, have low cost, absorbe water in a wide temperature interval and can be recycled [15]. Sulphonation is the
most common method to cleave ionic groups into the backbone consisting of an aromatic electrophilic substitution
reaction in the case of styrenic polymers, where a hydrogen from the aromatic ring is changed by a sulphonic group
[15, 16].

Liu el al [16] studied ion conductivity and mechanical-dimensional behaviour of sulphonated poly(arilethercetone)
bifenilate prepared at different sulphonation grades. They found enhanced mechanical performance and high
dimensional stability and ion conductivity, comparing with Nafion. Deb and Mathew [19] studied the synthesis of
sulphonated styrene-acrilic acid copolymers with a styrene molar rate of 47-55 %; they also reported their ion
exchange properties and suggested their use as pH sensors. Sherazi et al [17] crosslinked ultra high molecular weight
polyethylene with styrene and obtained membranes by hot press molding to finally sulphonate with chlorosulphonic
acid, obtaining membranes with superior proton conductivity and low permeability to methanol when comparing
with Nafion.

A practical way to obtain membranes is the preparation of the crosslinked styrene-divinyl benzene copolymers in one
step and their further sulphonation with concentrated sulphuric acid [18]. Recently Paula et al [20] reported the
preparation of styrene-acrylic acid copolymers with further sulphonation with sulphuric acid as well, with
possibilities of pH and humidity sensors applications. In this report we are showing results when styrene-acrylic acid
copolymers are crosslinked with an agent (trimethylol propane trimethacrylate-TMPTMA) to enhance mechanical

properties to be able to use them as membranes in fuel cells.

2. Experimental
Synthesis of crosslinked copolymers

A 100 ml glass reactor was loaded with styrene and acrylic acid in a 94:6 molar ratio, TMPTMA crosslinking agent
(trimethylol propane trimethacrylate) was also added at three different concentrations: 0.001, 0.01 and 0.1 % mol.
Radical copolymerization was carried out using benzoyl peroxide (0.05 % mol) as initiator and keeping reactor
temperature at 100 °C, under nitrogen atmosphere and mechanical stirring (250 rpm) during 2 hours. The copolymer
was dissolved with acetone and the solution precipitated with methanol; the latter procedure was repeated twice in
order to eliminate low molecular weight material and the solid dried overnight and then into a vacuum oven. The

percent of copolymerization yield was calculated by gravimetric measurements.

Characterization of copolymes

An aliquot of each copolymer (0.02 g) was dissolved with THF (1 ml) and the solution deposited in a flat confined
glass plate in order to have films of approximately 0.03 mm thickness after solvent evaporation (casting). FTIR

spectra of the films were recorded in a Nicolet Avatar 330 instrument. 64 scans and a resolution of 4 cm™ were used.
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Gel formation was also evaluated in order to obtain the crosslinking level for each copolymer; as it is an indirect
evaluation, three solvents were used: water, dicloromethane and THF. Aliquots of 0.5 g were placed into cellulose
thimbles and then into soxhlet extraction systems. The copolymers were extracted with the different solvents during
various extraction times: 4, 8 and 12 h. Gel percentage was calculated gravimetrically.

DSC thermograms were obtained from a TA Instruments 2920 MDSC apparatus, a first thermal scan was carried out
to eliminate thermal history and the second scan recorded to observe transitions in the -30 to 150 °C temperature
interval at 10 °C/min thermal ramp. A nitrogen atmosphere was always kept during evaluations.

TGA thermograms were carried out in a Q500 TA Instruments apparatus. Approximately 20 mg of sample was
placed into the thermobalance and evaluated from ambient up to 700 °C, with a 10 °C/min thermal ramp under
nitrogen atmosphere. Mass loss was recorded along temperature and the first derivative calculated for each run.
Dynamic mechanical properties were evaluated by means of a DMA TA Instruments Q800. A tension accessory was
used for deformation, with an amplitude of 20 microns and a frequency of 1 Hz in the temperature range of ambient
to 130 °C with a ramp of 5 °C/min.

3. Results and discussion

Copolimerization reactions were carried out and the yield percentages obtained gravimetrically are relatively low, as
shown in the Table 1, particularly for the homopolymer (polystyrene). The highest value was obtained for the
copolymer including 0.1% of crosslinking agent, suggesting is due to the reactive media involving the tryfunctional
monomer. The latter was an insoluble material due to the high level of crosslinking, unable to use it for making films

(membranes) by casting.

Table 1. Yield percentages obtained for reactions

Polymer Yield (%)
PS 30.5
PS/IAA 40.5

PS/AA +0.001 TMPTMA 37.1
PS/AA +0.01 TMPTMA 37.6
PS/AA + 0.1 TMPTMA 56

The films obtained from the casting of copolymers synthesized were evaluated by FTIR; except the one prepared

with 0.1 % TMPTMA, as mentioned before. FTIR show expected differences, as can be seen in Figure 1.
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Figure 1.- FTIR spectra of polystyrene (PS), the copolymer with acrylic acid (PSAA) and the copolymer prepared
including different levels of TMPTMA.

Polystyrene shows the C-H stretching bands over and below 3000 cm™, aromatic ring overtones below 2000 cm , and
the corresponding ring vibrations at 1600, 1492 and 1450 cm™, and finally the C-H bendings from backbone at 758
and 700 cm™, as well as the one from the ring at 541 cm™. Once the copolymer was prepared (PSAA), the FTIR
spectra show a slight broadening for the C-H aromatic and aliphatic bands around 3000 cm™, as a consequence of the
OH group from the acrylic acid. It is also clear the formation of the C=0 carbonile stretching band at 1704 cm™ and
the C-O stretching band at 1240 cm™, both coming from the presence of acrylic acid in the copolymer. The C-O-H
bending vibration is overlapped with the bands from the aromatic ring at 1430 cm™.

Indication of TMPTMA into the copolymer is seen as the 1732 cm™ shoulder coming from an esther functionality.
The latter is higher for the 0.1 % mol TMPTMA addition to the reaction mixture, as seen in the sequence (Table 2)

obtained when correlating such band with an unchanged band from the backbone (758 cm ™)

Table 2. Esther formation in copolymers with addition of TMPTMA

Polymer Band ratio (1732/758 cm™)
PS/IAA 0.3704
PS/AA + 0.001 TMPTMA 0.3929
PS/AA + 0.01 TMPTMA 0.4091
PS/AA + 0.1 TMPTMA 1.1262
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The extraction properties of materials in water are very important, considering they do have to support humid
environments during operation. Extraction in organic solvents are useful to understand the real level of crosslinking
during addition of TMPTMA and needed to prepare the membranes. Figure 2 show the results of extraction at
different time intervals for the crosslinked materials when using 3 solvents.
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Figure 2.- Percentage of gel obtained for the materials at different times using. Dichloromethane (A),
Tetrahydrofuran (B) and Water (C).

It is clear to observe that water does not dissolve any of the crosslinked materials (0.1, 0.01 and 0.001 % TMPTMA)

and needs 8 hours to dissolve just the 4% for the 0.001 % material. Dichloromethane is the most effective solvent,

(A
)
3 \”V/

l CICY
% % Yucatan Center for
H f
‘ Mexican Hydrogen Society Scientific Research 251

444
0‘0,000



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

since only 4 hours are needed to dissolve almost all of the low crosslinked materials while THF need 8 hours to do
s0. None of the solvents dissolve the most crosslinked material with 0.1% TMPTMA.
Thermal transitions were evaluated by DSC in order to identify possible changes in Tg as a consequence of

copolymerization and crosslinking reactions. Figure 3 shows DSC thermograms for the materials prepared.
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Figure 3.- DSC thermograms for PS, PS+AA and the copolymer added with different levels of TMPTMA

Polystyrene shows its Tg transition at 102°C as it is well known, but the copolymer with 6 % mol of acrylic acid
enhances the transition up t0117°C due to interaccions between acrylic acid functionality. The crosslinked materials
with low amount of crosslinking agent (0.001 and 0.01 % of TMPTMA) does not produce any changes to the
copolymer transition, however the 0.1 % TMPTMA material reduce the transition considerably as well as extends
the thermal interval for it. Such effect has been mentioned to be the consequence of the rubbery status acquired for
the higher amount of agent [9].

In order to evaluate changes in thermal stability for the materials prepared, TGA thermograms were obtained and the
loss weight is happening at higher temperature as known for styrenic materials (350°C), and an increment for the
crosslinked materials. Figure 4 show their traces and Table 3 the temperature values for the curve maxima from the
DTG traces. The most crosslinked material (0.1 % TMPTMA) has the higher thermal stability and the copolymer is

more sensible to degradation comparing with the polystyrene homopolymer.

3¢
58/

£

' Y Cv‘ l g‘\f/ fi
i . ucatan Center for
Mexican Hydrogen Society scientific Research 252

R



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

—o— PS
—O— PSAA

100 -

75 o

50

Weight (%)

254

Deriv. Weight (%/°C)

T T T T T T 1
-150 o 150 300 450 600 750 900

Temperature (°C) Temperature (°C)

Figure 4.- TGA and DTG thermograms for PS, PS+AA and the copolymer added with different levels of TMPTMA

Table 3. Degradation temperatures obtained by derivative TGA

Polymer Maxima at DTG curves (°C)
PS 409
PSIAA 405.5
PS/AA +0.001 TMPTMA 407.5
PS/AA + 0.01 TMPTMA 407.5
PS/AA + 0.1 TMPTMA 411
TMPTMA 344, 463, 613

Mechanical properties were evaluated by means of DMA and the results of elastic and viscous modulii for the

materials are shown in Figure 5. The 0,1 % TMPTMA crosslinked material is not included since it was imposible to
obtain films for the evaluations.
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Figure 5.- DMA traces (storage and loss modulus) for materials added with different levels of TMPTMA

The elastic modulus is considerably high for the homopolymer and the copolymer but once the crosslinking agent is
added the reduction of E” values confirm the rubbery behavior of the materials. The viscous or loss modulus traces
also confirm the effect observed by DSC, where glass transition temperature is enhanced for the crosslinked

materials, with temperature differences in the order of 30°C.

4. Conclusions

The polystyrene-acrylic acid copolymer was prepared as it is confirmed by FTIR and the addition of TMPTMA
effectively worked as crosslinking agent. Water does not extract polymeric material during gel % evaluations but
organic solvents evaluated (THF and DCM) are convenient to dissolve and prepare membranes. Glass transition is
effectively enhanced when TMPTMA is added as observed by DSC and confirmed by DMA while a rubbery status
is obtained specially for 0.01 % TMPTMA addition. Thermal stability is slightly enhanced for crosslinked

copolymers.
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ABSTRACT

Overall water splitting to produce hydrogen over a semiconductor photocatalyst is a promising process for clean
and sustainable hydrogen production. In this work, a new compound Sm,GaTaO; was successfully synthesized
by a conventional solid state reaction. RuO, nanoparticles were loaded as cocatalyst onto Sm,GaTaO- surface.
X-ray powder diffraction and Rietveld refinement characterization results revealed that Sm,GaTaO; crystallized
in the monoclinic system with space group C2/c. The energy band gap (Eg) was calculated by Kubelka-Munk
formula, obtaining a value in the order of 4.1 eV. By scanning electron microscopy and nitrogen physisorption
analysis, it was observed that material presents particle size around 2-3 pm and a specific surface area of 0.5 m?
g™. The photocatalytic water splitting reaction results revealed that Sm,GaTaO; was able to produce hydrogen
from pure water. The hydrogen production activity was enhanced by using the optimal RuO, amount, which
exceeded 2.4 times the production of pure Sm,GaTaO-.
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1. Introduction

Actually, hydrogen (H,) has received special attention as a next-generation energy carrier. H, is widely
considered to be the future clean energy in many applications, such as environmentally friendly vehicles,
domestic heating, and stationary power generation. Photocatalytic water splitting using semiconductor oxide is
one of the most promising technologies for sustainable and clean hydrogen production; this is because H, could

be obtained directly from abundant and renewable sources such as water and solar light [1-5].

Photocatalysts materials that include in their structure cations with d° electronic configuration like Ti**, Zr*",
Nb>* and Ta’ have been widely studied and showed potential activity for water splitting into H, and O, [1,4,6-
8]. On the other hand, it has been reported that some metal oxides consisting of cations with d' electronic
configuration such as Ga>*, In®*, Ge*", Sn*" and Sbh** are also attractive materials for this reaction [9-11]. Density
functional theory results (DFT) revealed that the conduction band of d'° metal oxides present a large dispersion
which allows higher mobility of the photoexcited electrons than d° transition metals [11]. However, pyrochlore-
type mixed oxides Sm,InTaO; and Sm,INNbO; that combine cations with 4f-d*-d° configuration showed much
higher activity for H, evolution when compared to Sm,Zr,0; and InNbO, with 4f-d° and d'°-d° electronic
configuration respectively [12,13]. Moreover, some investigations have found that crystalline structure
arrangement, particularly, the formation of distorted octahedral units is an important factor to improve the H,

evolution using 4f, d** and d° mixed metal oxides [12-15].

Other way to improve the photocatalytic water splitting reaction is through a surface modification loading Pt,
NiO and RuO, nanoparticles as cocatalysts. Principally, the cocatalyst materials suppress the electron-hole

recombination and generate active sites for gas evolution [1,4].

Among metal oxides with d*° configuration, Ga,O; is photocatalytically active for the water splitting reaction,
even without loading a cocatalyst [4]. Based on above consideration, this paper is focused on the synthesis by
solid state reaction of a new compound, Sm,GaTaO-. Their photocatalytic activity for water splitting reaction to
produce hydrogen was studied. The hydrogen evolution results were explained in terms of the crystalline

structure and the effect of loading RuO, nanoparticles.

2. Experimental

2.1 Synthesis by solid state reaction

Sm,GaTa0; was synthesized by solid state reaction using Sm,0s, Ga,03 and Ta,Os (Aldrich purity > 99.9 %) as
starting materials. The powders were dried before the synthesis at 200°C for 4 hours. Then, stoichiometric
amounts of each reactant were perfectly mixed with acetone in an agate mortar. The mixture was grinding until
complete evaporation of acetone. Then, the mixture was placed into a platinum crucible and thermally treated at
1400°C under an air atmosphere using a heating rate of 1°C/min with intermediate regrinding to complete the
reaction.
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2.2 Wet impregnation method

Sm,GaTaO; was impregnated with different content of RuO, (0.2, 1.0 and 1.5 weight %) using the
stoichiometric amount of ruthenium carbonyl complex, Rus(CO);,, in tetrahydrofuran. During impregnation,
Sm,GaTaO; powders were immersed into solution, the slurry was stirred at 80 °C until complete evaporation of
the solvent. Then, in order to convert the Ru surface species to RuO, nanoparticles, each material was thermally
treated at 400 °C by 1 hour under an air atmosphere using a heating rate of 10 °C/min. These materials were

labeled as XRuO,/Sm,GaTa0-, where “x” denote the weight % impregnated.

2.3 Characterization

Sm,GaTaO; was characterized by X-ray powder diffraction method (XRD) using a Bruker D8 Advance
diffractometer and CuKa radiation (A = 1.5406 A) as the incident X-ray source. XRD data were collected at
room temperature from 10 to 100° with a step interval of 0.01° and a counting time of 1s step™. A detailed
analysis of the crystal structure was performed by Rietveld refinement method using TOPAS R3 software [16].
The optical properties were analyzed in the range of 200 — 700 nm at room temperature with a UV-Vis
spectrophotometer (Lambda 35 Perkin Elmer Corporation) equipped with an integrating sphere attachment. The
energy band gap was determined by Kubelka-Munk function. The morphology and particle size of materials
were observed using a JEOL 6490 LV Scanning Electron Microscope (SEM). All samples were stuck to graphite
tape and then placed on an aluminum sample holder and located in the SEM chamber. The content of
impregnated RuO, was determined by energy dispersive X-ray spectroscopy (EDS) analyzing five random
zones. The specific surface area (Sger) was determined by physical adsorption of nitrogen at -196 °C using an

analyzer Quantachrome NOVA 2000e. Prior to analysis the samples were degassed at 300 °C for 1 h.

2.4 Photocatalytic Evaluation

The photocatalytic water splitting reaction was carried out in a reactor with inner quartz cell and a 400 W high
pressure mercury lamp as the irradiation source. 0.3 g of photocatalyst was dispersed into 300 mL of pure water
under vigorous stirred. Prior to the reaction, argon was bubbled to deaerate the solution. Pressure was set at 100
Torr and temperature was kept at 20 °C. The amount of hydrogen was analyzed using a chromatograph Varian
CP 3380 equipped with a TCD detector and column Hayesep D 100/120 using argon as carrier gas. Reaction

evolution was analyzed each 30 minutes during 5 hours.

3. Results and discussion

3.1 Characterization of Sm,GaTaO;,

According with XRD analysis, Sm,GaTaO; was obtained as a single phase at 1400 °C and 24 hours. As shown in
Figure 1, the diffraction peaks were intensive and narrow, suggesting a good crystallization and large particle
size. Sm,GaTaO; was synthesized for the first time, hence there is not standard diffraction pattern for it in the
ICDD-PDF (International Centre for Diffraction Data, Powder Diffraction File) database. However, the XRD
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pattern obtained for Sm,GaTaO; was quite similar to monoclinic Sm,FeTaO,; compound recently reported by our

research group [17].

Sm,GaTa0,

Intensity (a. u.)

¥ T Y T Y T T T ¥ T % T y T Y T T
10 20 30 40 50 60 70 8 90 100
20 (degree)

Figure 1. XRD pattern of Sm,GaTaO; synthesized by solid state reaction method at 1400°C.

To determinate the crystal structure of Sm,GaTaO,, a Rietveld refinement was carried out using a theoretical
monoaclinic unit cell with space group C2/c (No. 15) as a model, recently reported for Sm,FeTaO, [17]. In the
model, Ga and Ta ions were assumed to occupy equivalent atomic sites in equal proportion to one another.
According to the Rietveld refinement results, experimental and calculated data XRD patterns agreed well with
each other, see Figure 2. This means that all X-ray reflections of Sm,GaTaO; can be entirely indexed for a
monoclinic crystal structure with the space group C2/c. This results revealed that Sm,GaTa0O; and Sm,FeTaO-,
are isostructural compounds, this is due to their very close ionic radii, Fe** = 0.64 A and Ga* = 0.62 A [18].
Therefore, Sm,GaTaO; monoclinic structure consists of irregular Ga/Ta octahedra linked at their corners and
interconnected into a hexagonal tungsten bronze (HTB)-type network forming 2D HTB blocks, as previously
reported for Sm,FeTaO; [17]. The structural arrangement of Sm,GaTaO, differs from SmTaO, with a

fergusonite-type structure that can be regarded as arrays of TaO, tetrahedrons that are not linked together [15].
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Figure 2. XRD patterns from Rietveld refinement of Sm,GaTaO-.

Table 1 shows the crystal data and the reliability factors obtained for Sm,GaTaO;, while the refined atomic

positions are listed in Table 2. The lattice cell parameters of Sm,GaTaO; are in close agreement to previously

reported literature values for similar oxide compounds with monoclinic structure [17,19,20].

Table 1. Crystallographic data obtained from Rietveld refinement results.

Mexican Hydrogen Society

Parameter
a(A) 13.1386(3)
b (A) 7.5911(2)
c(A) 11.5495(3)
B (°) 101.087(2)
Crystal structure  Monoclinic
Space group C2/c
z 8
Rup (%) 6.69
r 1.25
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Table 2. Atomic positions of Sm,GaTaO; obtained from Rietveld refinement results.

Atom  Site Occupancy X y z
Sml  8(f) 1 0.363(1) 0.129(2) 0.500(1)
Sm2  8(f) 1 0.118(1) 0.135(2) -0.009(2)

Ga/Tal 8(f) 0.5/0.5 0.247(3) 0.111(3) 0.7525(2)

Ga/Ta2 8(f) 0.25/0.25 0.512(4) 0.139(5) 0.292(4)

Ga/Ta3 4(e) 0.5/0.5 0 0.135(3) 0.25
01 8(f) 1 0.334(3) 0.112(6) 0.306(3)
02 8(f) 1 0.471(4) 0.128(7) 0.096(3)
03 8(f) 1 0.218(4) 0.137(6) 0.611(3)
04 8(f) 1 0.461(3) 0.098(5) 0.726(4)
05 8(f) 1 0.732(4) 0.142(6) 0.545(3)
06 8(f) 1 0.031(3) 0.147(6) 0.451(3)
o7 8(f) 1 0.172(2) 0.117(7) 0.762(3)

Figure 3 shows SEM images and EDS spectrum of Sm,GaTaO; and 0.2RuO,/Sm,GaTaO; materials. It can be

observed that materials exhibit semi-spherical particles with size larger than 1 um. It could be also observed the

presence of particles with neck growths due to sintering process caused by high temperature and long reaction

time. The EDS analysis results of RuO,/Sm,GaTaO; materials revealed that RuO, content was 0.2, 0.9 and 1.5

weight percent.

The adsorption analysis results showed that Sm,GaTaO, and RuO,/Sm,GaTa0O; materials had similar specific

surface area of around of 0.5 m? g™. This indicates that surface area variation after impregnation was not

significant due to the low content of RuO, loaded.

ohe\
{30
L 55)

Mexican Hydrogen Society

=444
SV

Yucatan Center for
Scientific Research

261



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

20kV  X10,000 1pm 20kV  X40,000 1pm
Sm
ca (c)
Sm Ta
=l O
8
€
3
8
8 Sm
3
@
§ Ga
= Ta
2 "Sm x
RU p, sm Ta
i 2 3 4 s & 7 & o

Energy (KeV)

Figure 3. SEM images of Sm,GaTaO; (a), 0.2Ru0O,/Sm,GaTaO, (b) and
EDS spectrum of 0.2RuO,/Sm,GaTaO-.

The UV-Vis diffuse reflectance spectrum of Sm,GaTaO- is showed in Figure 4. The spectrum exhibits the major
peak at A < 320 nm and also can be noted several peaks at A > 350 nm attributed to internal transitions of the
partly filled samarium 4f shell [13,15,21]. According with the Kubelka-Munk analysis results, Sm,GaTaO,
possesses an energy band gap (Eg) in the order of 4.1 eV. This Eg value is comparable to previously reported for

similar compounds [15,21].
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Figure 4. Plot of Kubelka-Munk function of Sm,GaTaO-.
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Figure 5 shows the UV-Vis diffuse reflectance spectra of Sm,GaTaO; materials. It is evident that the reflectance
values gradually decreased (the absorption in opposition increased), as the wt. % RuO, amount was increased.
After impregnation the samples had a much darker color when RuO, content increased, these colored materials
necessarily absorbs visible light; which is confirmed by the decreased in reflectance values. These results also
confirm the presence of RuO, nanoparticles on the Sm,GaTaO; surface.

60

(a)
50
40-

(b)

Reflectance (%)
8

Wavelength (nm)

Figure 5. UV-Vis diffuse reflectance spectra of Sm,GaTaO, samples: (a) without RuO,, (b) 0.2% RuO,,
(c) 0.9% RuO; and (d) 1.5% RuO,.

3.2 Water splitting reaction

Prior the photocatalytic reaction test, blank controls were performed with the same reaction system in dark or in
the absence of catalyst. No hydrogen was generated in these conditions. Figure 6 shows the photocatalytic H,
evolution as a function of irradiation time from pure water. The photocatalytic H, evolution are listed in Table 3.
Figure 6 shows hydrogen production as function of reaction time. It can be observed that during the first 120
minutes all materials exhibited a similar behavior. After that time, differences can be found in the hydrogen
production as function of the RuO, wt.% content. The material 0.2RuO,/Sm,GaTaO, presents the higher
hydrogen production but when the RuO, amount increase to 0.9 and 1.5 wt.%, hydrogen production decreases
considerably and it is even less than Sm,GaTaO;. These results revealed that RuO, as cocatalyst provide
efficient active sites for H, evolution, however an excess in the RuO, wt. % amount may cause agglomeration of
the RuO, nanoparticles reducing the number of active sites for H, evolution. Moreover, excessively loaded of
RuO, hinder light absorption by the base photocatalysts reducing the generation of the electron-hole pair and in
some cases could act as recombination centers [1].
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Figure 6. Photocatalytic hydrogen production of Sm,GaTaO; materials: (a) without RuO,, (b) 0.2% RuO,,
(c) 0.9% RuO, and (d) 1.5% RuO,.

Table 3. Photocatalytic activity of Sm,GaTaO- for hydrogen production

Photocatalyst H, evolution
(nmol ™ g*)
Sm,GaTaO; 58
0.2Ru0,/Sm,GaTa0, 137
0.9RuO,/Sm,GaTa0, 43
1.5Ru0,/Sm,GaTa0; 37

Although it has been reported that RuO, cocatalyst can act as both reduction and oxidation site during water
splitting reaction [5]. However, in the present work, it was observed that RuO, only acts as reduction site for H,
evolution because O, evolution was not presented. It could be associated with the possible adsorption of O,
molecules onto the Sm,GaTaO; surface. These was previously reported by some authors [13,22].

Table 4 resumes some H, production reported results. In most of the cases, the H, production obtained in this
work is superior than many of these studies under similar reaction conditions even some of the reported works
used sacrificial agents such as methanol and ethanol that under certain condition, they can also undergo
photocatalytic reforming to produce hydrogen. This implies that, using an alcohol solution, the origin of the
produced H, is uncertain and may not be issued exclusively from photocatalytic water splitting [23-25]. The H,
production rate of Sm,GaTaO; was 39 times higher than SmTaO, under similar reaction conditions. This higher
hydrogen production can be understood from the following aspects. Firstly, the presence of Ga** makes possible
the formation of a 4f-d'°-d° electronic configuration compound which favors the mobility of the electron-hole
pairs [13]. The second one is related with the crystal structure arrangement of Ga/Ta octahedral. The presence of
two metals ions with different electronic configuration at the same crystalline site of the Sm,GaTaO- structure
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arrangement generate the formation of highly distorted octahedral units facilitating the generation and mobility
to the surface of the photogenerated electron-hole pairs. And finally, the use of RuO, as cocatalyst decreases
considerably the recombination of the electron-hole pairs and provides extra reaction sites for the H, evolution.
Therefore, Sm,GaTaO; in combination with an optimal amount of RuO, as cocatalyst can be considered an
attractive material for pure water splitting. This information might be useful for designing new photocatalyst

materials for water splitting.

Table 4. Comparative results of specific H, evolution from photocatalytic
water splitting using different complex oxides

Sacrificial Specific H,
Photocatalyst agent Reaction conditions Light source evolution Ref.
9 (umol h™ g)
Sm,GaTaO; none 0.3 g of catalyst and 400 W High 58 This
0.2 RuO,/Sm,GaTaO;, 300 mL of pure water  Pressure Hg lamp 137 work
SmTa0, none 0.2 g of catalyst and 400 W High 15 15
0.7 Ni/SmTaO, 200 mL of pure water  Pressure Hg lamp 46
0.2 g of catalyst and 400 W High

RbSmTa;07 none 200 of mL pure water ~ Pressure Hg lamp 53 21
0.2 Pt/B!zGaTaO7 2 g of catalyst, 50 mL 400 W High 31
0.2 Pt/BiyInTaO, methanol of methanol and 320 Pressure Ha lam 497 26
0.2 Pt/Bi,FeTaO, mL of water g P 56
Bi,LaTaO, none 1 g of catalyst and 400 W High 42 7
Bi,YTaO; 300 mL of pure water  Pressure Hg lamp 34
Bi,AINbO, 45
NiO,/Bi,AINbO; 0.1gof catalyst, 20 5545y 4o 74

. methanol mL of methanol and 28
Bij gLag ,AINbO;, 400 mL of water Pressure Hg lamp 105
NiO,/Bi; glL.ag ,AINbO, 141
La:Cd,TaGaOg 0.3 g of catalyst, 45 300 W Hiah 300
0.5Pt/La:Cd,TaGaOg ethanol mL of ethanol and Pressure H ?am 5700 7
0.5NiO/La:Cd;TaGaOg 405 mL of water g1amp 2833

4, Conclusions

The Sm,GaTaO- was synthesized for the first time through solid state reaction. The XRD results indicate that the
compound crystallized in the monoclinic system with a space group C2/c. The Sm,GaTaO; was able to produce
H, from pure water, this result reveals that crystal structure and the constitute elements play an important role in
the photocatalytic activity. The RuO, acts as an effective cocatalyst to enhance photocatalytic H, production
activity of Sm,GaTaO;. The optimal RuO, loading amount was found to be 0.2 wt.%. At this content, H,

production was 137 pmol h™ g, which exceeded 2.4 times the production of pure Sm,GaTaO;.
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ABSTRACT

Graphene oxide (GO) was the precursor of graphene, which is the material with unique properties how
electrical conductivity, thermal conductivity, mechanical etc. Graphene presents the high specific surface of 2,965
m?eg™, and your electric conductivity has been increased by thermo treatments with elevated temperature, and a
consequence has been obtained increase the specific surface and low resistance intern, which is favorable for energy
storage. Nevertheless, graphene oxide (GO) has attractive properties by energy storage due to your compatibility
with different electrolytes due to functional groups present on the surface of carbon structure.

In the literature, have been reported different methods for the obtained of graphene oxide. However in this
work, the synthesis of graphene oxide (GO) was realized by Hummer’s modified method, because is a method of
obtaining at great scale. The process of synthesis consist of four steps: 1.-Pre-thermal oxidation with oxygen flow,
2.- Chemical oxidation of precursors, 3.- Chemical oxidation for the obtainment of graphite oxide and 4.- Exfoliation
of graphite oxide by ultrasonic to obtaining the sheets of graphene oxide (GO).

GO obtained was characterized physically and chemically by SEM, EDAX and RAMAN. Also, the GO was
evaluated electrochemically by voltammetry cyclic as different scanning rates at 5, 10, 20, 30 and 50 mV/s and limit
potential of 0 to 1 V. For realize to the electrochemical characterization of material, this was deposited on carbon

cloth electrode of 1 cm?.

Keywords: Supercapacitors, (GO) Graphene Oxide.
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1. INTRODUCTION

Electrochemical capacitors (EC) are often called supercapacitors or ultracapacitors as a result of having a high
capacitance in a small amount of area. These devices have been used as energy storage and are classified by
mechanism of energy storage, devices; there are two kinds of supercapacitors: the electric double layer capacitors
and redox pseudocapacitors [1].

The Electric Double Layer Capacitors (EDLC’s) works by accumulation of the electrostatic charges on the
surface of electrode-electrolyte, by separation or deposition of electrons in anodes and cathodes, which in turn
induced by an applied potential across the device [1]. The positive or negative charge on the surface is balanced by
an accumulation of counter ions (ions of opposite charge) of the solution, forming a double-layer of positive or
negative charges (or vice versa), these devices employ carbon to generate a load double Layer [2], development of
these devices emphasizes the importance of designing new materials to improve the power delivered and the energy
storage EDLCs, which include nanostructured materials of carbon aerogels, carbon nanotubes and graphene, etc.

The mechanism by storage energy in the case of pseudocapacitors, is due to both processes EDL and faradic
or redox, in conditions thermodynamics defined potentials and the electrode surface and are responsible for
accumulation and release a capacitive charge which depends on the repulsive forces between electrolyte absorbed or
intercalated ions which performance an important role in extending the operating potential for the development of
capacitive charges, on the contrary a force weak repulsive or attractive between ions severely limits the useful
operating window [3]. Pseudocapacitive materials generated a significant attraction due to the number of electrons
transferred in the redox process which can be compared with the capacitive charge of the EDL; between these
materials may be mentioned intrinsically electro-conductive polymers, and metal oxides[1].

The performance of a supercapacitor too dependent on the materials you choose to build their anode and
cathode electrodes, between the characteristics of the materials must meet to satisfy the conditions of the electrodes
can be found graphene. The graphene is sheet monatomic carbon atoms attached through bonds covalent sp2
(monolayer of graphite) [4], until 2004 did not believe it is possible existence as an isolated sheet, as it is supposed to
strictly two-dimensional crystals are thermodynamically unstable. Graphene is a special case of semimetal and has a
zero gap metal, having the peculiarity that the density of states at the level of Fermin is zero. Graphene tends to
adsorb molecules on its surface, this coupled with its high specific surface area (2600m?g™) , mechanical strength
and high conductivity postulated as a possible successor as electrodes of supercapacitors EDLC[5]

Nevertheless, the graphene in reduced state presents weak interaction with electrolyte. The graphene oxide
(GO) is one of the most crucial derivatives of graphene, and it exhibits a layered structure with oxygen functional
groups bearing the basal planes and edges. The existing functional groups such as carboxyl and hydroxyl groups tend
to improve the hydrophobicity of basal planes. The ECs fabricated with the graphene-based electrodes display an
exciting potential with high rate capability and reversibility[6].
2. EXPERIMENTAL
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To synthesize graphite oxide proceeded to weight 20 g of graphite flakes by Sigma Aldrich with a
percentage purity of 70%, the sample was heated to 250 ° C in oxygen saturated atmosphere, this temperature was
maintained for 4 hours to remove impurities[4]. Posterior, was applied the method of. Hummer’s to synthesize
graphite oxide[7] and then graphene oxide (GO).This method employs two stages, first to remove ions and acids with
a pre-oxidation thermal of graphite using 2 L of hydrochloric acid solution ratio at 1:10 and the second step is to
wash the sample with 2 L of deionized water to remove residual acid for a week in an ultrafiltration cell by Millipore
Amicon, after the sample is dried at 60 ° C for 48 hours.

Following, 20 mg of graphite oxide obtained is carried out by chemical reduction by adding 20 ml of a
0.1M solution of sodium boron hydrate; the reduction is realized when the graphite oxide changes your coloration
from brown to black, then is begins the hydrogen secondary reaction [8, 9]. The mixture was stirring by ultrasonic
bath during one hour for reduced graphene sheets (CRG), and posterior were washed with deionized water and
filtered with Millipore Amicon ultrafiltration cell. The sample was dried of vacuum oven at 60 ° C for 24 hours to
remove residual water. Finally, 2 mg of reduced graphene was placed in 20 ml of ethylene glycol and was stirred
inside an ultrasonic bath for one hour.

The samples were characterized by Raman spectroscopy is a technique which can be inferred in several
material properties such as chemical and structural, the depth of analysis extends only a few nanometers in the
sample by which is considered a non-destructive technique surface [10, 11]. 2 samples were prepared for
spectroscopy Raman, depositing on a microscope slide 100uL of a solution graphene oxide concentration of 5mg in
20ml of ethylene glycol and 100uL of graphene reduced, which were heated to 190 ° C to evaporate all the ethylene
glycol.

For the evaluation of the performance electrochemical of these materials, there materials were characterized
by cyclic voltammetry was used a cell of three electrodes, the work electrode (WE) was the carbon cloth electrode of
1cm? of area and this was deposited 400 pL of reduced graphene solution as the concentration of 2mg/20mL in
ethylene glycol. The counter electrode (CE) was a graphite rod with 0.5mm of diameter and as the reference
electrode (RE) was used a saturated calomel electrode (SCE). For the tests, was used a solution 0.05 M of H,SO, as

the electrolyte, and the window potential of 0 to 0.9 V vs. SCE x 5 cycles at different sweep rates.

3. RESULTS AND DISCUSSION

Morphology changes of graphite oxide by oxidation process, was realized by SEM analysis and by EDAX
was determined by elemental analysis. In the figure 1a shows the morphology of graphite flakes by Sigma Aldrich at
70% of purity. Figure 1b shows the morphology of graphite oxide. In this case, the graphite oxide shows mayor
irregularity and mayor roughness with respect to graphite (figure 1 a) due to the process of oxidation; this is
confirmed with the percent of oxygen present in the sample (Table 1). By means of EDAX analysis was obtained an
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average percentage of elements for the two samples, the average was obtained taken six different areas and the

values are presented in the Table 1.

There values show differences between graphite and graphite oxide, correspondent to contain of carbon and

oxygen, principally. For the case of graphene oxide is observed an increase of contained of oxygen and diminished

of carbon, this is possible of the formation of oxygen functional groups.

600pm Electron Image 1

Spectrum 2

2000m Electron Image 1

Figurel: SEM images obtained for two different samples: a) graphite flakes at 70% of purity and

b) graphite oxide obtained.

Table 1: EDAX analysis for elements present in the samples.

Flake graphite

Graphite oxide

Element % Element %
C 88.97 C 59.77
(0] 9.78 0] 37.75
Mg 0.05 Si 0.986
Si 0.55 S 0.416
Ca 0.10 Cl 1.022
Fe 0.22 Al 0.054

By mean of Raman spectroscopy can be confirm the obtained of graphene reduced and graphene oxide.

However, the equipment used to perform the analysis in this occasion is limited, therefore only be observed the first-

order spectrum. For the case of perfect graphite, the first-order of spectrum Raman includes a very narrow and

intense peak around of 1580cm™, this band is called G and its relationship with the graphitic order. This band is

shown at 1580 cm™ of Raman shift for highly ordered pyrolytic graphite (HOP) [10], (see Figure 2) which was used

as background to compare with the obtained graphene.
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Figure 2: Spectra Raman of graphite flakes (green), HOP graphite (black), graphene oxide (blue) and graphene
reduced (red)

Conform the graphite loses its structural order by the introduction of defects caused by oxidation processes, shows
the apparition of a band located around 1360cm™ called D [11]. In the figure 2 is showed the appears in the curve of
graphene oxide this band at 1339cm™; in graphene reduced this band appears at 1333cm™. One of the parameters
employed by determined the graphitic order is the ratio of the intensity of the band D with respect to the band G (1D /
IG). However there comes a point at which the ratio ID/IG decreases with increasing the disorder, due to the
disappearance of the aromatic rings, which leads to decreasing the intensity of the band D. Table 2 shows the
relationship between the intensity of these two bands characteristics obtained from Raman spectra by different

samples prepared.

Table 2: Ratio between the intensities of bands D and G

Sample Intensity D Intensity G (IDNG)
Graphene oxide 0.018 0.016 1.1
Graphene reduced 0.012 0.010 1.2
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Figure 3 shows the cyclic voltammetry obtained from a sweep rate of 80 mV s for the carbon cloth
electrodes modified and without modified. The curves correspond to the electrodes with graphene oxides and

graphene reduced. The Figure 3 b shows low values of current density for carbon cloth electrodes with and without

ethylene glycol.

1,0x10°
5,0x10™ -
§ 0,0
< o]
-5,0x10™
Carbon
5] Carbon with GO
-1,0x10 Carbon with EthylG
Carbon with GR

0,0 0,2 0,4 0,6 0,8 1,0
Ewe/V vs SCE
Figure 3: Cyclic voltammetry for electrodes of carbon electrodes with and without ethylene glycol, with graphene
oxide and with graphene reduced at 80mV s vs SCE.

In the curve of the electrode graphene oxide shows an increase of values of current density with respect to the
other materials, additionally presents a peak at 0.52V which is derived from oxidized graphene, this phenomenon is
similar to the processes denominate as pseudocapacitance which is attributed to functional groups of oxidants [11].
With respect to the curve of the graphene reduced is observed decreased values of current density and decreases of
the peak around the 0.52V as consequence of the reduction processes of the sample. The curve corresponds to
graphene reduced present most rectangular shape and ideally forms by material of supercapacitores. Also was
observed what the increase of the current densities depositing the active material (around of 4 x 10°® g) by electrode.
Comparing the curves correspond to graphene reduced and graphene oxide with respect a cloth carbon and cloth
carbon with ethylene glycol can be observed what in the two first cases is observed values mayors of current density
comparing with the last two cases.

Capacitance values of the electrodes with graphene reduced and graphene oxide was calculated according to
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the following equation, from the curves of cyclic voltammetry [2, 12].

@
where C is the specific capacitance based on the mass of material electroactive (F.g™), | it is the current density
response (A cm™), s the sweep rate (mV s™), m is the mass of electroactive materials in the electrodes (g) y V is
the potential applied the device (V). The values of specific capacitance of graphene oxide and reduced graphene are
shown in Table 3.

Table 3: Values of capacitance and specific capacitance obtained by graphene
reduced and graphene oxide.

Capacitance Specific capacitance
Sample 1
(F) (Fg)
Graphene oxide 0.0154 3854.5
Graphene reducid 0.0096 2408.7

4. CONCLUSIONS

It can be concluded that the graphite flakes tend to increase the percentage of oxygen after applying oxidation,
indicating the effectiveness of the process. Raman spectroscopy confirmed the modified in the structure of graphene
reduced and the graphene oxide with respect at the graphite. The curves obtained by cyclic voltammetry of the
graphene oxide and the reduced graphene showed specific capacitance around to 2408.7 F g™* with only 4 x 10° g

active material, therefore become attractive materials for use as electrodes for supercapacitors.
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ABSTRACT

Enzymatic fuel cells are devices in which enzymes are located in the electrode in order to catalyze fuel oxidation.
These biological catalysts, unlike inorganic ones, have the advantage of being selective, renewable and clean. The
enzymes are supported onto an electronically conducting material, compatible with the enzymes, for example
conductive polymers such as polypyrrole. In this project, polymeric anodes are prepared by immobilizing the enzyme
alcohol dehydrogenase from S. cerevisae in polypyrrole, potentiostatically electrodeposited onto carbon paper. The
applied enzymatic immobilization procedures are both direct adsorption and crosslinking with glutaraldehyde. The
characterization of electrodes is made by cyclic voltammetry using a phosphate buffer solution with ethanol and -
NAD" as supporting electrolyte. Tests show that reversible ethanol oxidation and reduction occurs at around 0Vsce
for the polypyrrole electrodes, recorded current values due to polymer oxidation and reduction are higher by two
orders of magnitude than those recorded for ethanol oxidation in carbon enzyme electrodes. Furthermore, the
polymeric enzymatic electrodes crosslinked with glutaraldehyde show higher current values than those with adsorbed
enzyme, which reflects a better retention of the protein in the electrode. Also, electrodes with crosslinked enzyme
preserve catalytic activity for longer times than those with adsorbed enzyme. Spectrophotometric and fluorescence
measurements are performed in order to determinate enzymatic activity and quantify protein, respectively. Fuel cell

performance will be presented for an enzymatic direct ethanol fuel cell.
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1. Introduction
Hydrogen is considered as a clean and safe energy source. The oxidation reaction of this element is object of study as

part of the hydrogen technology, which uses the direct electrochemical conversion of hydrogen to generate electricity
and heat in fuel cells.

In a fuel cell, hydrogen is oxidized at the anode releasing electrons and protons. While the electrons pass through an
external circuit, the protons cross an electrolyte to reach the cathode where they react with oxygen to produce water.
However, some limitations in performances coupled with the fact that these devices use catalysts based on precious
metals and their alloys, have led to the development of biofuel cells [1].

Biofuel cells operate in the same way as conventional cells with the difference that the inorganic catalyst is replaced
by a biological catalyst that could be an organism producing enzymes or the enzymes themselves [2]. The enzyme-
based cells are attractive due to the advances reported recently. In this type of cell, the enzyme is located at the
electrode to catalyze the fuel oxidation, being involved directly in the reaction that generates electricity, with the
advantage of being a renewable and clean catalyst, selective, flexible in the types of fuel used and able to work at
low to medium temperatures [3].

Even though in their own environment the enzymes have a very short lifetime, this life time can be increased by
immobilization [4]. The electroconductive polymers are materials compatible with.

Polypirrole can be used as support for enzyme immobilization due to its low oxidation potential, environmental
stability, sensitivity and good quality matrix [5]. When both elements are linked, they forme and enzymatic electrode

and the performance is related to the level of contact between enzyme and polypirrole.

2. Experimental

Enzymatic activity was determinate by continuous spectrophotometry, following the Sigma quality control test for
alcohol dehydrogenase (EC 1.1.1.1), and electrochemically by cyclic voltammetry using a carbon paper electrode as
working electrode, in a buffer solution with NAD", ethanol and 751units/ml of alcohol dehydrogenase as supporting
electrolyte.

For electrode preparation, polypyrrole was electrodeposited onto 1cm? carbon paper by a potentiostatic method,
applying 0.7V vs sce for 420s in a solution of 0.1M monobasic sodium phosphate/0.1M pyrrole. The enzymatic
immobilization was made by direct adsorption, adding alcohol dehydrogenase (6mg/ml) onto the polymer, and by
crosslinking, adding alcohol dehydrogenase (6mg/ml) onto the polymer followed of the addition of 0.1%
glutaraldehyde solution. For drying, in both cases, the electrode was kept in a desiccator at room temperature for
approximately 5 hours.

The electrode characterization was performed by cyclic voltammetry in a range of -0.3V to 0.3V vs sce at 100mV/s
in a three electrode cell with phosphate buffer solution at pH8.8, NAD" and 5mM ethanol as supporting electrolyte.
In order to quantify the amount of protein immobilized onto the electrode, the NanoOrange Protein Quantitation

assay was perfomed. The NanoOrange reagent produces fluorescence in presence of the protein, so it was added to
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enzymatic electrodes and incubated to 95°C for 10 min protected from the light. After that, the electrode was cooled
to room temperature and the fluorescence intensity was measured in a spectrofluorometer at 580 nm with an
excitation wavelength of 470 nm.

3. Results and discussion
The enzymatic activity in solution measured by spectrophotometry was of 365.45 units/ml enzyme. Results for cyclic
voltammetry are shown in figure 1. An oxidation peak corresponding to ethanol oxidation can be observed around

0V vs scg, this peak was better defined at a sweep rate of 100mV/s, with values in the order of pA.

4,00E-05
3.00E-05
2.00E-05
1.00E-05
0.00E400

p 2.00e.050%
= 2.00E-05

-3.00E-05

— S

— 10 /S
25 m\v/s

— 50 mW/sS

L ONEO8 100 m\ys

-5.00E-05
-5.00E-05
-7.00E-05

EN

Figure 1 Voltammetry of carbon electrode to different swept potential in phosphate buffer solution 0.1M, pH 8.2,
alcohol dehydrogenase 751units/ml, ethanol 2mm and NAD" 1.5mM, last cycle.

The amount of polypyrrole deposited was calculated to be 559ug, based on the deposition curve, and its
characterization with phosphate buffer solution shows that polymer oxidation and reduction occurs around 0.6V and
-1V vs ¢, respectively. This process therefore does not interfere in the potential range for enzyme activity.

The polymeric electrode with adsorbed enzyme does not show a defined oxidation peak for ethanol due to the
overlap by the polymer oxidation in the same electrolyte conditions generating higher current values than those for
the carbon electrode. However, there was an evident change in the performance of polymeric electrodes with and
without enzymes in ethanol containing electrolyte, reaching current values in the order of mA for enzyme containing
electrodes, related to ethanol oxidation. Moreover, the electrode with crosslinked enzyme generates higher currents
than those corresponding to the electrode with adsorbed enzyme, which was related the improved retention of the
protein.
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Figure 2 Voltammetry of polypyrrole, enzyme adsorbed electrode and enzyme crosslinked electrode, second cycle.

Cyclic voltammetry was realized over a three day period to determine enzyme degradation. For absorbed enzymatic
polymeric electrodes, the current is virtually constant. Small variations probably are result of small temperature

change. The current recorded for crosslinked enzyme was more stable.
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Figure 3 Cyclic voltammetry in different time of adsorbed enzyme electrode, second cycle.
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Figure 4 Cyclic Voltammetry in different time of crosslinked enzyme electrode, second cycle.

Finally, it was not possible to quantify the protein by the NanoOrange assay, because of the interaction between the

NanoOrange reagent and the polypyrrole, producing higher fluorescence than those emitted by the protein.

4. Conclusions

It was found possible to inmobilize the alcohol dehydrogenase enzyme by direct adsorption and by crosslinking with
glutaraldehyde onto polypyrrole electrodes and to maintain biocatalytic activity for ethanol oxidation for several
days.

Immobilization of alcohol dehydrogenase onto polymeric electrode results in a better performance than
immobilization onto carbon electrode.

The crosslinked immobilization method results in higher stability in enzymatic activity than the direct adsorbed

immobilization method.
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ABSTRACT

The continuous search for improvements in clean energy systems and processes has led to the development of
techniques with improved production efficiency and electrical energy storage. Some examples are represented by
regenerative fuel cells and supercapacitors.

In this work, we report on a small-scale hybrid renewable hydrogen prototype, which uses a photovoltaic panel to
provide electricity (2.8 V) to a regenerative fuel cell stack and also to a supercapacitor module. With the regenerative
cell in electrolysis mode, the process of water electrolysis occurs, generating the reactive gases (H, and O,) which
are being stored in small water tanks. In fuel cell mode, these gases are fed to the regenerative cell in order to
produce electrical energy. The supercapacitors release additional energy when needed.

The electrical energy is sent to a DC engine which allows for the movement of a small toy car. The supercapacitors
supply power to the engine at the moment of start when the fuel cell is not able to provide sufficient energy for initial
movement. The supercapacitors are rapidly discharged by the engine, and operating depends on the fuel cells until
completion of the stored hydrogen.

The fuel cells and supercapacitors were prepared in our laboratory. The fuel cell stack was integrated by two
membrane-electrode assemblies (MEA) of 4 cm? active area. Ink loading was performed by the drop method using
Pt/Ru catalyst for the cathode and Pt catalyst for the anode (fuel cell mode). The supercapacitor electrodes were
prepared from mesoporous carbon, polyvinylidene fluoride, and a liquid electrolyte of sulphuric acid is used.

An electrical circuit was designed to control current flow. The toy car with a total weight of 1.2 kg was shown to

move at a speed of 2.0 m/s.
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1. Introduction

Global fossil energy consumption has increased in recent years due to population growth, increased development and
industrialization, causing environmental pollution, climate change, etc. For this reason, the optimization of
alternative technologies for clean energy generation, based on low-cost, low-noise, highly efficient and high quality
systems, has become a matter of great interest. In this context, hydrogen as a fuel has received considerable attention
for its energetic properties, being the fuel with highest energy density [1]. A device to channel this energy vector into

electrical energy is represented by the fuel cells of proton exchange membrane (PEMFC).

The present work implements a regenerative PEM-type fuel cell (RFC), which has the particularity of being able to
generate hydrogen and oxygen gases by water electrolysis, using electrical energy from a photovoltaic panel in order
to perform the process, as well as to generate electrical current as a conventional PEMFC. In this project, the
electrical current is provided to a DC engine in order to move a small toy car. An auxiliary boot-up system was

incorporated through a bank of supercapacitors, initially charged by the photovoltaic panel.

2. Experimental

The activities were divided in four parts to accomplish the objective:
1. System design.
2. Manufacturing the RFC components and stack.
3. Electrode manufacturing and assembly of supercapacitor

4. System assembly

2.1. System design

Power requirements for the toy car and engine that were used to calculate the parameters of the RFC, were based on
experimental work already performed [2]. Was calculated the gas storage system, the supercapacitor module and
electrical circuit. the main goal was to produce the electricity needed to drive a 2V engine, 600 mA and a torque of

2kgF * cm. to move the small car of 1200g. (see figure 1).
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2.2 Manufacturing the components stack URFC

2.2.1 Water storage tanks and gas reactants

Storage tanks were manufactured using acrylic tube of 27.74 mm and 50.80 mm of diameter and with volumetric
capacity of 64,16 mm?® for the water container and 26,70 cm® for the reactant gases. Holes for gas transport were of

2.5 mm diameter, as shown in Figure 2.

Figure 2. Design and construction of water containers and reactant gases

2.2.2 End plates

The end plates were made of acrylic plate of 1 cm thick using a CNC machine. A channel of 1.5 mm width and
perimeter of 80 mm was included for commercial packing in order to prevent leakage of gases and water, as well as
holes of 3.18 mm and 0.16 mm for the inlet/outlet of reactant gases and water. Finally, in order to allow compression

on the RFC, four holes of 5 mm of diameter were included in the extreme corners of the plates (see figure 3).

Compresion holes

of 5 mm Reactant flow inlet of

3.18 mm

Reactant flow outlet

of 0.16 mm Channel with packing
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2.2.3 Current collector

The current collectors used in the RFC, were machined from a stainless steel (SS316) plate, as shown in figure 4a.
The steel provides electrical conductivity in addition to withstand the effects of corrosion from the acid environment.
Several holes of 1.98 mm were distributed in the central area of the collector of 4 cm?. Also, four holes of 5 mm
were incorporated to allow the passage of compression screws. A terminal was machine at the top of the collector for
connection to an external load. A silicone gasket (FuelCell) of 0.43 mm thick was used between the surfaces of the

collectors in order to electrically insulate and support the commercial packing in the leakage of gases, see Figure 4b.

Central area of 4 cm?
| with holes of 1.98
mm.

a) b)
Figure 4a). Current collector y 4b) Silicone gasket for electrically insulate.

2.2.4 Membrane-Electrodes Assembly

The catalytic layer was applied to an area of 4cm? of the gas diffusion layers (trademark fuelcell) by the drop
method. An ink was prepared from carbon supported platinum (Pt) and platinum/rutenium (Pt/Ru - 20% on Vulcan
trademark fuelcell), liquid nafion (5%, trademark Electrochem) and isopropyl alcohol. The electrocatalytic ink was
deposited with a catalyst load of 0.5 mg/cmz. Nafion 115 was used as electrolyte, after activation in H,SO4 and H,0,.
The membrane-electrodes assembly (MEA) was prepared by hot pressing at 120°C with 4000 Ib for 4 min [2]. See
figure 5.

Figure 5. Membrane Electrode Assembly.
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MEA’s were characterized as conventional fuel cells, injecting a flow of hydrogen and oxygen gas of 0.05 I/min, at a
temperature of 25°C in fuel cell test system 850C (Scribner Associates) and using a BiolLogic

potentiostat/galvanostat.

2.3 Electrode manufacturing and assembly of supercapacitor
Supercapacitor electrodes were prepared as cylindrical pellets of 50 mg each, 13 mm diameter and 1 mm thickness,
from a homogeneous mixture of 200 mg of electrode power, with the following proportions [3]:

e 75wt % of mesoporous carbon type Cummings by Asbury Carbon

o 20 wt% of PVDF polyvinylidene fluoride by Aldrich

o 5wt % of a high electrical conductivity carbon Super P by 3M
by cold compression of 500 kgf for 15 minutes.
Two electrodes of the same material are mounted in a cell made out of teflon (see Figure 6a), separated by paper
microfiber discs (Whatman BS45) and with 1.5 ml of 1M H,SO, as electrolyte, as shown in figure 6b. Current
collectors were made of stainless steel A20 to resist acid corrosion. Two supercapacitores (SC1 and SC2) were
prepared.

Current Collector

/N
N E
VA

Electrodes  Separator Paper

Figure 6. Schematic drawing of supercapacitor

Previous to electrochemical characterization, each supercapacitors underwent a pretreatment by cyclic voltammetry
(10 cycles, scan rate at 10 mV s and potential range of 0 to 1 V), to improve the interaction of electrolyte ions in the
porous structure of the material. The electrochemical analysis of the supercapacitors was performed on the

Biologic® potentiostat. Cyclic voltammetry was applied at different scan rates, in a potential range of 0 to 1 V. In
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order to obtain the values of specific capacitance for each device, galvanostatic cylces were realized at constant

current density. The specific capacitance (Ce) of the material was determined from the following equation 1:

[ i
o _ Ay,
= & *0.75_ O

Where: i is the current density, tqis the discharge time, 4V is the value of the potential, during the discharge process

after the collapse due to internal resistance (ESR) of the capacitor, X is the average mass of the two electrodes and

0.75 corresponds to the fraction of active material in the electrode.

2.4 System assembly

For the correct operation of the prototype, it was necessary implement an electrical circuit shown in figure 7, which
allows for the different components of the system to be activated and deactivated using four switches. With switches
S3 and S4 opened and S1 and S2 closed it is possible to perform electrolysis and to load the supercapacitors bank
through the photovoltaic panel. Once completed the tasks, the switches S1 and S2 are opened and S3 and S4 closed,
so the RFC begins to release electrons to the engine while at the same time the supercapacitors are discharged in
about 10 sec. Thus, the small car receives the necessary energy impulse and time for the RFC to stabilize the power

supply in order to satisfy engine demand.

Photovoltaic

/ panel
7
1

(%]

’T

8 g N\

RFC's sS4 Electric

motor

T T
Bank of
supercapacitors

7

Figure 7 Electric circuit.

All parts of the prototype were assembled (RFC stack with two unit cells, supercapacitor module and the electric
engine), as shown in figure 8. The total dry system weight was 940 g and after loading the tanks it was 1200 g. The
car speed was 2m/min. Final results are shown in Table 1.
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Table 1. Hybrid system performance

Electrolyzer

Input voltage of photovoltaic panel 2.8V
Gas production time 15 min
Volume of hydrogen produced 26 cm®
Volume of oxygen produced 10 cm?
Cell PEM
Stack output voltage 1.3V
Maximum output current 0.85 A
Output power 24W
Supercapacitors
Operating voltage 1Vv
Capacitancia values ~22F
System
Speed 2 m/min
Weight 1200 g

Figure 8. Hybrid renewable hydrogen toy car.
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3. Results and discussion

3.1 Characterization of RFC

The results for MEA's characterization (polarization curve and AC impedance spectroscopy) are shown in figure 9.a
and b show results the RFC no.1, which has a power of 0.15 W at 0.30 V and 0.50 A with a resistance of 0.75 Ohms.
Figure 9 ¢ and d show results for RFC no. 2, which has a power peak of 0.16 W at 0.40 V and 0.4 A. with a ohmic

resistance of 0.35 Ohms.
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Figure 9. a) Polarization curves and power for RFC 1; b) AC impedance spectrum for RFC 1; ¢) polarization curves

and power for RFC 2; and d) AC impedance spectrum for RFC 2.
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3.3 Characterization of supercapacitors

The charge/discharge cycles performed at a constant current density at 10 mA/cm? with a potential limit of 1.0 V are
shown in figure 10.

1.20 - 1.20 -
1.00 - 100 -

=0.80 - < 0.80 -

= £ 0.60 -

% 0.60 - c

S 0.40 - 5 0.40 -

o 0.20 -
0.20 - :
0.00 . . 0.00

0 1000 2000 3000 4000
Time /s

0 1000 2000 3000 4000
Time /s

Figure 10. Galvanostatic Charge/discharge cycles for supercapacitors SC1 (left) and SC2 (right).

The SC1 presents a cycle time of 725 s and SC2 of 560 s. The specific capacitance for each capacitor was calculated
to be Xand Y for SC1 and SC2, respectively.

4. Conclusions
The developed prototype was able to produce, store and consume the gases (hydrogen and oxygen) through the

process of electrolysis using electricity from a renewable resource. The implementation of the supercapacitor module
allowed increased performance.

The supercapacitors provided the power necessary to the engine at the moment of start, allowing time for the RFC
provides the energy sufficient for initial movement.
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Experimental and Theoretical Studies of Nu/Ni-based Catalysts for H, Generation
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ABSTRACT

Cu and Ni were supported on ZrO, by the impregnation method, and tested in the oxidative steam reforming of
methanol (OSRM) reaction for H, production as a function of temperature. Surface area of the catalysts showed
differences as a function of the order in which the metals were added to zirconia. Among them, the Cu/ZrO, catalyst
had the lowest surface area. XRD patterns of the bimetallic catalysts did not show diffraction peaks of the Cu, Ni or
bimetallic Cu-Ni alloys, because the metallic active phase was highly dispersed. In addition, TPR profiles of the
bimetallic catalysts had the lowest reduction temperature compared with the monometallic samples. The reactivity of
the catalysts in the range of 250-375 °C showed that the bimetallic samples prepared by successive impregnation had
highest catalytic activity among all the catalysts studied. These results were also confirmed by theoretical
calculations. The reactivity of the monometallic and bimetallic structures obtained by molecular simulation followed
the next order: NigneClcore/lZrO2 = CuUgnenNicore/ZrO, > Ni/Cu/ZrO, > Cu/Ni/ZrO, > Cu-Ni/ZrO, > Cu/ZrO, >
Ni/ZrO,. These findings agree with the experimental results, indicating that the bimetallic catalysts prepared by
successive impregnation show a higher reactivity than the Cu-Ni system obtained by co-impregnation. In addition,
the selectivity for H, production was higher on these catalysts. This result could be associated also to the presence of
the bimetallic Cu-Ni and core-shell Ni/Cu nanoparticles on the catalysts, as was evidenced by TEM-EDX analysis,

suggesting that the OSRM reaction may be a structure-sensitive reaction.
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1. Introduction

The use of fossil fuels for energy supply in the world has caused various global environmental problems. For this
reason it is becoming progressively more important to find ways of providing environmentally friendly energy. One
promising alternative to fossil fuels is hydrogen, due to the importance as a clean source of energy, as well as, the
increased demand in chemical industry. Hydrogen is a promising fuel for fuel cells and can be produced by steam
reforming of natural gas, methanol and gasoline. At present, most of the world's hydrogen is produced from natural
gas (~97 % CHy) by a process called steam reforming. However, steam reforming of methane does not reduce the
use of fossil fuels and it still releases carbon to the environment in the form of CO,. Thus, to achieve the benefits of
the hydrogen economy, it is necessary produce hydrogen from non—fossil resources, such as water, methanol or
ethanol using a renewable energy source. Among the different feedstocks available, alcohols are very promising
candidates because these are easily decomposed in the presence of water and generate hydrogen-rich mixture at a
relatively lower temperature. Steam Reforming (SR) and Oxidative Steam Reforming (OSR) of methanol has been
extensively studied in recent years by our group [1-7]. However, comparing results between studies is challenging

since the reaction evidently is very sensitive to the catalysts used .

2. Experimental

ZrO, was prepared by the sol-gel method and calcined a 400 °C. The prepared support were impregnated with an
aqueous solution of Cu(CH3CO,),*H,O or NiNOs*6H,0 at an appropriate concentration to yield 3 wt % of copper
and nickel respectively in the monometallic catalysts. Three bimetallic samples were prepared at 80%Cu and 20%Ni
respectively to obtain 3 wt. % of total metallic phase. For the first sample, ZrO, was successively impregnated with
an aqueous solution of Cu(CH3COO),. Then, the excess of water was removed at 80 °C under constant stirring and
the catalysts were dried at 110 °C and calcined at 400 °C for 2 h followed by cooling down to r.t. Then, an aqueous
solution of NiNO3z*6H,0 was added and the resulting solid was calcined at the same temperature and time. The as
prepared catalysts will be referred as Ni/Cu/ZrO,. For the second catalyst, the synthesis procedure was changed to
the above sample mentioned. The labeling of this catalyst will be referred as Cu/Ni/ZrO,. The third sample (Cu-
Ni/ZrO,) was prepared by using a simultaneous impregnation (also called co-impregnation): an aqueous solution of
Cu(CH5C0O0), and NiNO3+6H,0 were added to ZrO, and calcined at 400 °C for 2 h. All the samples were reduced

at 450 °C using a mixture of H, (5%)/Ar (50 mL/min) stream for 1.5 h before characterization.

3. Results and discussion

ZrO, Xerogel was studied by means of TGA in order to select an appropriate calcination temperature leading to total
decomposition of carbonaceous products from the synthesis towards the corresponding oxide. The obtained TGA-
DSC curves for the xerogel (Figure not included) showed 22 % of the weight loss and it was attributed to the

elimination of the physically adsorbed water, physical and chemical adsorbed alcohol and residual organic material
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coming from the synthesis. The observed exothermic peak at 433 °C on the zirconia xerogel can be ascribed to a
change of phase from an amorphous material to crystalline tetragonal zirconia [6]. The specific surface area of bare
ZrO2 was 42 m?/g. After metallic phase impregnation and thermal treatments (calcination and reduction), the surface
area of the catalysts diminished and was lower than bare support. Among them, the Cu/ZrO, and Cu-Ni/ZrO,

catalysts had the lowest surface area, as well as, the total pore volume (Table 1).

Table 1. TPR peaks positions, °C and concentrations (%) of the reducible species in the Cu/Ni-base catalysts

Surface area Total pore volume Reduction temperature (°C) H,/MO

Catalyst

m°lg cmlg Before after before ~ After
Zr0, 42 0.0736 - - - -

Cu/zrO, 12 0.0271 217, 248, 290, 340 174 0.77 0.11
Cu/Ni/ZrO, 28 0.0512 192, 222 171 0.93 0.26
Cu-Ni/zZrO, 11 0.0262 203, 259 183 0.76 0.09
Ni/Cu/ZrO, 37 0.0582 185, 220 174 0.83 0.21
Ni/ZrO, 21 0.0333 349, 443 326, 447 0.76 0.63

Figure 1a showed a representative zone of the SEM image of the Ni/Cu/ZrO, catalyst. It is important to mention that
the bare ZrO, and the other catalysts had the same morphology, so, particles with spherical tendency. This is
understandable because we used the ZrO, previously stabilized at 450 °C to obtain the catalysts. Fig. 1b shows the
XRD patterns of the catalysts before and after catalytic reaction in the range of 20 to 90 degrees 26. An expanded
scale was used in order to illustrate the peaks of pure Cu and Ni phases or Cu/Ni alloys present on the ZrO,. XRD
patterns of the samples before the catalytic test evidenced diffraction peaks of the tetragonal and monoclinic phases
of the ZrO,. In addition, diffraction peaks of the metallic Cu and Ni phases were identified on the Cu/ZrO, and
Ni/ZrO, catalysts respectively. The bimetallic catalysts did not exhibit diffraction peaks related to metallic Cu, Ni or
bimetallic Cu-Ni alloys. This suggests that all metal particles were highly dispersed. After catalytic test, some
changes were observed in the XRD patterns of the Ni/ZrO, and the bimetallic Cu-Ni/ZrO, catalysts (the later
prepared by simultaneous impregnation). On the former catalyst, NiO phase was identified and on the bimetallic
sample, a peak of the metallic copper appears. This finding evidences that the active phase is not stable on these

catalysts and it was modified by the stream of the reaction.
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Fig. 2 shows the theoretical calculations of the monometallic and bimetallic models over ZrO,. After the geometry
optimization of the theoretical models, the total energy and the energy of the gap had the next values:
Nisheiy/CUcore)/ZrO, (-3193.49, 0.0027) eV, Cuheny/Niore)/ZrO, (-3429.43, 0.0159) eV, Ni/Cu/ZrO, (-3419.37,
0.0185) eV, Cu/Ni/ZrO, (- 3488.39, 0.021) eV, Cu-Ni/ZrO, (-3655.28, 0.108) eV, Cu/ZrO, (-3810.23, 0.385) eV and
Ni/ZrO, (-3832.18, 0.565) eV respectively. It is shown that the bimetallic models simulating the successive
impregnation were less stable, because, the energy of the system is high, while, the energy of the bimetallic model
prepared by simultaneous impregnation was low, as well as, on the monometallic models. An opposite behavior is
observed in the energy of the gab. So, in the former models the energy of the gab is low, while in the later models the
energy is high. The gap between HOMO and LUMO of the systems along with the total energy calculated, allows to
evaluate the reactivity behavior of the system. So, a large gap of the system combined with a low total energy on the
systems, low reactivity is expected. While, if the gap of the system is low and the total energy is large, high reactivity
is expected [8]. The results of the theoretical calculations showed that reactivity of these systems followed the next
order: Nighei/Cu(core)/ZrO; = CughenNigore/ZrO, > Ni/Cu/ZrO, > Cu/Ni/ZrO, > Cu-Ni/ZrO,, > Cu/ZrO, > Ni/ZrO,.
These theoretical results obtained after the simulation of the successive impregnation process and based on core-shell
structures, show higher reactivity than in the simultaneous co-impregnation (Cu-Ni/ZrO,) simulated process. Mainly
in the literature, the theoretical studies reported are on unsupported core—shell particles and their alloys like Cu-Au
particles, on this systems the studies have concentrated on the structural behavior of the clusters [9, 10], but no

correlation with the catalytic activity was associated.
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Figure 2. Molecular models of the bimetallic clusters: Top graph corresponds to gap-energy, in bottom graph showed
the total energy of the systems. It showed that as the energy gap increases, the total energy of the system decreases,
this indicates that the NisneiyCUcorey/ Zr02 and CuspenyNicore)/ZrO, are the most reactive, while the Cu-Ni/ZrO, is less

reactive on the bimetallic models.

Oxidative steam reforming (OSR) of methanol reaction was carried out in order to investigate the effect of the active
phase addition to the support. Fig. 3a shows the catalytic activity of the copper-nickel-base catalysts supported on
ZrO, as a function of the reaction temperature. It was possible to observe that the Cu/ZrO, catalyst was better than
Ni/ZrO, sample in the temperatures range studied in this work. This indicates that methanol conversion occurs
preferentially on copper than on nickel. It is important to mention that the H, chemisorption process did not occur in
these samples, for this reason the metal dispersion was not estimated and as a consequence the TOF could not be
determined for each catalyst obtain/having a real comparison in the methanol conversion. When Ni was supported on
ZrO,-monoclinic [1], the catalytic activity was similar to the obtained in this work up to 300 °C. On the other hand, it
is clear that the preparation method of the catalyst has a significant influence on the OSRM reaction. The addition of
0.2 wt % of Ni to Cu/ZrO, catalyst leads to a considerable improvement in the methanol conversion, compared with
the Ni/ZrO, sample. Among bimetallic samples, those prepared by the successive impregnation method showed high
reactivity than the sample synthesized by simultaneous co-impregnation. The molecular properties HOMO and
LUMO calculated by DFT of the bimetallic system prepared by successive impregnation, in special with core-shell
particles, evidence that, these kinds of systems had more reactivity than bimetallic structure model obtained by
simultaneous co-impregnation. Although experimentally the catalyst surface is different in the samples prepared by
successive impregnation method, the theoretical reactivity predictions determined from the energy gap is similar in
both bimetallic models, as seen in the in Figure 2. This may explain the catalytic behavior between the two catalytic
species. In recently paper Strasser et al. [11] concluded that the platinum-rich shell on Pt-Cu nanoparticles, exhibits

compressive strain, which results in a shift of the electronic band structure of platinum and weakening chemisorption
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of oxygenated species. These activity—strain relationships were consistent with computational predictions that
compressive strain enhances oxygen-reduction reaction. In our case we observed that the catalytic activity is strongly
related with the crystallinity and morphology of the active phase, the above mention was corroborated by means of
XRD and TEM. The TEM analysis of the bimetallic particle with core-shell morphology; showed that there is no
crystalline arrangement point to point or even line to line, which can be observable in the shell of the particle (Figure
3b). The crystalline anisotropy plays an important role in the methanol conversion in this research, because in the
case of the core-shell Cu/Ni and Ni/Cu structures, the catalytic property increases in both cases, so the activity is not
restricted by any preferred crystallographic direction. In the case of the Cu/ZrO, system having a crystalline
arrangement in the (111) crystal direction, as seen in the XRD pattern of Figure 2, indicates that there are more
particles with this type of crystalline plane which favors the catalytic activity but not as in the case of bimetallic
core-shell particles; while in the case of Ni-base catalyst was observed that it has a poor crystallinity as observed in
the XRD pattern (Fig. 2) with the (111) crystalline direction. This showed that there are few planes in the (111)
crystalline direction influencing the catalytic anisotropic response. This means that even if there is a poorly
crystalline monometallic active phase, the response in the catalytic activity does not resemble bimetallic systems
with core-shell morphology, as well as when the active phase is a metallic alloy (Cu-Ni). This finding suggests that
the OSRM reaction may be structure-sensitive. Yu-Hua et al. [12] studied the methanol decomposition on Ni(1 1 1)
and Ni(1 0 0) surfaces using DFT-GGA (density functional theory-generalized gradient approximation). According
to their results, the observed different behavior in the methanol interaction with Ni(1 1 1) or Ni(1 0 0), suggests that
the methanol decomposition might be a structure-sensitive reaction, as it has been observed in our samples. The Cu-
Ni/ZrO, sample had a similar behavior to the Cu/ZrO, catalyst until 300 °C. After this temperature the Cu-Ni/ZrO,
sample exhibited the same catalytic activity than the other bimetallic samples. In addition, was observed that the
active phase of the Cu-Ni/ZrO, catalyst was not stable, because, it was sinterized after catalytic reaction (Fig. 2). This
effect could be explained the lower catalytic activity observed on this sample than on the other bimetallic samples
prepared by successive impregnation. Marifio et al. [13, 14] found that the conversion of ethanol on the SRE reaction
was improved when nickel content increased on the bimetallic Cu-Ni system. This behavior was attributed to the
addition of Ni, which favors the segregation of Cu?* ions in the catalytic surface that causes an increase in the
catalytic activity. Thus the enhancement on the catalytic activity could be attributed to the bimetallic Cu-Ni species
as was previously reported [1,5] and core-shell nanoparticles identified with TEM technique on the Ni/Cu/ZrO,
catalyst. It is worth notice, that the BET surface area of the Cu/ZrO, sample is two times lower than Cu/Ni/ZrO, and
Ni/Cu/ZrO, samples. Thus, the catalytic activity observed on the Cu/ZrO, could be attributed to the presence of
highly dispersed Cu species rather than Cu bulk as reported for Cu/CeQ, catalysts [2].
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Figure 3. a) Steam reforming of methanol over copper-nickel-base catalysts supported on ZrO, (GHVS = 24,000 h%).
b) TEM image of Ni/Cu/ZrO, catalyst, core-shell nanoparticles were identified, the left side area shown two particles
building the core. Inset image, EDX of the Ni/Cu core-shell nanoparticle. EDX analyses were performed in-situ with

a spot of 10 nm and the electron beam was located at the Ni shell area.

During the OSRM reaction with copper-nickel base catalysts supported on ZrO,, the main products observed were
H,, CO, CO, and H,O. However, a small quantity of methyl formate was also present at temperatures below 275 °C
in almost all samples. Above this temperature, the methyl formate was unstable and was not detected. On copper-
ZrO, systems [1], the production of (CH3),0O and CH,O during the OSRM was observed and it was suggested that
they were produced on the support. Fig. 4a shows the hydrogen yield as a function of reaction temperature during
the catalytic tests of the copper-nickel-base catalysts on the OSRM reaction. Hydrogen production was negligible up
to 225 °C and increase when the temperature was raised. Cu/Ni/ZrO, and Ni/Cu/ZrO, catalysts prepared by
successive impregnation had the same H, yield after 250 °C and it was higher than all samples. At the maximum
reaction temperature, the H, yield is about 2.0 pumol for the Cu/Ni/ZrO, and Ni/Cu/ZrO, catalysts, this is close to the
theoretical value (2.5) if a total reagents conversion is assumed. At this temperature the methanol conversion was
nearly 100 %. On the other three samples the H, production was close to 1.5 umol. The CO, selectivity (Fig. 4b) is
important at the beginning of the reaction and diminished as temperature was increased. This drop in the CO,
selectivity was pronounced on the samples where the catalytic activity was nearly 100 %. In the case of the CO
selectivity, this was produce after 275 °C. The CO production at 350 °C was 10 % for the monometallic samples and
close to 40 % for the bimetallic catalysts. The decrease in the CO, selectivity and the formation of CO is probably
due to the reverse water-gas shift (WGS) reaction that occurred on the bimetallic samples. Taking in account the
results from methanol conversion and selectivity, it is considered that CH;OH form CH3;OCHO and H, on the
surface of the catalysts as the first step of the OSRM reaction. Then, CH3OH is oxygenated to CH;OCHO, and then
decomposed to H, and CO. CH3;OH was hydrated in order to form CO,, H,O and H, respectively as reported
previously [1].
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4. Conclusions

In the present study, Cu/ZrO,, Ni/ZrO, and three bimetallic copper-nickel catalysts supported on ZrO2 were prepared
by the impregnation method. The bimetallic Cu/Ni/ZrO, and Ni/Cu/ZrO, catalysts showed higher catalytic activity
than bimetallic sample prepared by simultaneous impregnation and the monometallic catalysts on the OSRM
reaction. Molecular simulation HOMO and LUMO properties of the bimetallic system prepared by successive
impregnation with core-shell particles, confirm that these systems had more reactivity than bimetallic system
obtained by simultaneous impregnation. In addition, the H, selectivity was higher on these bimetallic Cu/Ni/ZrO,
and Ni/Cu/ZrO, catalysts. The former catalyst exhibited excellent stability in OSRM reaction and has great potential
in fuel cell applications. These results could be associated to the presence of the bimetallic Cu-Ni and core-shell
Ni/Cu nanoparticles present on the catalysts, as was evidenced by HREM-TEM-EDX and to the crystalline
anisotropy of the active phase that plays an important role in the methanol conversion and selectivity. This finding
suggests that the OSRM reaction may be a structure-sensitive reaction
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ABSTRACT

Significant attention has been paid on the photocatalytic production of hydrogen from water by using
semiconductors. The NaTaO; has been regarded as one of the most promising material for water splitting, since it
has shown remarkable water splitting activity due to its high potential to generate charge carriers by absorbing the
photons energy. This work reports for the first time the NaTaOj3; synthesized trough a new solvo-combustion method,
in this case the acetylacetone was used as template and fuel for the combustion reaction. The DRX analysis results
showed that NaTaO; phase could be obtained from the as-grown material. The SEM micrographs revealed that
NaTaO; has hierarchical cubic morphology in the nanometer level. The materials possess a high specific surface area
around 50-90 m*.g™*, which is one of the highest reached when compared to other synthesis methods. The UV-visible
analysis show a band gap value (Eg) close to 3.9 eV. The material exhibited attractive photocatalytic activity for
water splitting reaction to produce hydrogen. An enhanced of the hydrogen production was obtained by annealing the

material at 600 °C from 418 to 644 umol, because of the higher crystallinity degree.

1. Introduction

Several researches have been conducted in order to produce alternative clean energy sources. In this way, hydrogen
production is one of the most important technologies studied hardly during the last decade. Particularly hydrogen
produced from water splitting reaction by photocatalysis has been attracted considerable attention because of the
possibility to develop new or better catalyst materials using metal transition oxides, which are active under UV and
visible light irradiation [1,2,4,5]. Some oxides like tantalates, titanates, niobates and tungstanates have been showed
important activity for water splitting in comparison with TiO,, commonly used as photocatalyst [3-9]. Additionally
the modifications of electronic structure, crystal structure or physicochemical properties could be enhancing the
activity of catalytic materials for water splitting reaction [4-10]. Therefore, it is important to produce catalyst
materials with strict control of the composition, homogeneity, size and particle shape, as well as at low temperature.
In recent years, several chemical methods such as hydrothermal, solution combustion, sol-gel and co-precipitation

have been employed to synthesize new and better materials. Perowskite-type sodium tantalite NaTaO3 has attracted
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much attention from researchers due to its highly efficient photocatalytic activity for overall water splitting under
ultraviolet (UV) irradiation [15].

This works focus in the synthesis of NaTaO; material by a new solvo-combustion method with high surface area.
NaTaO; will be tested as catalyst material for water splitting reaction in order to produce hydrogen under UV-light

irradiation.

2. Experimental

2.1 Synthesis of NaTaOj3 by solvo-combustion method

NaTaO; powder was prepared by a new solvo-combustion method. Acetylacetone (Aldrich 99.5 %), was mixed with
ethanol (DEQ 95 %) in a 1:1 Vol. ratio, the solution was keeping in a reflux system by 10 minutes at 75°C. Then,
etoxide (V) tantalum (99.98% Aldrich) and sodium acetate (DEQ) was added in 1:1 molar ratio (Na:Ta) and kept the
system with vigorous stirring during 5 minutes. After that, it was added 1 mL of nitric acid as oxidant agent. Finally,
the solution was heated at 180°C to provoke the solvo-combustion reaction where a polycondensation reaction occurs

between acetylcetone and nitric acid. The fresh powder was thermal heated by 2 hours at 400°C and 600°C.

2.2 Characterization

The crystal structure and phase transformation of the obtained powder were Characterized by X-ray powder
diffraction (XRD) using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406 A). The morphology
and particle size of the synthesized NaTaO3; were determined by Scanning Electron Microscope (SEM) in a JEOL
6490 LV. The energy band gap (Eg) was determined by the Kubelka-Munk function using a UV-vis
spectrophotometer (Lambda 35 Perkin Elmer Corporation) coupled with an integrating sphere. Specific surface area

(Sget) was measured by N, physisorption through the BET method using Quantachrome NOVA 2000e equipment.

2.3 water splitting test

The water splitting was carried out at low pressure in a batch-type reactor using an inner irradiation cell and argon as
carrier. Firstly, 300 mL of distilled water were bubbled with argon for 15 min. Then, 300 mg of material was
dispersed into water under vigorous stirring. The system was kept at 100 Torr and the water temperature was
maintained at 25°C during the test using a cooling system. Afterwards, the batch-reactor was irradiated with a UV
source, Hg lamp with intensity of 400 W, and heterochromatic irradiation (A= 200 to 800 nm). The evolved hydrogen
was analyzed using a gas chromatograph with a TCD detector and a packed column Hayesep D 100/120. The

analysis was carried out in intervals of 30 minutes for 4 h.

3. Results and discussion
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Figure 1 shows the XRD patterns of NaTaOj3, fresh and thermal treated samples at 400°C and 600°C. It is evident the
presence of NaTaO; phase from the fresh sample and it becomes more crystalline as the temperature increases.
Accordingly to the JCPDS file, NaTaO; phase detected in the fresh sample and the thermal treated at 400°C
correspond to a monoclinic structure. While sample thermal treated at 600°C corresponds to an orthorhombic
symmetry. In addition, this sample shows the presence of some peaks corresponding to the secondary phase,
Na,Ta,04;; however its intensity is very low. The presence of the monoclinic symmetry is due to the low
temperature of synthesis where the crystal structure is mainly formed by TaOs octahedral slightly distorted; however

when temperature increases TaOg octahedral tends to be highly disordered provoking an orthorhombic arrangement.

T=NaTaO4
t=azTay O

NaTaO; 600 °C T T T
‘ S W W

BRI S
NaTaO; 400 °C } ' & ﬂ h ﬁ

Fresh NaTaO;

Figure 1. XRD patters of NaTaO; powders prepared by solvo-combustion method.

Through SEM micrographs it was possible to determine that NaTaO; particles presented micro-cavities formed by
the union of NaTaO; particles with size lower than 1 micron; it is assumed that NaTaOs has hierarchical cubic
morphology in the nanometer level. The morphology observed is due to the synthesis method; NaTaO; particles are
formed from the fresh sample and its particle size increases as the temperature increase. As it is observed, cavities

still remains present after thermal treatment indicating an interesting morphology of NaTaO; for certain applications.
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Figure 2. SEM micrographs of NaTaO3; powders prepared by solvo-combustion method.

On the other hand, results about energy band gap (Eg) and specific surface area (Sger) indicate that NaTaOs
synthesized in this work shows similar Eg values that expected for NaTaO3; material, see table 1. It means NaTaO;
could be absorbing energy efficiently below 400 nm in order to be activated for photocatalytic processes which could

be enhanced also due to the Sger values obtained for this material.

Table 1. Energy band gap (Eg) and specific surface area values (Sger) for NaTaO3z samples.

Sample Eg/eV Sger/mig?t

Fresh-NaTaO;  3.94 118
NaTa0;-400 3.98 75
NaTa0;-600 4.01 41

The Sger values here obtained are higher than those reported commonly for NaTaO3 prepared by other synthesis
methods, see table 2. Therefore NaTaO; synthesized in this work could be used in several applications where surface

area is important such as absorbents, catalysts, substrate, and so on.
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Table 2. Comparison of specific surface area values (Sger) for NaTaO3z samples synthesized by several methods.

Synthesis Method Temperature/°C  Sger/ m2.g™ Ref.

Solid State 1200 0.6 [11]2006
Sol-Gel 600 23 [12]2007
Sol-Gel 600 14 [13]2010
Electrolysis and Hydrothermal 180 58 [14]2010
Confined Space synthesis route 500 46 [15]2011
Solvo-combustion fresh 118 This work

400 75

600 41

Figure 3 shows the hydrogen evolution during the water splitting reaction. The material exhibited attractive
photocatalytic activity for water splitting reaction to produce hydrogen under UV-light irradiation. Results here
obtained are very similar to the commonly reported for NaTaO; synthesized by other methods, mainly sample
thermal treated at 600°C.

According to these results, it seems that crystal structure is more important than specific surface area. In this case,
the fresh-NaTaO; and NaTaO3-400 produce hydrogen in similar amount, and both samples are monoclinic while
NaTaO5-600 is orthorhombic. Recombination process is favored in the monoclinic structure due to the slight
distorted TaOg octahedral because distance is shorter than distance presented in the orthorhombic structure where

TaOg octahedral are more distorted.
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Figure 3. Hydrogen production from water splitting using NaTaO3 semiconductor synthesized by solvo-combustion

Finally, another important aspect of this work in comparison with other reports is that due to the new solvo-
combustion method used in this work, NaTaO; can be obtained in a few minutes at low temperature of synthesis.

NaTaO; synthesized in this work showed high specific surface area and the phase appears from the fresh sample.

4. Conclusions

NaTaO; was obtained by the first time from the as-grown material using a hew solvo-combustion method. NaTaOs
particles have hierarchical cubic morphology in the nanometer level and possess high specific surface area, which is
one of the highest values reached when compared to other synthesis methods. This material exhibited attractive
photocatalytic activity for water splitting reaction where the crystal structure plays an important role because the
fresh-NaTaO; and NaTaOs-400 produce hydrogen in similar amount, and both samples are monoclinic while

NaTa03-600 is orthorhombic and therefore enhances the hydrogen production.
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ABSTRACT

Mexican hydrogen industry currently produces 500,000 tons of hydrogen per year. Hydrogen is primarily used as a
feedstock, intermediate chemical, or specialty chemical in: chemical production, petroleum refining, metal treating,
electronic applications, and food and soap/detergent industries. Main hydrogen production method is steam methane
reforming (SMR). Other methods includes: gasification of fossil fuels, partial oxidation and water electrolysis. Some
of the produced hydrogen could be used like alternative energy source. United States, Spain and Germany already
use it like fuel, this hydrogen is mainly produced by SMR, however there are also projects focuses to produce
hydrogen from electrolysis method coupling renewable energies sources (solar energy, wind power, wave energy,
etc). In Mexico, SMR is also the main process to obtain hydrogen, 98%, nevertheless Mexichem Plant and Quimikao
Plant (where hydrogen is a by-product of Sodium Hypochlorite Process and feedstock to fats hydrogenations
respectively) are planning use the hydrogen as fuel, they have several projects where the hydrogen is a potential
energetic to reduce energy spending of grid from CFE through fuel cells use, decreasing the energy from the second
consumer of electricity in Jalisco. Exist production potential of hydrogen in the country; the SMH (Mexican
Hydrogen Society) is working to incorporate into Mexican Legislation the hydrogen as alternative source of energy

in Mexico.

Keywords: Hydrogen legislation, electrolysis, renewable energies sources.
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1. Introduction

The hydrogen production capacity in mexican refineries in 2011 was 183 MMSCFD (million standard cubic feet per
day), used for hydrodesulfurization process in refineries, this process and the largest hydrogen consumer not only in
Mexico but the word. Same year, United States generated in refineries 4,114.3 MMSCFD, placing it in the first place
worldwide alone followed by Japan and South Korea 1,472.8 MMSCFD and 995. 5 MMSCFD respectively, México
is in the global site 16 in the production of hydrogen. In 2010 word production of hydrogen was 13 TSCFD (trillion
standard cubic feet per year) [1].

The highest percentage of hydrogen is not used as energy, but as raw material in the hydrodesulfurization process oil
and other industrial uses are among the production of hydrochloric acid, production of ammonia, hydrogen peroxide
and as feedstock in the hydrogenation of fats and oils. Hydrogen production in refineries where has the highest
consumption in the word is through the process of reforming of natural gas SMR, only in the United States 2010
were used 154.503 million cubic feet of natural gas to produce hydrogen, this process in 2009 were consumed
143.004 million cubic feet of gas natural one year before, in 2008 were consumed 188.075 million cubic feet of

natural gas to produce hydrogen [2].

2. Analysis of hydrogen production technology

The total cost of investment (TCI) of the following hydrogen production technologies specified in US $/GJ. The TCI

is a measure of capital cost of plant per unit of hydrogen produced, processed or stored [7].

2.1. Hydrogen from Steam Methane Reforming SMR

The SMR process is cheaper process with respect to others such as gas gasification and pyrolysis also more
environmentally friendly, natural gas, methane at a higher rate (94.9% methane, 2.5% ethane and other gases in
concentrations less than 0.2% ) is effective to produce hydrogen as it is widely available easy to used and has an
extensive hydrogen to carbon ratio which minimizes the formation of CO, as a by-product and thus emissions of
greenhouse gases are minor compared to the pyrolysis process that needs to heavier hydrocarbons. Over 80% of the
hydrogen production is achieved by the reforming process of natural gas. There are four basic steps: pretreatment,
where the gas is treated catalytically with hydrogen to remove sulfur compounds, the desulfurized gas is reformed
with steam mixing and then pass through a nickel-alumina catalyst to produce a hydrogen-rich gas and as a final step

hydrogen purification. In the process using a furnace to raise the temperature of the gas in the first step-pretreatment,
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heat also functions to produce steam which is used in the reformation and gas conversion, the use of gas natural

furnace fuel and the process gas which is a residue of the last process of purification of hydrogen [3-4].

The scheme presented in figure 1, shows the basic steps of the SMR process. For hydrogen production may be
possible one of the criteria to consider in the production of hydrogen is emissions of greenhouse gases (specially
CO,), the SMR process emits 68.2 kg CO,/GJ and will issue that amount produced 588.24 MW of hydrogen per km’
at a cost of US $982/Ton H,. In a process which includes the capture of CO, by the same technology SMR only 22.8
kg CO,/GJ be issued, however, the cost of production increases to US $1,575/Ton H, [5]. It should be noted that the
construction of plants natural gas reforming at low scale such as 0.27 millions Nm®/day where hydrogen cost is

around US $6.0-7.5/GJ [7].

FEED H2
PRE- REFORMING GAS PURI-
TREATMENT [~—P" CONVERSION =P rication
w L 3 O AT 4
~ ‘.. H | s
~ | e, : I S WASTE
N, I "s. N -
~ ..b. a -
\ I '04: :‘
FURNACE STEAM
FUEL — — .
GENERATOR [==» EXPORT
* PROCESS
WASTE FUEL

Figure 1. Schematic of SMR Process Showing Heat and Materials Integration

Mexico is one of the largest consumers and producers of natural gas, some of this gas used to produce hydrogen is
fed into the hydrodesulfurization plants at refineries in the country, and according to the specific requirements of
each refinery infrastructure is developed the safe and efficient hydrodesulfuration unit to provide larger volumes of
hydrogen to plants diesel HDS [8]. SMR in plants, CO, captured can be categorized before, during and after
combustion; eliminating CO, before it, when combustion is performed using oxygen instead of air, generating a

concentrated stream of CO, is compressed for transport and subsequent kidnapping [6].

CHAH0—CO3H2 oo, 1)
CO+H20—CO24H2 oo, 2)
Overall: CH4+2H20—CO2+4H2 ..., 3)
‘ =
-
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During the compression process of 1 kg hydrogen caused by the SMR process is consumed between 5.0-5.5 m® of
natural; 4.0-4.5 kg of water, 0.7 to 0.9 kWh of energy and emissions are 9.5 kg of CO,/kg of hydrogen. In the case
of liquefied hydrogen energy consumption in the liquefactions becomes 11-13 kWh per kilogram of hydrogen, this
high consumption is reflected in an increased amount of CO, emissions of 35-38 kg of CO,/kg of hydrogen.
Although the ideal goal is to reduce total emissions of greenhouse gases for the production of hydrogen, this will be
possible only until the renewable energy technologies like PV or wind are developed more efficiently. Currently the
process of reforming of natural gas is the best opinion for hydrogen production in Mexico by having the

infrastructure and sufficiently effective [9].

2.2. Hydrogen gasification of coal

This technology is competitive in places where oil and natural gas are expensive. It is used to produce synthesis gas
from waste oil and coal, although they can feed the refinery waste, biomass and municipal solid waste.

The cost of raw material feed for the gasification process accounts for 25% of the final cost of hydrogen, despite the
abundance of coal reserves in the word, it has a significant environmental impact as 132.6 kg CO,/GJ generating 588
MW per km” at a cost of US $1,621/Ton of hydrogen. If this method is performed with CO, capture would emit into
the atmosphere only 37.5 kg CO,/GJ generating 588 MW of hydrogen per km” but the cost would rise too much as
US $3,114/Ton of hydrogen [5].

Compression of 1 kilogram of hydrogen obtained from this process consumes fuel 6.0-7.0 kg coal/ kg H,, 9 kg of
waste and 0.7 to 0.8 kWh of energy issuing 22 kg CO, and 13-14 kWh for emitting liquefaction 46 kg CO, [9].

2.3. Hydrogen electrolysis

Decomposition of water into hydrogen and oxygen. The electrolyte is a solution of KOH in water; hydrogen is
produced at the cathode with nearly 100% purity at low pressures. Considering power consumption efficiency 100%
is 40 kWh/kg hydrogen, but in practice is higher energy consumption. The main disadvantage of electrolysis is the
cost of electricity. For renewable energy that dominates is the cost of investments in photovoltaic systems or wind to
generate electricity that is used in the electrolysis process, in the case of photovoltaic system can be 85% the price of
hydrogen [7].

The total capital investments for the installation of hydrogen production by electrolysis with electricity supply
network related to its size, for a plant with a capacity of 2.8 million Nm®/day, the total investments cost TCI is US
$2.95/GJ and large plants at 6.75 million Nm’/day the TCI is US $30.97/GJ. Resource consumption per 1 kg of
hydrogen of 55-60 kWh electricity and generates emissions of 41 kg of CO, [7].
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Table 1 shows a summary of the estimated costs of hydrogen production in each technology listed above, showing

the cost of production and cost to the consumer the estimate is made for a centralized and each of the technologies

has transportation distance of 100 km from the hydrogen production plant to the point of delivery [9]. Each of these

three scenarios it is observed that the difference in cost between hydrogen production and hydrogen compressed

liquid is more than double its generating greenhouse gases, consequently greater, itself one of the objectives is to

reduce greenhouse gases, we noted that production of liquid hydrogen is not a good economic or environmental

option.

Table 1. Estimated cost of centralized hydrogen production and delivery to user as a liquefied compressed gas [9].

Cost of production, Cost to consumer,
CO, emission, kg
Production technology $/kg H, $/kg H,
COz/kg H2
| 11 I | 11 I
Compressed H,
SMR (natural gas) 1.2 1.9 2.6 1.6 2.4 3.1 9.5
Coal Gasification 1.8 2.0 2.2 2.3 2.5 2.7 21.8
Electrolysis (energy grid) 4.3 6.7 9.2 4.8 7.2 9.7 41.1
Liquefied H,
SMR (natural gas) 2.9 3.7 4.4 3.1 3.8 4.5 17.4
Coal Gasification 3.8 3.9 4.1 3.9 4.1 4.2 30.0
Electrolysis (energy grid) 5.7 8.6 11.6 5.9 8.8 11.7 48.6

1. Optimistic estimate, IT. Moderate y TIT. Pessimistic.

The process of electrolysis using energy from the power supply that has a high cost in either scenario and the

emissions of greenhouse gases into the atmosphere is much higher even in liquid hydrogen as compressed gas

because the electricity used and this process is generated from fossil fuels. Then, gasification is a technology known

but cheap and emissions of greenhouse gases are high for the case of compressed hydrogen gas for liquefied

hydrogen.
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The variation in costs to consumers are more accessible when the production of hydrogen through the process of
performing of natural gas, since the variation between production costs and consumers costs is US $0.4, and has

lower emissions of greenhouse gases than the process of gasification and electrolysis.

According to table 1, the SMR process is the best option for hydrogen production because de production costs in any
of the three scenarios are lower and emissions of greenhouse gases (CO,) are minimal and technology is completely
known. The development of this technology in every region of the planet is determined by policies to reduce
emissions of greenhouse gases and objectives of the Kyoto Protocol compliance. The availability of the raw material
of SMR process is a fact that will determine the feasibility of the process, natural gas is considered the least polluting
fossil fuel opposed to oil and coal so that their abundance is a important factor, for example United Arab Emirates
produce about 3 billion cubic feet per day of natural gas and Mexico 5,394.6 cubic feet per day, which only 98% is
used and the rest is sent into the atmosphere [14-15]. Despite of the increased production of natural gas in the UAE,
according to the International Energy Agency, Mexico has three times the hydrogen production capacity of refineries
in the UAE [16]. The hydrogen production plants operate at factor of 90% can produce 36,000 GJ of H, per day,
enough to power 500,000 PEMFCV or small scale able to produce 108 GJ of H, per day, enough to feed 2,200
PEMFCV. However, the large scale hydrogen production is better to transportation demand and power generation
[17]. The SMR process efficiency is between 65-75% which is measured in terms of fuel and electricity that they
feed. Since the process is highly exothermic SMR produces more steam than it consumes, if the steam generated by
the process used in other plant services, this would be at least 10% more efficient, competing with electrolysis
renewable sources. The cost of production by SMR varies according to the price of natural gas if consumed at the

site where it is produced would cost US $0.65/kg H, [17].

According to governments regulations in each country to shift to cleaner energy production based on the use of
natural gas as fuel of hydrogen production, there are three scenarios in percentage (%) of the use of natural gas to
produce hydrogen through the process SMR. These scenarios range from 10%, 50% and 100% use of NG to produce
hydrogen. Figure 1, shows the cost that would generate hydrogen using different percentages of NG, the analysis was
made for an annual production of 1.1X10° GJ/ year in the UAE, at present the annual production in Mexico is
2.1X10° GJ/year. Watching the scene using 100% natural gas for hydrogen production, the capital cost is about 50%
lower than he scenario using 10% natural gas, operating cost and maintenance (O&M) and the cost of compression
and storage are lower, US $0.45/GJ and US $0.265/GJ respectively, only the cost of natural gas is the same.
Therefore the total cost of hydrogen production at 100% using of natural gas is US $6.15/GJ, which, compared with
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the literature is in the range of US $6.0-7.5/GJ for large scale plants that produce from 1.34 to 25.4 million Nm®/day
of hydrogen [17].

105 [ Capital Cost B Gas Cost
M Power Cost HO&M
®iComp. & Storage Cost O TOTAL COST -

Cost ($/GJ)

P

10% 50% 100%

Percent of natural gas used for hydrogen production (%)

Figure 2. Breakdown of production costs of hydrogen with various percentages of current natural gas production.

Although the price of electricity for hydrogen production by electrolysis is high and emissions of greenhouse gases
are higher among these three technologies, there are plants where the production of hydrogen is not the final product
basics. An example is the production of hydrochloric acid, which is carried out by electrolysis where common salt or
sodium chloride NaCl mixed with demineralised water to form an aqueous mixture with salt (salt magma) and form
sodium chloride brine. To this solution should remove impurities and filtered to pass the area of electrolytic cells.
Plants producing hydrogen by electrolysis operating with a solution of potassium hydroxide and hydrochloric acid
productions woks with a solution of sodium chloride (NaCl), both are brine which uses as electrolyte. Of sodium
chloride brine passing through the electrolysis process are obtained the following chemicals: chlorine wet cell liquor
and hydrogen damp and water that contain dissolved sodium hydroxide. The main product, chlorine, is cooled,
filtered, washed and dried. Chlorinated water which resulted in the washings is used in the production of sodium
hypochlorite and chlorite passed once dry blending the area [10]. The technology currently used in the cells is known
as “DeNora” corresponding to the Italian company owns the patent, but other technologies such as Stuart IMET
Electrolyser (Canada), Norks Hydro (Norway) and Uralkhimmash (Russia) all with efficiencies above 500 m*/hr of
hydrogen and 0.1 to 5 MPa [11].

3.1. Case Study
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The hydrogen produced by electrolysis is still an expensive process for the cost of grid electricity for the plant is
estimated in 2650 kW/Ton Cl,, placing it as the second largest consumer of electricity in the state of Jalisco,
however, the greater benefit is the sale of hydrochloric acid 30%, liquid chlorine, sodium hypochlorite and soda
caustic. The composition of the hydrogen obtained 1i 99.999% pure, suitable for use in devices such as fuel cells and
auto supply power. Among the benefits of the current hydrogen is supply to boilers for generating steam to heat and
supply to plant where hydrogen is 30% of the mixture and 70% natural gas mixture as feedstock supply companies
for through tubing to 0.4 psi pressure for the process of hydrogenation of fats and oils. The hydrogenation process
consumes about 2 million cubic meters of hydrogen per year, between 150,000 and 250,000 m’ each month,
according to demand, the cost of hydrogen in a year is about $ 4 billones (US $ 300,000), US $350-500 thousand per
month [12]. The price of 1 me of hydrogen produced by electrolysis using the basic process of generation in this
business is $ 1.80 significantly lower for the consumer compared to the one shown in table 1 in any of the three

scenarios, since the cost are borne y sales of hydrochloric acid, chlorine, sodium hypochlorite and caustic soda [10].

According to data from 2008 to 2011, each month will produce about 84 ton of hydrogen, approximately 83% of the
hydrogen is used to generate heat, hydrogenation of fats and oils and the production of hydrochloric acid from the
same plant. The remainder of production has no use a raw material or as energy, but must be vented to atmosphere
for process safety. The potential of the remaining 17% hydrogen to generate energy could be used in fuel cells to
supply power to the plant. A common fuel cell of 5kW in Mexico cost US $15,000 ($200,000 pesos) and needs a
supply of maximum flow output of 64 1t/min. Evaluating the hydrogen production conditions of the plant this would

generate 57 times per day flow required by the fuel cell.

“The ability to offset peak electricity usage with an emission-free fuel cell system will create significant savings,

while reducing our environmental footprint”. Mark Yamauchi, TMS Facilities Operations Manager.

The background to the application of this technology is shown by the company Ballard Power Systems, which
developed a system of hydrogen, a by-product of the production process of hydrochloric acid HCI, could be supplied
in fuel cells feed with hydrogen and power generation electrical, which has been shown is a prohibitively expensive
fuel for these companies that produce Cl, through electrolysis. According to the proposal CLEARgen™ Ballard,
electricity accounts for 70% the cost of production of chlorine [13].

According to Mexichem S. A. de C. V. company, the cost of electricity is very high, making this company the
second largest energy consumer in the state. If the hydrogen vented to the atmosphere could be recovered and used to

generate electricity, then the hydrogen would get more value than it now has a raw material or fuel.
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4. Conclusions

Therefore, the total cost of hydrogen production at 100% using of natural gas is US $6.15/GJ, which, compared with
the literature is in the range of US $6.0-7.5/GJ for large scale plants that produce from 1.34 to 25.4 million Nm®/day
of hydrogen [17]. The operating conditions of gas natural in Mexico for the production of hydrogen compared to the
United Arab Emirates, 1.1X109 GJ/year, and show that it is feasible to use the oil for hydrogen production in Mexico
with 2.1X109 GJ/year. The most likely is a transition with the highest percentage of use of gas natural for hydrogen
production via SMR process is the cheapest compared to other processes, besides being friendlier to the
environment. The SMR process can also be more efficient if the current of steam generated is used in other plan
services, giving use the product as in the case of the company Mexichem, where the potential for generation of
electricity through the use of hydrogen they get as by-product in the process serve as feed for fuel cells; mitigate
electric power consumption of the network, allocating the percentage that supply boilers to fuel cells that would

deliver clear energy.
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Towards the understanding and control of the photo-deposition of metal nanoparticles on oxides
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ABSTRACT

The photo-deposition technique under UV and UV-Vis domain for metal nanoparticles, e.g. platinum, was explored.
According to the procedure employed, one can devise various complex mechanisms. This work evidences such
complexities by a judicious choice of parameters, such as alcohol chain length, and media. The presence of
nanoparticulated oxide anatase-phase enhances the photo-deposition process of metal nanoparticles via the so-called
heterogeneous photocatalysis. A description and the effect of mixing of various chemical components in the reactor

are given. The control of the nanoparticle size with water as hole-scavenger looks promising.
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1. Introduction

The tailoring of stable highly dispersed and efficient electrocatalysts is currently a great challenge. A promising way
to achieve this consists in using oxide and/or oxide-carbon composites as supports. Moreover, the technique devised
to perform the metal (e.g. platinum) deposits on the support seems also to influence the nature of the interaction
between the catalyst and the support. Particularly, the photo-deposition technique [1] is well adapted to induce
nanoalloy formation with the metal of the support giving rise to the so-called strong metal substrate interaction
(SMSI) [2, 3], thus improving the rate, e.g., the oxygen reduction reaction. The method consists in photo-irradiating
an aqueous solution containing the metallic precursor, the oxide, and organic molecules serving as a hole-scavenger.
The process is based on the reducing/oxidizing capability of photo-irradiated oxide nanoparticles to achieve the
reduction of metallic ions into metal islands and the oxidation of adsorbed water or organic molecule. It is essential
to control the synthesis of noble metal based nanoparticles, since the electrocatalytic activity depends on the
chemical nature, morphology, crystallographic properties and the position of the d-band center with respect to the
Fermi level. Parameters affecting the properties of photo-deposited nanoparticles are still not-well identified and
understood. This study aims at understanding of the mechanism of photodeposition of Pt onto TiO, substrate, as well

as the control of the nanoparticle size.

2. Experimental
2.1 In-situ absorbance monitoring during photodeposition process

The photo-deposition procedure was carried out as follows: 52.6 mg of TiO, (anatase), synthesized by sol-gel
technique, was mixed in argon-saturated 28 mL water in a photo-reactor provided with two optical quartz windows.
Additionally, 6 mL of isopropanol solution containing 34.7 mg of Pt salt (H,PtCls.6H,O) was added into the photo-
reactor. The suspension was saturated with Ar and kept under constant stirring for 3 h. The source of ultraviolet (UV)
and visible (Vis) radiation used for the experiments was a Xe-lamp (159 W, ITS PS 150-9). In order to prevent the
heating of the samples, the infrared (IR) photons were avoided using a hot mirror UV (Edmund Optics, F46507), and
a water filter. To follow up in-situ the reaction kinetics, a light detector (Rad Probe, LP 471) was fixed on top of the
photo-reactor. The detector was connected to a photo/radiometer (Delta OHM HD 2102.2). Fig. 1 shows a scheme of
the photo-reactor. A UV filter (Edmund Optics, F45311) was used to cut A <400 nm. The suspension containing the
TiO, and H,O was used to record the irradiance at the beginning of the experiment, A,. The light detector monitored

the evolution of the irradiance, A;, with time. The ratio A,/A, was calculated to determine the absorbance.
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Fig. 1. Photo-reactor used to measure of absorbance changes during photo-deposition process.

2.2 TEM characterization

The morphology of particles was examined with a TEM on a JEOL JEM-2001 equipped with a LaBg filament. The

samples were characterized under an accelerating voltage of 200 kV and a resolution of ca. 0.19 nm.

3. Results and discussion

To investigate the direct reduction of platinum precursor in the presence of isopropanol, the following experiments
were performed. In short, an aqueous solution containing both [PtCls]* and isopropanol were successively photo-
irradiated by a Xe —lamp equipped either with or without a UV filter. The variation of absorbance of the solution was

monitored in-situ. Results are displayed in Fig. 2.
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Fig. 2. (A) Output spectrum of the Xe lamp, (B) output XE lamp spectrum with an UV filter, (C) Absorbance
evolution of [PtCls]* + isopropanol under irradiation using spectrum (A), and (D) Absorbance evolution under

irradiation using spectrum (B).

By comparing the results obtained in Figs. 2C and 2D, one can infer that only the UV spectral region is responsible
to modify the absorbance of the solution. Indeed, the energy, hv, of this spectral region affects the platinum precursor
[PtClg]* electronic structure by the electronic d-d transition with a maximum peak at 300 nm [4, 5]. The
photochemical reaction scheme follows [6-8]:

[PtCIg]* + hv — [PtClg]** )
The excited complex is then able to react with the alcohol molecule to form a radical complex ([PtClg]>°R) as

represented by equations. (2) — (4):

[PtClg]** + R-CH,-OH — [PtClg]* --- *R-CH,O + H" )
[PtCls]*+-*R-CH,O — [PtCI]*+-*R + CH,O (3)
[PtCls]"*R — [PtCL,]* + °R + 2CI 4)

Thereafter, the dissociation of [PtCl,]* to form Pt*" species is done [5], equation ( 5). This latter is then reduced to
form platinum clusters, equation (6).
[PtCL,]* + hv — Pt*" +4CI 5

pt2+ __RCH,OH. H,0hv

Pt’ (6)
Recently, we have shown that Pt nanoparticles can be selectively deposited onto oxide sites of oxide-carbon

composites [3, 9, 10]. However the photo-deposition process is not yet well controlled and optimized. By designing
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different experiments in which the components of the reaction medium are systematically varied, we seek to
understand the photo-deposition process to control the particle size and distribution on TiO,. As a result, the changes
in the absorbance of different solutions were monitored in-situ. The results are contrasted in Fig. 3. In each panel, a

scheme illustrates a possible mechanism.
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Fig. 3. Absorbance evolution of an aqueous mixture containing [PtClg]*, TiO», and isopropanol.

From Fig. 3A it looks clear that no variation in the absorbance occurs under UV irradiation when the mixture
contained water and [PtCls]”. We can assume that no formation of a radical complex, equation (2) takes place in
water, and platinum nanoparticles are not generated. However, the presence of isopropanol enhances the deposition
of metal clusters. This is confirmed by the change of the absorbance at t > 1h, and confirmed by the TEM analysis,
Fig. 4A. Figs. 3C and 3D depict the phenomenon of heterogeneous photocatalysis induced by TiO, (anatase). In both
cases the formation of platinum clusters takes place cf. Figs. 4B and 4C. In the absence of a powerful hole-
scavenger, e.g., alcohol (Fig. 3C) the formation of platinum clusters occurs as follows: Firstly, one consists in the
hole (h") — electron (e) pair generation at the oxide semiconductor under UV illumination:
TiO,+hv —h" +¢ @)

The absence of any applied electrical field at the particle favors the hole-electron recombination. Under this
condition, the formation of OH® radicals from adsorbed water via holes is therefore limited, as a result the reaction
process channel via the conduction band (cb) is also limited, but stochastic events are possible that leads to the
photogenerated electrons to reduce the platinum complex. The process can be summarized in equations (8) and (9):

(Hy0),4s + h" — HO®* + H' (8)

[PtVClg] + 2¢°, — [Pt'ClL] +2¢° o, — P (9)
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This photo-reduction process becomes more complex in presence of isopropanol, cf. Fig. 3D. Indeed, one can
imagine several parallel pathways to explain the formation of platinum nanoparticles. The usual mechanism to
explain the phenomenon consists in considering that electron-hole pair generation at the TiO, under UV illumination,
equation (7), the recombination process is somehow inhibited to a certain extent due to the interaction of alcohol and
metal complex species at the semiconducting oxide surface which favors the photo-oxidation of the alcohol via holes
and photo-reduction of metal ions of the complex via electrons. Other competing mechanisms previously described
may also be involved. The first one results from the excitation of [PtCls]* under UV irradiation, equations (1) to ( 6).
The second consists in using water as hole scavenger, equation (8). In the first stage of the reduction process a
continuous increase of the solution absorbance of the solution can be clearly seen in Figs. 3C and 3D. The rate of
increase is probably related to electron-hole pair recombination and/or to the (cb) electron yield to be transferred to
[PtClg]* complex species.

After 3 h of irradiation, the samples tested in process in Figs. 3B, 3C and 3D were analyzed by TEM, Fig. 4. These
figures clearly show that the morphology and the size of the nanoclusters greatly depend on the experimental

conditions.

A) (B) ©
Fig. 4. Low magnification TEM images showing the size and morphology of Pt photosynthesized in (A)

water/isopropanol, (B) water solution and TiO,, (C) water/isopropanol and TiO,, after 3 hours of irradiation.

The mean size of platinum nanoparticles has been determined for samples obtained by processes shown in Figs. 3B,
3C, and 3D. They were 10.0, 1.9 and 7.5 nm, respectively. Summing up, small and highly dispersed nanoparticles
can be obtained by using only water, TiO, and H,PtCl as reactants, whereas bigger and agglomerated particles are
obtained in the other cases. The photolysis process and the absence of a support lead to the agglomeration of Pt
nanoparticles (Fig. 4A). Additionally the morphology of particles is highly affected by the procedure used. It seems

that particles photo-deposited in presence of water and isopropanol are highly faceted.
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4. Conclusions

In this work, the concomitant occurrence of different mechanisms during the photo-deposition process of Pt
nanoparticles onto TiO, in the presence of water and alcohol, are evidenced. By measuring the irradiance light
transmitted through the photo-reactor, it was possible to monitor, in real time, the photo-deposition process.
Additionally, encouraging perspectives concerning the control of the nanoparticle size by just using water as hole-
scavenger to realize the photo-deposition are given. Interesting information is obtained to optimize the process in

order to decrease the amount of precious metals used as cathode materials for fuel cells.
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Fast Synthesis of M@Pt (M=Ru, Pd, Fe;0,) Core-shell Nanostructures and their Evaluation as Anodes for the
Oxidation of Ethanol
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ABSTRACT

We report the fast synthesis and electrochemical evaluation of M@Pt core-shell nanostructures (where M=Ru, Pd,
Fe;0,4) for the ethanol oxidation reaction (EOR). Separately, the chemical precursor of each core material was
synthesized in NaBH, in a reduction time of 60 s. The Pt shell was deposited afterwards on the cores also in 60 s
using the same reducing agent. Pt-alone nanoparticles were synthesized in one minute as well for comparison
purposes. The XRD results indicate that crystalline materials can be obtained with this rapid process. The average
particle sizes of the core-shell nanostructures, determined with the Scherrer equation, were in the 6-8 nm range for
the nanomaterials. The electrochemical evaluation revealed that the catalytic activity of the novel Fe;O,@Pt anode
for the EOR is as high as that of the Ru@Pt material. The Pt-alone and Pd@Pt anodes showed a lower activity for
such reaction. Durability tests performed on the Fe;O,@Pt and Ru@Pt anodes indicated a high stability of these

catalysts in acid medium.
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1. Introduction

In a society where oil is the major energy source, higher demand and lower supply makes its price fluctuate.
Moreover, its use contributes to the global warming. For these reasons, everyday there are more research groups
dedicated to find new energy sources or innovating already existing. Hydrogen is one of the fuels that are a
promising alternative and it can be used in fuel cells. However, some of the problems related to the use of H, are its
handling, transportation, storage, and in general, the logistic of its use [1-3]. The use of liquid fuels in fuel cells
without reforming (Direct Liquid Fuel cells) is a good energetic option [4-6]. Ethanol is a renewable fuel commonly
mentioned as a potential candidate for this application in Direct Ethanol Fuel Cells (DEFC). It offers several
advantages over other liquids fuels, including facile transportation, non-toxicity, high energy density and it can be

obtained from simple industrial processes [7-10].

One of the biggest challenges for the use of ethanol in fuel cells with proton exchange membranes is the catalyst
performance to execute the oxidation at the anode. Pt is widely used on these cells, however, the presence of CO as
intermediate from alcohol oxidation decrease significantly its performance. Therefore, there is a growing interest to
develop catalyst that can oxidize organic molecules at low potentials and are not affected by the reaction
intermediates. Pt-based alloys and nanostructures have proved to be the best option to oxidize alcohols, specifically
methanol and ethanol. These nanomaterials have been synthesized by various methods. Although nanocatalysts with
good physicochemical and electrochemical properties have been obtained, most processes require long time of

synthesis under stirring and/or reflux [2, 6, 11-14].

In this work, we report the fast (one minute reaction times) and efficient synthesis of Pt-alone nanoparticles and
M@Pt core-shell nanostructures (where M = Fe;O,, Pd and Ru), using the mechanical agitation method (UT) and

NaBHj, as the reducing agent. We evaluate the catalytic activity of such nanocatalysts for the EOR in acid medium.

2. Experimental

For this study Fe(NO;);*9H,0, PdCl,, RuCl; and H,PtCls*6H,O as metallic precursors, and NaBH, as reducing agent
were used. All chemicals were purchased from Aldrich and used without further purification. To obtain the cores,
solutions of NaBH, (0.001 M) and the metallic sources (0.002 M) were prepared. The metallic salt solution was
added dropwise into the solution containing the reducing agent at room temperature and mechanically stirred (UT
method). The obtained products were washed and separated by centrifugation at 3000 rpm. The powders were

characterized by XRD to determinate the crystallite size and the structural parameters.

To obtain the core-shell nanostructures, the cores were suspended on a fresh reducing solution (0.001 M NaBH,) and

a H,PtClg*6H,0 solution (0.002 M) was slowly added at room temperature under UT stirring. M@Pt materials in a
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1:1 (w/o) Me:Pt ratio were obtained. The powders were washed and centrifuged at 3000 rpm. The catalysts were
characterized by XRD.

The catalytic activity of the nanocatalysts for the EOR was evaluated with a potentiostat (Voltalab). CVs were
obtained in Nj-satured solution. Studies of ethanol oxidation were carried out immediately after the activation with
the addition of 10 mL of 0.5 M ethanol into the Nj-satured solution. The electrolyte was 0.5 M H,SO,. All

electrochemical measurements were taken at 20 mV/s and room temperature.

3. Results and discussion

Figure 1 shows the XRD patterns of the cores. The diffractogram of Fe;O, shows the formation of ferric-ferrous
oxide with a spinel-type phase (FeO+Fe,O; PDF 89-0691). Meanwhile, the Pd pattern shows the formation of a
polycrystalline material (PDF 46-1043). On the other hand, the diffractogram of Ru indicates the formation of a

quasi-amorphous core.
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Figure 1. XRD patterns of the cores: Fe;O,, Pd and Ru.

Figure 2 shows the XRD patterns of Pt-alone and the nanostructures (after deposition of Pt on the cores). In all cases
the main peaks related to Pt (PDF 4-0802), with cubic structure and cell parameter a = 3.9120 A, can be observed.
The Fe;04@Pt material also shows the peaks related to magnetite. Because the sets of Pt and Pd are almost the same
(both Pd and Pt have cubic structures and cell parameters likely 3.8930 vs 3.9120 A respectively), the diffractogram

of the Pd@Pt nanostructure indicates the planes related to Pt. Since the Ru material turned out to be quasi-
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amorphous, only the peaks of Pt are present in the Ru@Pt diffractogram. The pattern of Pt-alone is also shown in

Figure 2.
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Figure 2. XRD patterns of the nanomaterials: Fe;O,@Pt, Pd@Pt, Ru@Pt and Pt-alone.

Figure 3 shows the CVs of the EOR at the four nanomaterials. The catalytic activity for the anodic reaction decreases
in the order Ru@Pt > Fe;O4@Pt > Pt > Pd@Pt. In the positive potential scan, maximum peak current densities of 3.2
mA/cm? and 2.9 mA/cm® are obtained from Ru@Pt and Fe;O,@Pt, respectively. This means that the catalytic
activity of Fe;O4@Pt is close to that of the Ru-based anode. The activity of the Fe;O4@Pt core-shell material is
surprisingly high. To the best of our knowledge, this is the first time such nanostructure is evaluated as anode for the

oxidation of organic molecules.
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Figure 3. CVs of the EOR for Fe;O4@Pt, Pd@Pt, Ru@Pt and Pt-alone in Nj-saturated 0.5 M H,SO4 + 0.5 M
C,H;sOH solution. Scan rate: 20 mV/s.

Figure 4 shows the chronoamperometric measurements, recorded at 895 mV vs SHE during 600 s. Clearly, the
Ru@Pt and Fe;O0,@Pt catalysts show a more stable performance than the other two catalysts for the EOR. The
behavior of those two materials is quite similar. After 600 s, the current density at Ru@Pt and Fe;O0,@Pt is 1

mA/cm’. Meanwhile, after such elapsed time, the current density is 0.8 and 0.4 mA/cm” for Pt-alone and Pd@Pt,

respectively.
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Figure 4. Chronoamperometric curves of the EOR at Fe;O,@Pt, Pd@Pt, Ru@Pt and Pt-alone, measured at 895 mV
vs SHE and room temperature.
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4. Conclusions

In this work we present a facile synthesis process to obtain M@Pt (with M = Fe;0,, Pd and Ru) core-shell
nanostructures. The XRD patterns show the formation of the core materials and metallic Pt after one minute
synthesis under UT stirring. The Ru@Pt and Fe;O4@Pt nanomaterials show the higher catalytic activity for the EOR.
To the best of our knowledge, this is the first time that Fe;O,@Pt nanostructures are evaluated as anodes for the

oxidation of organic molecules.
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ABSTRACT

Pt, Pt-Ru, Pt-CeO, and Pt-Ru-CeO, electrocatalysts were synthesized and evaluated as anodes for the ethylene glycol
oxidation reaction (EGOR). The nanomaterials were prepared by slowly dropping the precursors in a NaBH,
solution, in a reduction process of 10 min. The results from the electrochemical characterization of the anodes,
carried out in 0.5 M H,SO,, showed that the Pt-Ru material possess a higher catalytic activity for the EGOR,
compared to Pt-alone, Pt-CeO, and (Pt-Ru)-CeO,. The nano-sized Pt-Ru anode demonstrated a high stability in
accelerated potential cycling tests, with very low surface losses in the hydrogen adsorption/desorption region after

500 cycles.
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1.-Introduction

Nanostructured materials present many interesting properties as catalysts for electrochemical devices such as Direct
Alcohol Fuel Cells (DAFCs). This has been the reason why many researchers have generated a large interest in their
study. However, although many systems are investigated, nowadays is necessary to study different Pt-based
materials with specific catalytic properties for the type of fuel being used in DAFCs. Catalysts like Pt-Ru, Pt-CeO2 or
Pt-Ru- CeO2 are of interest for DAFCs because of their high performance. The main objective of this research is to

evaluate the performance of metallic nano-particles for the ethylene glycol oxidation reaction.

Cerium-modified Pt materials have shown good electrochemical behavior as anodes for DAFCS. Research has been
carried out on structure, chemical properties, reduction behavior, stoichiometry, storage capacity and metal-cerium
interactions [1-8]. It is also important to determine which of the materials with a Ce percentage may find application
as environmental catalysts [4,6,9-15]. The presence of Ce in the crystalline structure has a positive effect, for
example enhancing the storage and release of oxygen. This is crucial in several catalytic reactions such as the

Oxygen Reduction Reaction (ORR) and the oxidation of organic molecules in fuel cells.

The metallic nano-particles Pt, Pt-Ru, Pt-CeO2, Pt-Ru-CeO2 were synthesized with sodium borohydride (NaBH,).
The materials were evaluated as anodes for the oxidation of C2H602, via cyclic voltammetry (CV) and lineal scan

voltammetry (LSV). The physicochemical characterization included EDAX and your crystal structures XRD.

2.-Experimental

The reagents used to obtain nanoparticles were RuCl; (Aldrich, 45.55% Ru), H,PtCls*6H,O (Aldrich, 37.5% Pt
base), and CeN;O9*6H,0 (Aldrich, 99%), as metallic sources and NaBH, (Aldrich, solucion 12% p/v in NaOH 14
M), as reducing agent. All reagents were used without further treatment. The synthesis was performed by slowly
dropping the precursors in a NaBH, solution, in a reduction process of 10 min. The recovered powders were washed
with excess water and dried in a furnace at eighty degrees. Figure 1 shows, a schematic diagram of the experimental

procedure during the synthesis of nanoparticles. The molar ratio used for obtaining the powders is shown in Table 1.

The catalytic activity of the Pt-based materials for the EGOR was evaluated with the aid of a potentiostat (Voltalab)
connected to a RDE instrument (Pine Inst.). CVs and LSVs were obtained in N2-saturated 0.5 M H2SO4. The

methods used to prepare catalytic inks and working electrodes has already been described with detail elsewhere [16].
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Figure 1. Schematic diagram showing the synthesis procedure of the nanomaterials.

Table 1.- Reagents molar ratio

Metallic materials Reagents Reducing agent
Salts precursor H,PtCls *6H,0 RuCl; CeN309*6H20 NaBH,
Pt 0.000513 M 0.000075 M
Pt-Ru 0.001538 M 0.002950 M 0.001299 M
Pt-CeO2 0.001538 M 0.002141 M 0.000599 M
Pt-Ru-CeQO2 0.001026 M 0.001967 M 0.001427 M 0.001115M

3.-Results and discussion
Figure 2 shows the voltamperograms the four catalysts synthesized in this work. The CV of Pt depicts the typical
characteristics of this metal. The CV of Pt-CeO, also shows a Pt-like shape. Meanwhile, the Pt-Ru and Pt-Ru-CeO2

anodes show less defined H,q4s regions, probably due to the formation of a Pt-Ru alloy phase.

Figure 3 depicts the LSVs of the EGOR at the anodes studied here. The four catalysts demonstrate a degree of
catalytic activity for this reaction. However, evaluating the peak current density in the positive going potential scan,
it can be observed that the Pt-Ru anode delivers a higher current density (peak maximum of ca. 7 mA/cm?®) compared
to the other three catalysts. This material also shows a less intense peak current density peak in the negative-going
scan, indicating that smaller amounts of EG and/or intermediates remain at the catalytic surface, i.e., the oxidation of
the molecule is more efficient at Pt-Ru. The catalytic activity for the EGOR decreases in the order Pt-Ru>Pt>Pt-
CeO,>Pt-Ru-CeO,. Currently, we are investigating the catalysts by TEM to clarify their morphological

characteristics and make a correlation with the catalytic activity toward the EGOR.
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4.-Conclusions
We synthesized and evaluated nanostructured catalysts for the EGOR. In acid medium, the catalytic activity of the
anodes decreases in the order: Pt-Ru>Pt>Pt-CeO,>Pt-Ru-CeO,. Currently, we are investigating the catalysts by TEM

to clarify their morphological characteristics and make a correlation with the catalytic activity toward the EGOR.
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Abstract

The continuous and accelerated growth of population has brought an increase in the energy demand for the
production of goods and services. This has caused at the same time high cost environmental as well as economic
troubles such as global warming and increase in electricity costs. These issues generated international actions to
mitigate the consequences due to fossil fuels overexploitation; Mexico participates in these actions so it is promoting
projects fostering environment care, such as the proposal described in this work, aimed to develop sustainable

systems through the integration of technologies related to renewable energy sources.

In Mexico, greenhouse gas emissions are mainly due to the transport sector and electrical power consumption by
industry. Regarding the last sector, electrical power consumption per household is around 33%. Electrical service
users are classified according to power consumption as established by the Electricity Federal Commission, CFE.
Lamps and fridges are the most used energy consuming households reaching around 50% of total consumption.
These devices are commonly used in most houses during the day. TV and DVD’s are other appliances used in most

Mexican houses, representing a 25% of power consumption.

In this work a sustainable house was designed to be powered by a solar-hydrogen system. The whole project was
divided in three stages; the first stage consists in setting up a photovoltaic system; in the second one, the integration
of an electrolysis and hydrogen storage system to the solar system will be carried out. The third stage corresponds to
the integration of a fuel cell device. We report the installation of a 1 kW PV system consisting of: two 540 W Si
solar panels, controller, inverter and a set of batteries to supply power to basic services, such as lamps, fridge, TV,
DVD and a laptop. We analyze the performance of the PV system regarding the power supply and consumption to

the house.

Keywords: solar-hydrogen system, renewable energies sources, sustainable house.
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1. Introduction

Nowadays the growing energy demand for the production of goods and services in the world and the need to produce
it in a clean and sustainable way has generated in recent years a strong global interest in developing new
technologies and materials. Extensive research to achieve the best approach to generate clean energy has been largely
transformed from "scientific competence" to "scientific cooperation" to achieve social and environmental well-being,
since the best way to generate sustainable energy is to harness the weather of each region and integrate key systems

such as solar photovoltaic and other renewable energy sources such as hydrogen through fuel cells. [1] [2]

In the case of Mexico, the generation of greenhouse gas emissions is mainly due to the transport sector and the
electrical power consumption by industry. However, the environment has also been badly damaged by the oil
industry in different regions of the country. On the other hand, a factor of great importance in Mexico is the rapid
increase in energy prices, being gasoline and electricity tariffs an important key factor to get a virtual stable economy
in the country, but in the last 10 years it seems that actual economic instability in energy is jeopardizing national
development. Among the principal electric power consumers in Mexico, household users represent 33% of total
consumption, being the most used appliances like the refrigerator, TV, DVD player and interior lighting; based on

this premise CFE has established a minimum power consumption average standard home in Mexico. [3] [4] [5]

This project is divided in three stages for its development, the first stage consists in installing a photovoltaic system
whose power is according to the energy demand required to be covered. In this case a bimonthly energy demand of
150 kW-h was established so it can meet the basic energy needs of a CFE 01 rated house according to its average
energy consumption. The second stage involves the integration of an electrolysis hydrogen production and storage

system. The third and final stage is the integration of a fuel cell device to the photovoltaic-hydrogen system.

The implementation of renewable energy is currently growing in Mexico at a moderate pace, mainly due to lack of
government support and ignorance on the benefits that can be obtained from its application for sustainable housing.
On the other hand, some government programs encouraging investment in these technologies begin to appear, such
as the INFONAVIT credit program called "Green mortgage" and the recent advantage of establishing a contract with
CFE to interconnect these sustainable systems to the federal power grid. As these renewable energy systems supply

electric power to the grid, they cause a reduction in the cost of current high electricity tariffs.
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2. Experimental

3D Modeling

In order to project and visualize the scope of the sustainable housing system, a useful tool that we will use is the 3D
digital modeling, so we worked on a preliminary design to define the necessary space and functionality of the
structure, considering the house should support the weight of a 1 kW solar panels photovoltaic array and allow

simulating the location of the other components of the photovoltaic system in this first stage.

Figure 1. 3D Modeling of the Sustainable Housing

In order to create a functional design for the house, a mobile platform was considered so it could be used with the
necessary flexibility, such as translating it to different locations for climate studies in different geographic locations
or in didactic exhibitions for educational training. It was also thought that it should have a modular structure for
performing subsequent modifications or adaptations and a simple and easy integration of friendly technologies to the
environment, such as a solar water heater, rainwater collectors, electrochromatic windows, bioclimatic architecture

and solar illumination among other technologies and materials.
The design was made with AutoCad software dimensioning the size of the structure to determine the areas of

opportunity in the design. A prototype was developed which helped to define the real dimensions of the final model

shown in this paper.
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Dimensioning the Phtotovoltaic System

The capacity of the installed photovoltaic system (PVS) was calculated from the electric power demand based on the
most commonly appliances used in a Mexican family typical house, establishing a baseline bimonthly consumption
average of 150 kW-h. A conventional PV system was installed consisting of polycrystalline Si solar modules, a
charge controller, a DC-AC electric inverter and a bank of batteries to obtain a fixed time interval of energy

autonomy.

Due to the good average solar irradiance in our country and particularly in Mexico City, we considered 5 hours of
effective sunlight per day. This factor shows that Mexico has an important solar potential to successfully implement
the photovoltaic technology at homes. Most photovoltaic systems are mainly installed at the present time in public or

private companies.

Photovoltaic modules for this stage were acquired of polycrystalline silicon, considering factors such as price,
durability and efficiency, since the cost of investment is important for estimating the future savings and recovery
cost. On the technical side an automatic charge controller was chosen to prevent that batteries suffer any damage due
to overloading or unloading in excess due to the intermittency of solar radiation and the variable consumption of the

energy stored in the bank batteries. [6] [7]

The selection of the inverter was considered for operating in isolated systems, such as the bank of batteries, and also
to operate in an interconnected system to the grid, with the purpose that the investment may be lower and the return
cost takes place in lower time delivering power to the federal electric grid, since in an isolated PVS the use of
batteries corresponds approximately to 30% of total investment. The battery bank has the ability to provide 2 days of
autonomy to the house, without exceeding the established daily consumption of 2.5 kW-h. The diagram of the PVS is

shown in Figure 2.
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Figure 2. Photovoltaic System Diagram
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3. Results and discussion

The photovoltaic system corresponding to the first stage of the sustainable housing project supplies the necessary
electric energy making the house to become autonomous in energy for a certain time, covering the electricity demand
established within the isolated system due to the use of the household appliances daily in its range of use as indicated
above. Figure 3 shows a 3D digital modeling and photograph of the house with the solar panels installed in the roof
of the house. On the other hand, the actual technical characteristics for working in the second stage are already

established, which consists in the integration of the electrolyzer and hydrogen storage system.
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Figure 3. Sustainable house developed at IPN with a 1 kW solar photovoltaic system powering the house.
Solar panels installed in the roof are made of polycrystalline Si.

The sustainable housing project is intended to be used as a mobile testing laboratory for studying national and
ecological technologies developed to produce clean energy, since it is projected to gradually replace each existing
commercial component with devices developed in our labs. The commercial solar panels installed in the house with
the technical data obtained to describe its performance for supplying energy to the house will be used as a reference
such that we can compare with the performance of the devices we develop in our labs. The Solid State Physics Group
of the Physics and Mathematics High Studies School of IPN (ESFM) is currently working on the development of
thin film solar panels, with the aim to obtain energy conversion efficiencies values comparable to those of the
commercial devices in order to substitute them in the sustainable housing and as a mean to foster a national industry

for the production of solar panels.

In addition the School of Chemical Engineering and Extractive Industries of IPN (ESIQIE) in conjunction with the
School of Electrical and Mechanical Engineering (ESIME) and the Center for Research and Advanced Studies of
IPN (CINVESTAV) are developing prototypes of electrolyzer and PEM (Proton Exchange Membrane) fuel cell

devices in order to be integrated and studied in fixed systems.
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It is important to point out that other institutions are working on proposals for sustainable housing applications such
as the construction of solar monitoring instruments, development of new materials to be used in these technologies,
methods to reduce the cost or making affordable the use of PVS, economic impact studies to implement these

technologies, and bioclimatic design of structures, among other topics.

4. Conclusions

This multidisciplinary project shows the feasibility of integrating renewable energy technologies based on
photovoltaic and hydrogen devices for the development of sustainable housing, which could be located in urban or
marginal rural areas. The project was divided in three stages and the first stage has been completed. The benefits of
using solar energy has been demonstrated by supplying the necessary electric power to a CFE 01 rated house
according to its bimonthly average energy consumption of 150 kW-h, allowing daily at least 5 hours of electric

autonomy.

The short-and long term benefits lie in saving up to 100% of electricity consumption in the house, or at least in
reducing the power consumption by harnessing a free and inexhaustible energy source as the sun. A direct impact is

achieved due to the reduction of electricity consumption tariffs thus benefiting the citizens economy.

On the other hand, another important benefit can be obtained by compensating for the effect caused by the High
Consumption Rate (DAC) established by CFE since the last couple of years, which generates electric rate costs
greater than 200% of the standard tariff. The DAC applied to a user causes the CFE withdraw of the energy subsidy
to the user, when he exceeds the electric energy consumption limit for a period of 12 consecutive months. The

consumption limit is determined according to the contracted rate established by the user with CFE.
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ABSTRACT

This work proposes a pre-treatment to Nafion® 117 membrane with different acids in various concentrations.
The main goal of this study is to increase the membrane hydration, which is determined by the amount of water
molecules it incorporates. It is well known that the membrane hydration directly affects its conductivity. Based
on many studies that were published regarding this issue, we developed a treatment testing the acids proposed in
the research works in order to find a difference between the acids and the effect of the concentrations. In
addition, Perchloric acid was also studied. Our work was developed using five strong acids treatments -Nitric,
Sulphuric, Perchloric, Phosphoric and Hydrochloric acid- in six different concentrations: -0.025 M, 0.05 M,
0.25M, 0.5 M, 0.75 M and 1 M. Analyzing the results after an exhaustive study, the membrane shows a similar
behaviour when it is treated with different strong acids, incorporating between 16 to 21 molecules of water
depending on the concentration of the acid that was chosen. The effect of the different concentrations is
remarkable, which leads to the conclusion that the best treatment is to use solutions 0.025 M and 0.05 M
(twenty times more diluted than the most concentrated solution tested in the experience). Another effect to be
taken into account when the Membrane Electrode Assembly (MEA) is joined in a following step, is the fact that

after membrane hydration its size increases by 10 percent (average).
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1. Introduction

Nafion membrane was developed in the 1960s and, nowadays, it is the most well known material of this type,
consisting of perfluorinated polymer backbone and branches that end in sulfonic acid groups. Nafion acid
groups and sorbed water are surrounded by a hydrophobic matrix of tetrafluoroethylene backbone and
perfluorovinyl ether pendant side chains. Water sorption swells the hydrophilic domains providing paths for

proton transport and water diffusion through hydrophobic domains [1].

Nafion membranes are widely used for Proton Exchange Membrane (PEM) fuel cells and water electrolyzers.
The membrane performs two functions, as separator and as solid electrolyte in a variety of electrochemical cells
with the main purpose of transporting cations across the cell junction, selectively. Over the last years the
interest in Nafion has grown due to the good performance that it shows as a proton conducting membrane in fuel
cells. This result takes the lead and is the first in studying proton conductivity, water management, hydratation

stability at high temperatures and thermal stability [2].

Nafion membranes have been extensively characterized with respect to their structure, properties and
mechanism of proton conduction. The proton conductivity of this material is strongly dependent on the presence
of water and it can reach above 0,1 S cm-1 under fully hydrous conditions [3]. Therefore, it is appropriate to

consider the existing relation between the membrane conductivity and the water content in the structure.

A recent study of water content considered the thermodynamic forces that affect the sorption of water in the
Nafion membrane. The results showed the existence of a critical pore radius below which water is unstable and
a critical length below which a pore cannot be filled. Another relevant result in this study is that in a saturated
liquid enviroment much smaller pores are filled with liquid. This result is useful to understand the conditions in

which Nafion absorbs much more water, which is in contact with saturated liquid as opposed to saturated vapor

[4].

Many research works have explained different treatments to increase the content of water molecules in the
structure of the membrane. Based on those publications and previous studies [5], a specific acid treatment was

performed in order to activate the membrane and increase the amount of water molecules per sulfonic group.

For a better comprehension of this issue, it is important to study the morphology of the Nafion's structure.
Naming four of those who proposed the structure of this membrane, there are Eisenberg [6], Gierke [7], Mauritz

[8] and Yeager [9] models.

According to Gierke model, the membrane is a cluster type containing the aqueous ions imbedded in a
continuous fluorocarbon phase. The clusters are interconnected by narrow channels which determine the

transport properties of the ions and water. In the meantime, Hsu and Gierke had derived a

A

¢

FETA <
§ \*7+/ ~

1 S g
Mexican Hydrogen Soclety YU.CO'C.Jh Center for
Scientific Research 343

N

%)

4

—_—



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

semiphenomenological expression for the evaluation of the diameters of the ionic clusters which vary with
water content, equivalent weight and type of cation. Their theory also predicts that the short channels
connecting two neighboring clusters are thermodynamically stable. On the other hand, Yeager's et al., studied
and compared diffusion and water sorption of carboxylated and sulfonated perfluorinated membranes. Cation
and water diffusion coefficients are very large in both materials. However, in the carboxylate membrane the
diffusion coefficients are even larger and the water sorption is smaller compared to the Nation membrane. This
is due to the different clustered morphology of these ion exchange membranes. These authors supposed that the
intrusions of fluorocarbon is less frequent in the carboxylate membrane, and therefore, the phase separation is

more complete compared to Nafion [10].

Perfluorosulfonic polymers are composed with an extremely high hydrophobicity of the perfluorinated
backbone and an extremely high hydrophilicity of the sulfonic acid functional groups. In the presence of water,
the sulfonic acid functional groups aggregate to form a hydrophilic domain. When this is hydrated, protonic
charge layers by dissociation of the acidic functional groups, and proton conductance assisted by water
dynamics occur. While the well connected hydrophilic domain is responsible for the transport of protons and
water, the hydrophobic domain provides the polymer with the morphological stability and prevents the polymer

from dissolving in water [11].

Even though many experiences considered various forces for convection including external pressure gradient,
capillary pressure, osmotic pressures and elastic forces associaed with membrane deformation, a recent study
was performed to confirm that the hydraulic permeability increases with the temperature due to both decreased
water viscosity and increased hydrophilic volumen fraction. The relation between these parameters is

established according to the ecuation 1.

Quw="24P (1)

Btm

Where O, meaning the water flux, £,, is the membrane permeability, u is the water viscosity, ¢, is the membrane

thickness and AP is the hydraulic pressure difference.

The results of the study cited in the reference [1] showed that the membrane tested with the 1100 equivalent
weight had a permeability circa 4 x 10™'® cm” at 23 °C and the membrane with equivalent weight of 1000 had a
permeability about 40% greater than the previous one. Also, another determination led to the result that the
water volume fraction changes by almost 10% while the hydraulic permeability increased by 50-80%.
According to the authors, this difference suggests there may be structural changes to the hydrophilic domains
with increased water sorption beyond simple volume expansion. The convection of water through Nafion can
also serve as a probe to its structure. The hydrophilic domanis form a network through which water flows. The
water flux depends on the size and density of the hydrophilic channels.
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Another published observation is the mass loss when it is dried at room temperature in contact with the ambient
air due to the water absorbed per sulfonic acid group which seems to be independent of the membrane thickness
[13].

Enviromental conditions are relevant to make a right analysis. At ambient preasure the membrane dehydrates at
temperatures above 100 °C, resulting in a proton conductivity decay. The acid treatments were performed at 90

°C and ambient preasure at each step.

It has been demostrated that the water content tends to be the same if the membrane is hydrated and it is also
proved that the membrane can regain the water molecules in case it was intentionally dried as the example of the

pretreatment when the Membrane Electrode Assembly (MEA) is joined.

Knowing the characteristics that the structure and the morphology provide, an exhaustive study was developed
treating the proton exchange membrane with several acids in different concentrations evaluating the

performance of each acid incorporating water molecules.

2. Experimental
The experience was developed using Nafion® 117, which means that the nominal thickness is 183 microns and
the equivalent weight (EW) is 1100 considering that EW is the number of grams of dry Nafion per mole of

sulfonic acid groups when the material is in the acid form.

The as-received Nafion® 117 (Du Pont) was cut into rectangular pieces and treated as follows. Firstly, they
were weighted and measured considering this as the initial state without any treatment (zero step). Later, the
first step was boiled in H,O, 3% for 1 hour [12]. Then the membranes were treated with acid for 3 hours. Five
acids were tested in six different concentrations. It was brought under Nitric, Sulfuric, Phosphoric, Perchloric
and Hydrochloric acid, 0.025 M, 0.05 M, 0.25 M, 0.50 M, 0.75 M and 1 M. Finally, the membranes were treated
in destilled water for 3 hours. After each step, the membranes were cooled in destilled water at room

temperature for 15 minutes before being weighted and measured.

According to quality statements, the study was performed by duplicate so 12 pieces of membrane were treated

with each acid.

One last measurement is made at the end of the experience in order to check that the membrane hydration is

mantained in destilled water, we weighted and measured the following day of finishing the treatment.
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3. Results and discussion

Membrane treatment with H,O, 3% for 1 hour at 90 °C is highly recommended to eliminate all the organic
impurities as it is received. The result is evident when the membrane becomes colorless.

Besides this benefit, an analogous experience was performed treating the membrane with water at 90 °C for 1
hour in order to compare the influence of H,O, 3% in the same conditions. This was the only difference in the
procedure mantining the following steps equal for both acid treatments. We found that the initial treatment with
H,0, 3% instead of water is remarkable in order to gain more molecules of waters during the entire proccess.

The results are shown in Figure 1.
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Figure 1. Importance of H,O, 3% in the membrane treatment. Treatment steps: 1. Membrane as-received, 2.
H,0, 3% (blue line) and destilled H,0 (purple line) + destilled H,O 15 min, 3. HNO; 0,25M (90 °C for 3 hours)
+ destilled H,O 15 min., 4. destilled H,O (90 °C for 3 hours) + destilled H,O 15 min.

Continuing with the investigation, the membranes previously treated with HyO, 3% at 90°C for 1 hour were

studied according to the description given before. The results of the acids treatments are shown in the graphics

below.

The following tables contain the quantity of water molecules obtained with different concentrations of the
proposed acids considering the average (A,) value of two samples per acid concentration and the standard

deviation (o) of each measure in porcentual value.

Each table details the quantity of water molecules per sulfonic acid group obtained in the relevant steps of the
procedure. These main steps are:

1. Zero

2. H,0, 3% + destilled H,O

3. Studied acid in different concentrations + destilled H,O
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4. Boiled H,O + destilled H,O

Note: Zero was ommited from the graphics to emphasize the results obtained in the following steps.

Merida, Mexico, 2012

Nitric Acid
Table 1. Results obtained in the Nitric Acid treatment with different concentrations.
HNO; 0.025M | HNO; 0.05M | HNO; 0.25M | HNO3;0.5M | HNO; 0.75M HNO;1 M
Steps A c A G A c A z M c M c

1 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 0,00
2 17,108 | 0,86 | 14,708 | 0,15 | 14,048 | 1,74 | 15,300 | 0,47 | 15,683 | 0,35 | 15,653 | 0,40
3 18,613 | 0,57 | 18,220 | 0,57 | 17,238 | 0,93 | 15,489 | 0,45 | 16,401 | 0,46 | 15,984 | 0,11
4 16,972 | 0,21 | 18,566 | 0,24 | 18,080 | 2,06 | 17,748 | 0,01 | 19,806 | 0,39 | 19,131 | 0,11
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Between the six Nitric Acid concentrations tested during the first study, no significant difference was observed,

even though a subtle increment of the water molecules can be noticed in the treatments with lower

concentrations.

Sulfuric Acid

Figure 2. Treatment with HNOs.

Table 2. Results obtained in the Sulfuric Acid treatment with different concentrations.

Yucatan Center for
Scientific Research

H,S0,40.025M | H,SO0,0.05M | H,SO,0.25M | H,SO,0.5M | H,SO,0.75M H,SO,1 M
Steps A c Ao c Ao c Ao c I c Aa c
1 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 0,00
2 16,768 | 0,80 | 15,960 | 0,89 | 16,716 | 0,23 | 15,157 | 0,36 | 16,635 | 0,23 | 15426 | 0,57
3 18,666 | 0,75 | 19,084 | 0,41 | 16,933 | 1,53 | 15045 | 0,51 | 16,189 | 0,16 | 15251 0,28
4 19,437 | 0,34 | 19,784 | 1,19 | 18,376 | 0,29 | 18127 | 0,78 | 20,499 | 0,09 | 18,516 | 0,04
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Figure 3. Treatment with H,SO,.

The results are similar to Nitric Acid treatment but what is remarkable is the fact that the membrane does not

lose any molecules of water in step 3 when it is treated with Sulfuric Acid 0.025 M and 0.05 M.

Phosphoric Acid

Table 3. Results obtained in the Phosphoric Acid treatment with different concentrations.
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H3P01;‘40'025 H,PO, 0.05M | H;P0, 0.25M | H;P0,0.5M | H;O,0.75M | H;PO,1M
Steps A c Ao c Ao c A c Ao c Ao c
1 | 0000 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0.000 | 0,00
2 [15870] 034 [17.121] 048 | 18231 ] 0.80 | 15876 | 037 | 16781 | 0.66 | 17.001 | 037
3 |17415] 049 | 19469 | 063 | 20564 | 0.11 | 18.635| 046 | 19.508 | 039 | 19.951 | 0,04
4 |19248| 018 | 19966 | 0,72 | 21.170 | 0,06 |20,739 | 0.17 |20.198 | 0,09 |21.006 | 0.14

22

21 o

20 ° A

19 /M:.

318 //></

17 /

16 =

15

14 . .

2 3 4 Steps
—— I —— —— —o—
423’;)':* ':’
1 s/ ”'
"’
L I

348



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

Figure 4. Treatment with H;PO,
Even though no result is remarkable comparing with the other acids treated up to now, a subtle improvement

can be seen when the membrane is treated with Phosphoric Acid, A, is around 21 water molecules per sulfonic

acid group.

Another observation to take into account is the fact that the membrane maintains the same tendency when

treated with the six different concentrations and it does not lose any water molecules in step 3.

Perchloric Acid

Table 4. Results obtained in the Perchloric Acid treatment with different concentrations.
HClO40.025M | HC104,0.05M | HC10,0.25M | HCIO,0.5M | HCI0,0.75M | HCIO,1 M
Steps M c A G M c A c A c A c

1 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00

17,068 0,63 18,187 0,11 17,505 0,19 18,694 0,11 16,842 0,25 17,822 0,24
18,603 0,70 18,670 0,12 17,536 0,64 17,311 0,02 15,983 | 0,31 16,000 0,06

19,745 0,91 20,116 0,09 20,363 0,14 18,791 1,30 21,197 0,31 20,769 0,25
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Figure 5. Treatment with HC1O,

Figure 5 shows the same tendecy observed with the Sulfuric Acid treatment where the membrane does not lose

any water molecules when treated with Perchloric Acid 0.025 M and 0.05M.
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Hyvdrochloric Acid

Table 5. Results obtained in the Hydrochloric Acid treatment with different concentrations.

HC10.025 M HC10.05 M HC10.25 M HC10.5M HC10.75 M HCI1 M

Steps A c A G A c A c M c M c

0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00 | 0,000 | 0,00

16,842 | 0,01 | 16,186 | 0,59 | 16,088 | 0,13 | 18,556 | 0,48 | 18,523 | 0,24 | 17,692 | 0,15

19,409 | 0,13 | 19,972 | 0,81 | 17,562 | 0,69 | 17,849 | 0,17 | 17,403 | 0,04 | 17,056 | 0,02

AW IN|=

21,168 | 0,07 | 19,949 | 0,48 | 19911 | 0,33 | 20,756 | 0,31 | 21,185 | 0,04 | 21,890 | 0,13
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Figure 6. Treatment with HCI

The performance with Hydrochloric Acid is similar to the other acids so no difference between the strong acids
tested in this study can be observed. Even though the results of the six different concentrations are similar, what
is remarkable is the hydration stability when the membrane is treated with diluted solutions that does not lose

water molecules due to the acid treatment at 90 °C for 3 hours.

Size Analisys

The membrane hydration is visually noticeable because of the increment of its size in a vertical and horizontal

way.

During the study, the increment of the size was measured and the results reflect that after membrane hydration
its size increases by 10 percent (average). This effect must be taken into account when the Membrane Electrode

Assemby (MEA) is joined.
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4. Conclusions
The sulfonic acid group has an affinity for water and in contact with it, the sulfonic group dissociates facilitating
the proton conductivity. On the other hand, the hydrophobic backbone opposes the increasing water content so

an equilibrium state of water content is reached.

The membrane shows a similar behaviour when it is treated with different strong acids, incorporating between
16 to 21 molecules of water when it reaches equilibrium, depending on the concentration of the acid that was
chosen and the stability of the temperature during the analysis. The effect of the different concentrations is
remarkable regarding the hydration stability, which leads to the conclusion that the best treatments were
performed with solutions 0.025 M and 0.05 M (twenty times more diluted than the most concentrated solution

tested in the experience). This is shown in figures 7 and 8.

22 22
21 X 21
20 20 " ¢

318 /Q< 318
17 / - 17
>|/

16 16 X
15 15 v
14 : : 14 : :
2 3 4 Steps 2 3 4 Steps
Figure 7. Comparing different acids 0.025 M Figure 8. Comparing different acids 0.05 M

The intermolecular forces of the hydrophobic domains are affected in the same way by the different strongs
acids studied in this experience. Therefore, it is allowed only to incorporate a certain amount of water molecules

per sulfonic acid group and that result has a direct influence on the proton transport and water diffusion.

The effect that the hydraulic permeation increases with increasing temperature was proved.

One effect to be taken into account when the Membrane Electrode Assembly (MEA) is joined in a following

step, it is the increasing size by 10 percent (average) when the membrane is hydrated.

An observation that required more study is the hydration stability when the membrane is treated with Perchloric

Acid.
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ABSTRACT

Traditionally, the planning of rural electrification in the developing countries has taken into account technical
and economic criteria. So far, the environmental and social aspects have been considered very little.
Consequently, a coherent and appropriate power supply planning is required to facilitate the access to electricity.
Multi-criteria Decision Making (MCDM) approaches emerge as well suited options for such purposes. This
work applies Analytical Hierarchy Process (AHP) and a comprehensive VIKOR method for evaluate the best
compromise solution that satisfies the electricity requirements from a rural-remote population located in the
Venezuelan Andean region (35 houses, one school and a medical dispensary). The work considers 19
alternatives for electricity supply; the first nine alternatives are associated with Dispersed Decentralized
Generation (DDG); other nine relates to Compact Decentralized Generation (CDG); and the latter alternative (in
the comparative form) considers the network extension or Centralized Generation (CG). The criteria and sub-
criteria weighting has been assigned through expert group assessment. The results indicate that DDG represents
the best model for electricity supply, consisting on the combination of an integrated hybrid system with solar
photovoltaic (SPV), small hydropower (SHP) and sustainable hydrogen fuel cell (FC).

Key words: Decentralized energy planning; Decentralized generation and multicriteria decision making; Power
supply planning in rural and remote areas.
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1. INTRODUCTION

Currently, 1600 million people worldwide have no access to electricity, of which 80% live in rural areas. The
world's population and electricity demand will grow. If rural electrification does not increase, the number of
people without access to electricity will remain almost unchanged [1]. According to the International Energy
Agency (IEA) [2] in the last 15 years, the number of people without electricity has been reduced from 2000
million in 1990 to 1600 million in 2005, with China registering the fastest progress. Excluding China, the
number of people without electricity has increased steadily over the last 15 years. Due to the constant growth of
population, if the countries do not put in practical on new policies, it will continue existing 1400 million persons

without access to the electricity in 2030.

The electrification of rural areas has gone through various stages or moments. Different factors, including
political, economic, social and environmental concerns have influenced the shape, type, method and model to
promote or facilitate the power supply.

The first formal development of energizing rural areas was realized using the model of urban areas [3]. Indeed,
the extension of distribution networks has remained as the dominant model bring up electricity to rural and
remote areas. Both technical and economic criteria [4] [5] have been the dominant features in growth of power
systems to rural areas-and therefore, enables a considerable number of villages to benefit from the availability of
energy. In contrast, centralized distribution in rural and remotes areas have shown some drawbacks as the partial
or total blackout, the cost of energy, network’s maintenance lack, social and environmental impacts, high costs
of investment in new facilities, non-availability of enough financial resources and competition with new power

technologies such as distributed generation (DG) [3] [6] [7].

The emergence of DG has brought a new vision of on-site generating power for applications as an affordable,
secure and the minimal impact both social and environmentally (regarding the extension of distribution
networks); such aspects should be taken into account in the planning of future power supply systems from rural
and remote areas.

In general, the process of rural energy decision-making has neglected certain factors influencing rural
electrification [8] (for example, considering of the population needs). Hence, there are important consideration
on identifying a consistent and comprehensive energy planning in order to improve access to electricity taking
into account the populations needs and the local environmental conditions. For this reason, this paper proposes a
method of multicriterio decision that uses the combination of two techniques: Analytic Hierarchical Process

(AHP) and VIKOR.

2. MULTICRITERIA METHODS FOR DECENTRALIZED ENERGY PLANNING

Most of problems are complex fundamentally due to the unknown aspects related to decision making process, as

it is the consideration of vagueness and uncertainty. Although occasionally it is possible to solve them based on
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experience or intuition, it has been proven several times to complex problems can lead to misguided solutions.

For this reason, it is convenient to use models and methods to achieve a better quality decisions.

Rojas et al. [10] determined some considerations based in single criterion decision models, one-dimensional
optimization using linear programming with applications to electricity supply in rural and remotes areas. The
consideration of few criteria in the modeling of energy supply problems makes the context of planning
unrealistic and very simplified. In contrast, energy planning problems are complex, and generally, require
multiple decision-makers, criteria and restriction, which requires the use of more complete and robust methods.
In this context, and given that the energy supply planning represent a multidimensional problem, its
mathematical expression is of nature multicriterion-multiobjective or vice versa. Therefore, the multicriteria

decision making (MCDM) emerge as well suited options for such purposes.

On the other hand, Alanne and Saari [7] explained that the choice of a distributed generation system from
renewable sources is a good choice with regard to sustainable development throughout its life cycle. However,
there are some implications of generation distributed in some aspects of sustainability. There on, Karger and
Hennings [11] suggest the need for multicriteria methods for distributed generation decision making. Likewise,
Pohekar and Ramachandran [12] consider that the Multicriteria methods are gaining popularity in sustainable
energy management, since these techniques provide solutions to the problems involving multiple objectives; that
may be conflicting or contradictory among them. Alarcon et al. [4] also explain that multicriteria methods are
appropriate to solve multidimensional problems. In addition, Loken [13] proposes that the MCDM are suitable in

situations of multiple decision-makers.

Based on these reviews, the MCDM methods are suitable for the treatment of problems that require the selection

of a power supply systems under the sustainability consideration.

3. PROPOSED METHOD: AN INTEGRATION OF AHP - VIKOR

The decision-making problem intended to solve is: given the need of electrical power in rural and remote areas
of developing countries, a finite set of alternatives (discreet) associated with three modalities of power supply
are presented, where several makers (multi-expert) must participate in the selection of the best alternative,

taking into account different criteria or points of view in conflict (Multicriteria).

Currently, there is a wide range of discrete multicriteria methods. Such diversity is the result of the incredible

practical interest which these methods provide.

In reference to value measurement methods, the hierarchical analytical process (AHP), is one of the most
popular MCDM methods. The ease to deal with complex problems, simplicity, transparency and a wide field of

application has contributed to its widespread popularity.
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Preference level methods are associated to certain features that favor its implementation such as their relative
ease of management, flexibility, transparency and interactivity with decision makers, broad application and the
speed to get a result. Of these methods, VIKOR, one of the most recent, in addition incorporates a concept of

stability in the compromise solutions classification, which helps to improve the decisions quality.

3.1 Analytical Hierarchical Process (AHP)

The hierarchical analytical process was proposed by Thomas L. Saaty (1980, 1994, 1996 y 2000). AHP is a
powerful tool that can be used to decompose a complex problem in a hierarchical model [14]. The purpose of the
method is to allow that the decision-maker can structure a multicriteria problem in visual form, through the
construction of a hierarchical model which basically contains three levels: goal or objective, criteria and
alternatives [15]. Once built the hierarchical model, policy-makers carry out comparisons of pairs between these
elements (criteria - sub-criteria and alternatives) and numeric values are attributed to the preferences expressed
by them, delivering a synthesis through the aggregation of these partial judgments. This comparison is carried

out using the Saaty scale, which is shown in table 1.

AHP enables decision making group by adding opinions, then take the geometric or arithmetic average of the

opinions.

Table 1. Saaty scale

Value Definition Comment
1 Equally important The criterion A is of equal importance that B
3 Moderate importance The experience and the judgment favors slightly criterion A over B

5 ¥ frmpgternes The experience and the judgment are strongly favorable from criterion

A over B
7 Very high importance The criterion A is much more important than B
9 Extreme importance The importance of the criterion A over B is indisputable
2,4,6,8 Intermediate values

According to Saaty [16], once the corresponding trials in the matrix of comparisons have been introduced, the
problem is reduced to the calculation of eigenvalues and eigenvectors, which represent the priorities and the
consistency index of the process, respectively. Therefore, A is consistent if and only if the equation (1) is

satisfied:
A *w=2A*W, D

Where A represents the reciprocal matrix of paired comparisons (importance assessment of one criterion over

another); A, maximum eigenvalue of A; w, eigenvector of A.
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As aresult, AHP calculates the consistency reason (CR), which is given by the equation 2.
CR =CI/R], 2

Where CI is the consistency index of A; Rl is the random consistency index (this value is taken from the table 2).

The consistency index is determined by the equation 3.
CI= (hnax— 1) / (n-1), 3

Where n corresponds to the number of items that are compared (criteria)

Table 2. Random consistency index

(n) 1 2 3 4 5 6 7 8 9 10 11 12 13 14

(RI) 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.54 1.56 1.57

A value less than 0.10 RC is considered to be acceptable; otherwise, it must ask the decision-maker to make their

ratings again.

With regard to the applications of AHP, Herrar [17] presented a list of references which highlights the following
areas: process of manufacturing, machinery selection, selection of technology parks, supply chain, selection and
evaluation of suppliers, university management, assessment of companies, assessment of projects, food, etc.
Other applications of AHP: management of water resources [18], allocation of resources [19], technologies
selection for energy generation [13], energy planning from the transport sector [20], multicriteria renewable

energy planning using an integrated fuzzy VIKOR and AHP methodology [21], etc.

The purpose of AHP in this research is related with the preference estimation of the different variables
considered in the hierarchical structure levels of the decision tree, with the aim of obtaining absolute preferences
of the criteria. Therefore, an expert group, with conflicting interests, have been consulted to facilitate the
selection of the system power supply from a small town (village) located in a rural-remote area of the
Venezuelan Andes. The expert groups have been subdivided in four categories: Academics (university
professors, researchers, etc.); Companies and consulting agencies; Regulators or operators and Non-
governmental organizations (integrated by environmental organizations and community organizations belonging

to the village such as irrigation committee and the health-environment committee).

Once forming expert groups, individual preferences in a single collective valuation estimate is required.
Therefore, in this work, the collective preference aggregation has been using the arithmetic mean weighted

taking into account the interactive participation of all stakeholders.
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3.2 Multicriteria optimization and compromise solution (VIKOR)

Opricovic [22] and Tzeng Opricovic [23] developed the VIKOR method for multicriteria optimization of
complex systems, by determining a ranking of compromise solutions, the compromise solution and the
weighting of stability interval [23]. VIKOR was proposed as a MCDM method to solve problems of discrete
type [24] with conflicting and non-quantifiable criteria [23]. The multicriteria ranking index achieved is based on
the particular measure of proximity to ideal solution [22]. Assuming that each alternative is evaluated according
to each criterion function, the compromise ranking can be then performed by comparison of proximity measure
to the ideal solution [23]. The multicriteria measure for compromise ranking is developed from the Lp-metric

used as an aggregation function in compromise programming method (Yu [25] and Zeleny [26]):

Lp,f={i[wi.(ﬁ*—ﬁj)/(ﬁ*—ﬁ-)]”} , @

i=1

1< p <w; j=12..]
Where fi* =max fij y fi =min fij ifthe ithfunction represents a benefit criterion.

The compromise solution would be accepted by decision makers since it provides the maximum group utility
(represented by the minimum value of S) and a minimum individual regret of the opponents (represented by the

minimum value of R).

VIKOR has been widely applied in the treatment of MCDM problems from various fields such as sustainable
reconstruction after the earthquake [27], environmental policy associated with the quality of the air [28] and in
comparison with other methods as Data Envelopment Analysis (DEA) [24]. More recently, VIKOR has been
applied to design of experiments [29], water resources planning [30], selection of a web service [31], selection of
raw materials distributor under a fuzzy environment [32] and in the selection of renewable energy project from
Spanish energy system [33]. In this last application, VIKOR has been combined with AHP method, as in

reference [21].

One of the limitations of VIKOR in its classical version is associated with numerical difficulties that have been
detected in the final ranking of compromise solution. In this regard, Chang [34] has development the modified
VIKOR for avoiding or rectifying these numerical difficulties. More recently, Jahan et al. [35] adapted the
modified method using a new technique of standardization and it is also known as comprehensive VIKOR. The
main advantage of the comprehensive proposal over traditional VIKOR is that it covers all objectives in MCDM.
In addition, the proposed model exceeds the critical problem of classical VIKOR that was demonstrated by
Huang et al. [36].

The steps required to implement the comprehensive VIKOR method is presented in figure 1.
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3.2.1 Normalization of the input data

The standards proposed by Jahan et al. [35] must be made through the equation 5 and 6.

Aij=(rij- T | x - 4))",

Aj = rjmax - rjmin,

&)

(6)

Where Aij represents the normalized value of the alternative i on criterion j;7ij (i=01,2,3,..,mandj=1,2,

3,..., n) correspond to the elements of the decision matrix (alternative i respect the criterion j); 7] represents the

ideal value or target value of 7ij for all criterion j (T1, T2, T3, ...., Tj, ...., Tn); Aj is the difference between the

minimum and maximum value of the criterion j; 77 max is the maximum value on the criterion j; and rj min,

the minimum element in the criterion j.
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Figure 1. Flowchart of VIKOR comprehensive; adapted of Jahan et al. [35]
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3.2.2 Calculation of Si, Ri and Qi

Jahan et al. [35] the values of Si, Ri can be calculated using equations 7 and 8; Qi, depending on the condition,

can be calculated using the equation 9, 10 and 11:

Si = wjx (1-e™), 7)
i=1
Ri = Max [wj x (1-e™V)], (8)
]
If S* =S then:
0i = [Ri-RH IR -R), ()
If R" =R then:
0i = fsi-sHyns -s7). (10)

Otherwise:
Oi =[(Si—=S)HNST=S)H+[(Ri—R)/(R" =R )]|(1+v), (11)

Where Sirepresents the utility measure; Ri is the regret measure; Qi is the VIKOR value; S™=Min Si; ™=
MaxSi; R"=MinRi; R"= MaxRi; and v represents the weight of the strategy associated with the
maximum group utility, 1 - v is the weight of the individual regret. The value of v lies in the range between 0
and 1. A value of v = 0.5 implies a consensus between both strategies. The results of S7, Ri and Qi are

three ranking lists sorted in a decreasing way.

3.2.3 Verification of compromise ranking stability

The verification establishes a compromise solution for the alternative A" which is the best ranked by the
measure Qi (minimum) if the following two conditions are satisfied:

C1. Acceptable advantage:
QA®) - Q(A™) = DQ, (12)
DQ=1/(M-1), (13)
Where A is the alternative with second place in the ranking list given by Q; M is the alternatives number.
C2. Acceptable stability in the decision making:

The alternative A" should be the best ranked by S and/or R. Otherwise, a set of compromise solutions should be
proposed if one of the conditions is not satisfied.

e Alternative A" and A? if only the C2 is not satisfied, or
N
‘xd:@'/‘
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S
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e Alternatives AV, A®, ..., AM if the C1 is not satisfied; where A™ is determined by the following

relation.
QA™) - Q(a™) <DQ, (15)

3.3 Criteria for alternatives assessment

This assessment is developed on a decision tree scheme. As it is shown in figure 2, different criteria such as
technical, economic, environmental and social features are proposed in order to the global goal associated with
the selection of the best energy supply system to the study case in a Venezuelan rural-remote village. In the third
level of hierarchy thirteen sub-criteria have been proposed. From a technical point of view, it contains sub-
criteria as efficiency, non-served energy, long term supply security and reliability. Economic criteria also consist
on net present cost and variable cost of operation and maintenance. Environmental criteria include the evaluation
of CO2 emissions, SO2 emissions, NOx emissions and the land use. Social criteria are associated to job creation,
energy social acceptation and human development index (HDI). As is shown in figure 2 the fourth level of the
hierarchy is organized as follows: dispersed decentralized generation (DDG), compact decentralized generation
(CDG) and the extension of the public network or centralized generation (CG). In the last level of the hierarchy,
specifically for the decentralized generation, five types of technologies such as solar photovoltaic (SPV), small
wind (SWT), small hydro (SHP), internal combustion engines (ICE) and fuel cells (FC) have been considered;

and for the alternative of network extension, the national energy production mix.

The dispersed decentralized generation shown in figure 3a implies the on-site generation of electric resource
using one or several technologies (hybrid system) and a reserve subsystem (batteries), which must satisfy the
energy requirements of housing and public institutions (school, medical module, etc.). For this modality, a street

lighting system through solar street lamps has been proposed.

The CDG shown in figure 3b involves the integration of a set of generation and storage (batteries) technologies
to supply electricity to the entire village. In turn, CDG consists on micro-grid deployment (on low voltage) to

distribute electricity from the generation system to the different loading points of the village.
Finally, the CG involves the extension of a medium voltage network from national or regional interconnected

system closer to the village. Then, the final distribution to the different loading points is achieved thanks to a low

voltage network (see figure 3c¢).
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Evaluation of the best electricity supply model
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Figure 2. The hierarchical structure for the selection of the electricity supply model

CG

Figure 3. Power supply models

4. APPLICATION TO A VENEZUELAN RURAL-REMOTA VILLAGE

The methodology has been applied to a rural-remote people settled in a mountainous region of the Venezuelan

Andes, at an altitude of 3400 meters above the sea level. The town was composed of a group of 35 household

(216 people) distributed in a protected natural area (National Park) of 3.2 km”. In addition to the houses, there is

a health care centre and a primary school. Currently, the availability of energy of the population is very limited.
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In this regard, a large part of the village uses candles, flashlight and kerosene for home lighting; another very
small part uses the gasoline engine for lighting and other household appliances. The medical center and the
school have no electrical supply and lighting system. The distance from the village to national electric networks

is 25 km. The parameters used for the construction of the decision matrix are shown in table 3.

Table 3. Parameters used in the applied example

Parameters used in the applied example Value Parameters used in the applied example Value
Population growth rate 0.5 % peryear River flow (average) 68 liter per second
Rate of growth in energy consumption 1.6 % peryear Cost reduction rate of solar modules 1.30% per year
Initial tion (includes housi d
nitial power consumption (includes housing an 242 kWh per person Cost reduction rate of fuel cells 1.27% per year
public services)

Fuel price (Gasoline; includes the distribution) 0.25 € per liter Cost reduction rate of the batteries 1.73% per year
Hydrogen cost (H2-gas; includes the distribution) |3 €perkg Cost reduction rate of wind turbines 0.10% per year
Discount rate 8 % peryear Cost reduction rate of ICE 0.12% per year
Inflation rate 3.5 % peryear C0O2 emissions of solar energy (SPV) 2472.07 kg per kWp
Metwork investment cost (medium voltage) 10500 € per km C0O2 emissions of batteries 56.45 kg per kWh
Consideration of field factor 244 CO2 emissions of ICE (generator) 192.17 kg per kW
Technical losses (medium and low tension) 12% C0O2 emissions of fuel-ICE (gasoline) 3.15 kg per liter
Generation technical losses (DDG and CDG) 17% C0O2 emissions of fuel cells 50 kg per kW

CO2 emissi f hyd tural
Microgrid technical losses 10.14% SmIssions o i Y rt?gen energy (natura 3.23 kg per kg-H2g

gas steam reforming with capture and

ful life of th ject (twi iods of 20
Average daily solar radiation per year 4.93 kwh per m* use ;J ife of the project (two periods o 40 years
ear

Alternatives considered for the village’s electricity supply are shown in table 4. On these alternatives, HRES-
ICE represents a hybrid system integrated by renewable energy technologies (SPV, SWT and SHP) supported by
a gasoline generator (ICE); HRES-FC are alternative similar to the previous case but running with a fuel cells
(support); HRES implies a power supply system working exclusively with renewable energy technologies; MCI,

FC and SPV are associated with the exclusive use of every one of these technologies, respectively.

Table 4. Alternatives for power supply
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Code Alternatives Code Alternatives
DDG1 HRES -ICE CDGE11 HRES -ICE
DDE2 HRES -ICE CDG12 HRES - FC
DDG3 HRES - FC CDGE13 HRES - FC
DDG4 HRES - FC CDG14 HRES

DDGS HRES CDGE15 HRES

DDG6 HRES CDG1E ICE

DDG? ICE CDG17 FC

DDGE FC CDG18 SPV

DDGEY SPV CG19 Grid extension
CDGE10 HRES - ICE

The sub-criteria proposed for decision making are shown in table 5.

Table 5. Sub-criteria used to evaluate the alternatives

Sub-criteria Name Unit
f1 Net present cost (NPC) £
f2 Operation and maintenance variable cost (OMVC) £ per year
3 Emissions of CO2 (ECO2) Tons per year
f4 Emissions of 502 (ES02) kg per year
5 Emissions of NOx (ENOx) kg per year
fo Land use (LU} hectares
7 lob creation (IC) lobs per year
8 Human development index (HDI)
3 Energy social acceptance (ESA) %
f10 Efficiency coefficient (EC) %
fi1 Energy not supplied (ENS) kwh per year
fi2 Security of supply in the long term (S5LT) 5
f13 Reliability of the technologies (RT) %

Table 6 summarizes the results of the performance of each of the alternatives evaluated on the basis of decision
sub-criteria. As you can be seen from this table, the multicriteria evaluation allows visualizing the alternatives
performance under different points of view. As noted, when an alternative achieves better performance in one
dimension (criterion) usually affect the next. For example, when an alternative is better from an environmental

point of view (less impact), is more expensive economically.

Table 6. Decision matrix for the selection of the power supply system
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Economic criterion Environmental criterion Social criterion Technical criterion

Proposal NPC OMVC ECO2 ESO2 ENOx LU Ic HDI ESA EC ENS S5LT RT

30G1 1337.50| 11.72 22.42 46.34 29.31 | 089 | 0.17 065 (8121 | 366 | 4848 (100.00| 2B.21

50G2 1408.25( 10.12 20.46 40.78 2696 | 065 | 0.16 069 [ 8328 | 41.77 | 281.1 | 9999 | 2B.21

50G3 13118 | 1142 2176 45.31 28.7 0.67 | 0.17 085 [ 8136 | 37.05 | 1696 | 9994 | 28.21

50G4 145612 7.11 20.08 30,895 20.89 | 051 | 0.1z 0.89 854 | 48,89 | 3.10 98.7 | 28.21

5DG5 132751 11.69 22.83 46.24 29.25 | 089 | 0.17 065 ([ 8122 | 36.64 | 157 (100.00| 2B.21

3DGE 140586 ( 10.13 20.39 40.79 26.76 | 0B85 | 0.16 0659 ([ 8332 | 41.84 | 361.53 (100.00| 2B.21

SDGT 299665 | 11.16 31931 | 32277 |230752| 123 | 011 0.69 3391 | 3026 | 330 | 3925 | 3009

SDGE 192196| 1163 4574 | 11052 | 4647 032 | 010 0.69 56,00 | 40.08 | 10.00 | 4818 | 51.97

DGS9 167918 | 1761 31.01 66.03 36.98 079 | 023 0.69 7143 | 12.28 | 3564 |100.00( 28.06

CDG10 909.35 5.65 4375 71.52 41199 | 043 | 008 067 6974 | 4295 | 4227 | B0S6 | 28.10

CDG11 1029.32 877 16.71 34.37 2134 | 049 | 013 067 8005 | 3371 | 000 [10000( 28.10

CDs12 | 105750 B8.19 16.55 34.15 2078 | 046 | 012 0.67 | 79.83 | 3565 | 3.30 | 98.05 | 28.10

COs13 | 108262 7.71 1541 3185 1953 | 047 | 011 0.67 | 8055 | 37.21 | 000 | 98.06 | 28.10

CDG14 | 119166 6.98 22.84 27.68 17.6 0.42 | 0.10 0.67 | 8154 | 37.41 | 1470 (100.00| 28.10

CDG15 | 115351 6.598 1298 27.68 17.6 0.42 | 0.10 0.67 | 8154 | 37.41 | 46.20 (100.00| 2B.10
CDG1e | 123045 3.62 211.75 | 231.7 |1VB8l.zz| 072 | 0.02 0.67 | 1425 | 35.67 |34000( 748 | 31.85
CDG17 | 164958 5.39 35.26 90.68 3455 | 0.03 | 0.02 0.67 | 45,00 | 5550 | 0.10 | 11.22 | 75.25
CDG18 | 135856 13.22 2399 49.56 2775 | 059 | 017 067 | 7143 | 12.28 | 0.00 |100.00| 27.82

-1?10.53 1.39 42.02 11655 | 1859 |37.21| 003 066 | 5714 | 56.21 | 97.78 | 7046 | 97.79

The weighting factors obtained by AHP taking into account the opinions of the expert panel (twelve experts) are

shown in table 7.

Table 7. Summary of sub-criteria overall weight (resulting of AHP)

Economic criterion Environmental criterion Social criterion Technical criterion
Sub-
. NPC omMVvC ECO2 ES02 ENOx Lu ic HDI ESA EC ENS S5LT RT
criteria
Weight
(wi) 0.135 0.024 0.056 0.052 0.107 0.089 0.049 0.098 0.100 0.065 0.058 0.095 0.072
i

The implementation of the comprehensive VIKOR method to the set of power supply alternatives (table 6), and

given the expert’s preference weights (table 7), the ranking of compromise solutions is shown in table 8.

Ranking the alternatives by the comprehensive VIKOR method, an ordered list is obtained (for all values of v
equal to 0.5; consensus solution), where the alternative DDG4 (HRES-FC) is shown as the best solution (ranked
by minimum Q). However, the C1 condition is not satisfied (unacceptable advantage) but C2 is true (stability in
the decision-making process). Therefore, DDG4 is the best solution obtained by Q (VIKOR value), but not by S

(utility measure) and R (regret measure). The compliance of C1 condition (acceptable advantage) requires the
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grouping of more alternatives as final solution, i.e., DDG4, DDG5, DDG3 and DDG?2 are good solutions by R
and S.

Table 8. Values of Si, Ri, Qi and Ranking compromise for the applied example

Alternatives Si Ri Qi (v=0.5) Ranking
DDG4 0,1209 0,0454 10,0000 1
DDGS 0,1315 0,0454 0,0171 2
DDG2 0,1449 0,0454 0,0387 3
DDG2 0,1510 0,0454 0,0487 i
DDG6 0,1557 0,0454 0,0563 5
DDG1 0,1669 0,0454 0,0743 ]
CDG11 0,1647 0,0477 0,0099 7
CDG13 0,1673 0,0477 0,1041 8
CDG12 0,1683 0,0477 0,1057 9
CDG15 0,1726 0,0477 0,1126 10
CDG14 0,1730 0,0477 0,1133 11
DDG9 0,20138 0,0454 0,1315 12
CDG18 0,2090 0,0477 0,1715 13
CDG10 0,2438 0,0477 0,2277 14
DDGE 0,2380 0,0519 0,2710 15
CDG17 0,2607 0,0586 0,3918 16
CG19 0,2359 0,0619 0,3933 17
CDG16 0,4301 0,0632 0,7233 18
DDG7 0,4258 0,0853 0,9931 19

5. CONCLUSIONS

The selection of the best proposal of power supply under multiple criteria requires that different groups of
experts are involved in the decision-making process. The inclusion of aspects of technical, economic,
environmental and social makes the decision-making process more complex, but more consistent and appropriate
to development local needs. The combination of two multicriteria techniques (as AHP for criteria’s preference
estimation and VIKOR for the proposal selection) makes that decision process is carried out in a coherent
manner, transparent, participatory and understandable. This may allow designers, planners or decision-makers
get better decisions, especially in case of multiple influence factor as rural and remote electricity supply from
developing countries. The results of the applied example also demonstrate that dispersed decentralized
generation is the best form of electrification for small rural and remote locations. Therefore, hybrid systems
composed of renewable technologies, supported by a fuel cell (fed with sustainable hydrogen), are the most
convenient solution. This work shows that the extension of the network is not always the most suitable solution

for rural electrification.
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Synthesis and Characterization of Magnetic Barium Ferrite-Silica Nanocomposites

M.A. Aguilar-Gonzalez', G. Mendoza Saurez’, K.P. Padmasree'’

'Cinvestav-Saltillo, Carretera Saltillo-Monterrey Km.13, Ramos Arizpe, 25900, Coahuila, México
“Revision Military, Montreal, Quebec H2X1Y4, Canada.
*Tel: 8444389612, fax 8444389610, mail: padmaS12@yahoo.com

ABSTRACT

Hexagonal bariumferrite (BaFe;,0,9, BaM) has been studied intensively for many years due to their importance as
permanent magnets, high density magnetic recording media and microwave devices. The magnetic and
electromagnetic absorption properties of BaM can be improved by the partial substitution of nonmagnetic materials
like SiO,, Al,Os, ZrO,, etc., to make composites. In this work, we prepared BaM-SiO, nanocomposites by using
mechanical alloying in a planetary mill followed by heat treatment near to phase transition. Relationship of BaM and
SiO, used were 40:60, 50:50, 6 0:40 and 70:30 % by volume. The magnetic properties and microstructure were
characterized for different milling times and heat-treatments. Vibrating Sample Magnetometer (VSM), X-Ray
Diffraction (XRD) and Scanning Electron Microscope (SEM) were used as the main characterization techniques to
study as-milled and heat-treated powders. The results indicate that 15 h of milling were enough to avoid the
generation of hematite phase and to get a good dispersion of barium ferrite particles in the ceramic matrix. For
milling periods beyond 15 h, the XRD patterns showed the presence of hematite phase caused by the decomposition
of BaM. The purpose of the annealing process was to refine the nanocomposite structure to obtain monodomains on

the BaM grains and to modify the magnetic properties. The BaM-SiO2 nanocomposites heat treated at 900°C showed

that the magnetization (M) and coercivity (H.) were enhanced with respect to lower BaM volume fractions. The
agglomerate size observed through scanning electron microscopic analysis was around 150 nm with a good BaM

dispersion into the SiO2 matrix. The highest saturation magnetization of 43 emu/g is obtained for the composition

60BaFe,0,0-40Si0, heat treated at 900°C.

Keywords: Barium ferrite, Magnetic properties, Ball- milling
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1. Introduction

Hexagonal barium ferrite (BaFe,0y9), often denoted as M-type BaM, is used for numerous applications such as
permanent magnets, particulate media for magnetic recording and microwave devices due to its excellent chemical
and physical properties such as large magnetocrystalline anisotropy, high curie temperature, mechanical hardness,
excellent chemical stability, relatively large saturation magnetization and corrosion resistivity [1]. The magnetic
properties of these materials depend mostly on their grain size and phase purity which is very much depends on their
preparation methods. Their magnetic properties arise from the interactions between metallic ions occupying
particular positions relative to the oxygen ions in its crystalline structure. The magnetic properties of BaFe;,09 can
be improved by elemental substitutions of Ba*" or Fe’* sites or both, or by doping or compositing with other
materials [2,3]. The preparation method determines mainly the structural and magnetic properties. There exist many
methods to synthesize barium ferrite and its composites including the traditional ceramic sintering route, sol-gel

method, hydrothermal, chemical co-precipitation, sputtering techniques etc [4-8].

Mechanical milling is a solid state technique and is used extensively for the synthesis of a wide range of
nanostructured materials and powder particle refinement through mechanical assisted reactions [9] and has also been
used in the synthesis of magnetic powders [10]. Milling induces rigorous plastic deformation due to the gradual
refinement of the internal structure of the powders to nanometer level, which affects the magnetic properties of
magnetic materials. The magnetic and electromagnetic absorption properties of BaM can be improved by the partial
substitution of nonmagnetic materials like SiO,, Al,O;, ZrO, etc to make composites. In this work, we report
synthesis and characterization studies of the different ratio of BaFe,0,9-SiO, composites by high energy ball
milling, and the effect of milling time and annealing temperature on the microstructure and magnetic properties of

ceramic-BaM nanocomposites is discussed.

2. Experimental
Barium ferrite -silica nanocomposites were synthesized by mechanical alloying in a planetary mill. The raw

materials consisted of BaM and SiO2 powders of analytical grade reagent with a particle size of ~5 pm BaM and 1
um SiOz. Relationship of BaM and SiO, used were 40:60, 50:50, 60:40 and 70:30 % by volume. Stoichiometric

mixtures of the above chemicals were placed in a zirconia containers together with 20mm diameter zirconia balls as
milling media (ball to powder ass ratio =10:1). Dry mechanical milling was carried out in air in a planetary ball mill
(RESTCH, model PM400) by using a rotating speed of 350rpm, followed by heat treatment near to phase transition.
The milling were done for 30 hrs in steps of 5 hrs and the obtained powder after every 5 hrs were heat treated at
different temperatures (500, 900,1000 and 1200° C). Phase evolution on milling and the heat treated sample
powders were analyzed by using X-ray powder diffraction in Philips X’pert Diffractometer using Ni-filtered CuK,
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radiation (A=1.5418A) in the range of 20 =20-80°. The morphological features of the particle were observed using a
scanning electron microscope (SEM) Philips XL 30ESEM. The purpose of heat treatment was to refine the structure
of the resulting nanocomposites and create mono-domains in the barium ferrite particles to modify the magnetic
properties. The magnetic properties of the samples were measured at room temperature by using a vibrating sample

magnetometer (Lakeshore model 7300/9300 VSM) with an applied field up to 1.3T.

3. Results and discussion

The structural evolution and phase formation of the composite after milling and heat treatment has been examined by
X-ray diffraction. Figure 1 (a) shows the X-ray diffraction patterns of barium ferrite-silica composite samples milled
for S5h and heat treated at 500°C. It shows the presence of only bariumferrite and silica phases. But compared to
figure 1 (a), the X-ray diffraction of the same sample milled for 30 h and heated at 500°C (figure 1(b)) shows an
increase in amorphization (broadening of the peak) and a decrease in the intensity of the peaks. In addition to that,

the presence of hematite phase also observed after 30h of milling.
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Figurel. X-ray diffraction patterns of 60%BaM-40%SiO, sample milled for 5h (a) and 30h (b) and heat treated at
500°C.
Figure 2 shows X-ray diffraction patterns of the samples milled for different hours and heat treated at different
temperature of different compositions, (a) 30h milling for BaM-SiO, ratio 60:40 heat treated at 900°C (b) 30h
milling for the ratio 50:50 at 900°C, (c) 15h milling for the ratio 60:40 at 900°C, (d) 15h milling for the ratio 60:40 at
1000°C and (e) 5h milling for the ratio 50:50 at 900°C. It shows as the milling time increases from 5h to 15h, the
intensities of the diffraction pattern have diminished and peaks become broadened due to the refinement of the
particles. The sample milled for 15h and heat treated at 1000°C (Figure 2 d) shows the major peaks of hematite
phase. The sample of BaM-SiO, ratio 50:50 heat treated at 900°C also shows an increase amount diffraction peaks of
hematite phase. From the figure 2, we can see from different compositional variation, milling time and heat
treatment, the sample of BaM-SiO, ratio 60:407 milled for 15h and heat treated at 900°C shows the better structural
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properties, though the same sample also exhibit a small quantity of hematite phase and in this case it doesn’t have
any negative effect as it occurs in very small quantities. The influence of volumetric concentration indicated that not
always the great quantity of ferrite leads to better magnetic properties and it plays an important role in the degree of
dispersion of the BaM in the ceramic matrix. The result shows that for BaM-SiO, samples of ratio 50:50 and 60:40,
900°C is enough to promote the structural rearrangement of Ba and Fe ions with short milling times and when the

temperature increases to 1000°C leads to the partial decomposition of BaM to hematite phase.
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Figure 2. X-ray diffraction patterns of the samples milled for different hours and heat treated at different temperature
for different compositions, (a) 30h milling for the ratio 60:40, heat treated at 900°C, (b) 30h milling for the ratio
50:50 at 900°C, (c¢) 15h milling for the ratio 60:40 at 900°C, (d)15h milling for the ratio 60:40 at 1000°C and (e) Sh
milling for the ratio 50:50 at 900°C, (phases of silica (*), barium ferrite (+) and hematite (x))

To observe the distribution of phases and the dispersion of magnetic material in the ceramic host, samples were heat
treated at 1200°C and analyzed by scanning electron microscopy in the secondary electron mode (a) and back
scattering mode (b) and is shown in figure 3. From the figure we can see a two phase microstructure and also a good
dispersion of a phase in another one. The back scattered electron mode gives us idea of compositions based on
contrast and we can realize from the figure the existence of two phases. In this mode, the phase with lower atomic
weight will appear more obscure, such as silica in the present case and consequently the clear phase will be of
barium ferrite. The agglomerate size observed through scanning electron microscopic analysis was around 150 nm

with a good BaM dispersion into the SiO_ matrix.
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Figure.3 . Scanning electron micrographs of the 15h milled powder pressed and heat treated at 1200°C for the
60%BaM-40%Si0, sample (a) secondary electron and (b) back scattering mode.

Figure 4 shows the dependence of saturation magnetization (a) and coercivity (b) as a function of heat treatment
temperature from 500 to 1000°C for the samples 60%BaM-SiO, and 40%BaM-SiO, with 15h of milling. Figure 4
shows the temperature treatment have an effect on the magnetization and coercivity of the material. Figure shows the
sample 60%BaM-SiO, reached a saturation magnetization of 43emu/g at 900°C; however, for the sample 40%BaM-
SiO, a maximum saturation magnetization of 33emu/g is obtained at the same temperature. In addition, as the
annealing temperature is increased to 1000°C, a negative effect is seen on the magnetization as it reduces to 10emu/g

in both samples. This is attributed to the formation of increase a-Fe,O; phase with increase in annealing temperature
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Figure 4. The dependence of saturation magnetization (a) and coercivity (b) as a function of heat treatment
temperature for the samples 60%BaM-SiO, and 40%BaM-SiO, with 15h of milling.
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to 1000°C as is also shown by the XRD spectrum of the samples heat treated at 1000°C. Figure 4(b) shows the
dependence of coercivity as a function of different heat treatment temperatures. Coercivity also shows a similar trend
as that of saturation magnetization. In the range 500-800°C that the samples presented an Hc values close to 2kOe.
The sample heat treated at 900°C shows an increase in coercivity value of 3.5kOe for the ratio 60:40 and 3.4 kOe for
the ratio 40:60. Both the samples show a value less than 0.5kOe for the samples treated at 1000°C.
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Figure 5. Effect of saturation magnetization Ms (a) and Coercivity (Hc) (b) as a function of milling time for different

compositions treated at 500°C

The effect of magnetization and coercivity as a function of milling time for different compositions treated at 500°C is
shown in Figure 5. It is noted that the system 70:30 has the highest value of magnetization for 5h milled sample
(Figure 5(a)). The effect of increasing milling time reduces the magnetization of all samples due to the presence of
a-Fe,O5 as well as the distortion of crystal lattice. The coercivity as a function of milling time (Figure 5 (b)) shows
all the system have same value at 5h of milling and it decreases with milling time. The low value of coercivity at
30h of milling is due to presence of large number of defects in the network which does not disappear at 500°C. The
milling clearly affects the distortion of the network for short and long milling hours and it is the combined action of
the distortion and decomposition of BaM in to hematite (a-Fe,O3) and probably amorphous BaO. The latter could not
be detected by X-ray, which suggests its not crystalline nature. Hematite is antiferromagnetic in nature; this means
that it does not have a net magnetization. As its content increases with the time of milling the magnetization
decreases due to the dissolution of ferrimagnetic phase (BaM). The coercive field strength does not depend on the

presence of a-Fe,Os.
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Figure 6 shows the saturation magentization and coercity as a function of milling time from 5 to 30 h for the samples
60%BaM-40%Si0, and 50%BaM-50%Si0, heat treated at 900°C. As we can see from the figure milling time have
a strong influence on the magnetic properties. Figure shows an opposite trend for both factors, saturation
magnetization decreases with milling time whereas coercivity increases. Maximum value of saturation magnetization
is obtained for the BaM-SiO, ratio 60:40 (43emu/g), but for the ratio 50:50 at the same conditions saturation
magnetization obtained is only 41emu/g. Also the higher coercivity is obtained for the sample with the ratio 60:40
(4.5kOe) but for the relation 50:50, the coercivity value is only 4.2kOe. The milling time causes an increase in
coercivity because the particle size reduces with milling time and size is close to critical domain (mondomain) and is
directly related to the increase in processing time. The values obtained for the samples milled for 15 h and
subsequent heat treatment at 900°C are located in the values of 3.3kOe, which are acceptable for the purpose of

magnetic recording.
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Figure 6. The saturation magnetization (0o) and coercivity (me) as a function of milling time for the samples

60%BaM-40%Si0, and 50%BaM-50%SiO, heat treated at 900°C

Figure 7 shows the hysteresis loops for the sample 60%BaM-40%SiO, milled for 15h and heat treated at 700, 800,
900, 950 and 1000°C. The highest magnetization is obtained for the sample heat treated at 900 and 950°C. It was
observed an increase in magnetization as the temperature increases from 700-950°C and afterwards a sharp drop at
1000°C, because the magnetic properties of the bariumferrite-silica nanocomposites changed significantly at 1000°C
due to the presence of hematite (a-Fe,O3) phase. The coercivity also increased with heat treatment, as shown in the

second quadrant of the hysteresis curve.
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Figure 7. Hysteresis loops for the sample 60%BaM-40%SiO, milled for 15h and heat treated at 700,800,900,950 and
1000°C

4. Conclusions

In this work we synthesized barium ferrite and silica nanocomposite by high energy ball milling. The study was done
with different compositional ratio of BaM and SiO,, milling time and annealing temperature. X-ray diffraction study
shows that the sample with compositional ratio 60%BaM-40%SiO2 with 15h of milling and 900°C heat treatment is
enough for obtaining well dispersed phase of BaM on the ceramic matrix with better magnetic properties. The values
obtained for the samples milled for 15 h and subsequent heat treatment at 900°C are located in the values of 3.3kOe,

which are acceptable for the purpose of magnetic recording.
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ABSTRACT

Superionic conducting glassy electrolyte materials with high ionic conductivity are of technological interest due to
their potential applications in solid state batteries, capacitors, sensors, memory devices etc. An interesting class of
superionic conductors is Agl doped silver borate glasses, which can accommodate Agl in a disordered phase without
any evidence of crystallization. In this work, quaternary silverborotellurite glasses of the composition xAgl -(95 —
¥)[2Ag,0-B,0;] -5TeO,, where 45<x<65 in steps of 5 were synthesized by melt quenching technique. The
synthesized samples were characterized by X-ray diffraction and Differential Scanning Calorimetry, to confirm the
amorphous nature and glass transition. Ac conductivity measurements were carried out in the frequency range 1Hz
to 32MHz by using Solartron 1260 impedance analyzer in the temperature range 303-473K. The present work
explains the effect of Agl addition on the silver borotellurite glass and the obtained dc conductivity is found to
increase with the addition of Agl and maximum conductivity is obtained for x=65 mole%. The frequency
dependence of conductivity is found to obey Jonscher’s Universal law. Impedance and dielectric analysis indicated
the ionic motion in the system is responsible for the conductivity and relaxation effect. The cooperative motion due

to strong coupling between the mobile Ag" ions are assumed to give rise to non-Debye type of relaxation.

Keywords: Glass, electrolyte, conductivity, dielectric
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1. Introduction

Superionic conducting glassy electrolyte materials with high ionic conductivity are of technological interest due to
their potential applications in solid state batteries, capacitors, sensors, memory devices etc [1]. Several studies on
these materials have revealed that glasses need not necessarily be insulators, but can be super ionic conductors under
certain circumstances [2]. These glasses have more advantages over crystalline materials because of their isotropic
properties, ease of glass formation and change in composition. Considerable effort has been taken to the
development of new Ag' ion conducting glasses, since the discovery of high ionic conductivity in RbAg,ls system.
Among the super ion conducting systems studied, Agl doped glasses are frequently investigated because it is easy to
form glassy specimens having high ionic conductivity at room temperature. To optimize the transport properties of
these systems various compositional variations of glass formers and modifiers were studied with the incorporation of
alkali halides and metal halides as dopants, which is considered to be a predominant factor playing the role of
enhancing the conductivity of conventional glasses to achieve the values of super ionic conductors. The introduction
of glass modifier such as Ag,O introduces ionic bonds usually associated with non-bridging oxygens (NBOs) along
with modifying cations. The glass modifier Ag,O leaves its oxygen and negative charges to the glass network and
becomes rich in Ag’ ions, and gains the capability to act as solvent for metal halide salts. Hence the mobility of Ag"
ions in the iodide environment is considered to be higher and based on the fact that increase in the percentage of Agl

in glass gives rise to higher conductivities.

Many studies have shown that the conductivities can be enhanced by mixing two different glass formers with
different coordination polyhedrons [3]. However, such as mixture of glass formers has a tendency of phase
separation at low modifier ratio; therefore the complete substitution of one network former by another is always
possible. The most widely studied glass former for super ionic conducting glass is B,O; and the structure and
electrical properties of silver ion conducting borate based glass have been reported in the literature [4]. The glass
structure consist of three co-ordianted trigonal BO; and four connected tetrahedral BO, boron atoms and these BO,
atoms are produced by the modification at the expense of BO; units. The trigonal and tetrahedral conversion and
formation of oxygen bridges by the oxide ion from the modifier reaches a maximum at the diborate composition.
When the modifier concentration is increased further, the percentage of tetragonal boron decreases indicating a
structural stability of tetrahedra in the presence of higher modifier oxide concentrations. Tellurium oxide is also a
good network former and the interesting aspect of its structure is that when the environment is more ionic, the
addition of modifier seems to favor the formation of trigonal pyramidal, TeO; (tp) units at the expense of trigonal
bipyramidal TeO, (tbp) units. Tellurium appears to prefer these coordiantions; tp units form chains while tbp units
show three dimensional networks. Also when TeO, added to the borate group, for example diborate which is quite
ionic, TeO, prefers to form chains which interpenetrate the borate network. Tellurium oxide based glasses exhibit

high dielectric constant and ionic conductivity with suitable modifications of the network and exhibit low glass
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transition temperature, high thermal expansion co-efficient and are less hygroscopic in nature compared to phosphate

and other oxide glasses which makes them suitable for many applications [5].

The ac conductivity measurements have been considered as an important tool for studying the ionic transport
properties of these materials. Impedance spectroscopy is used widely to study the ionic conduction in solids and to
avoid the polarization effects during the dc conductivity measurements. From the ac conductivity studies, the low
frequency measurements gives useful insight into mobile ion diffusion and high frequency conductivity data helps us
to study the short time phenomena due to local motion of mobile ions. The passage of electric current through a solid
electrolyte is the result of several processes like ion movement through the bulk of the electrolyte, charge transfer
across the electrode-electrolyte interface etc. Each of these processes usually has widely different relaxation times
and therefore responds to the applied electric field at different frequency ranges. In the present study, we aim to
investigate the glasses containing two glass formers B,O; and TeO,, by keeping the amount of TeO, as constant. In
order to see the effect of dopant Agl on silver borotellurite glasses, we synthesized the composition xAgl -(95 —

¥)[2Ag,0-B,0;] -5TeO,, where 45 <x<65 in steps of 5 by melt quenching technique.

2. Experimental

The glass samples of composition xAgl-(95— x)[2Ag,0-B,05]-5TeO,, where 45 <x<65 in steps of 5 were synthesized
using the reagent grade chemicals Agl, Ag,O, H;BO; and TeO, by melt quenching technique. The chemicals were
weighed according to their molecular weight percentage and mixed thoroughly in an agate mortar and pestle by wet
grinding method and the mixtures of these materials were kept in an alumina crucible heated to a temperature range
800-1000K for 4 h. The resultant melt obtained was then quenched by pouring the melt immediately on a copper
block kept at room temperature and pressed by another copper block. The glass nature of the samples was confirmed
by X-ray diffraction and differential scanning calorimetric methods. The glass transition temperature of the
amorphous sample was measured by differential scanning calorimeter at a heating rate of 10K/min, by TA
instruments (Model MBSE-2910). The electrical conductivity measurements of the glasses were carried out from
room temperature up to the glass transition temperature by complex impedance method by using Impedance
Analyzer (Solartron 1260) in the frequency range of 10Hz to 32MHz. The samples of the appropriate shape (Imm
thickness) were cut and coated with silver paint to serve as electrodes of the configuration Ag/electrolyte/Ag. The

samples were kept in contact with two polished, cleaned and spring loaded copper electrodes.

3. Results and Discussion

The glassy nature of the synthesized samples was confirmed by XRD and DSC analysis. Figure 1 show the X-ray
diffraction patterns for the composition 45 Agl - (50-x)[2Ag,0-B,03]-2TeO,. It show a broad hallow thus
suggesting their highly disordered nature. The diffractogram of all the samples of the series shows X-ray

amorphous. In order to show that all these compositions were indeed glasses, they were analyzed by DSC technique.
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Figure 1. XRD pattern for the glass system 45 Agl - (50-x)[2Ag,0-B,0;]-2TeO,

and DSC spectra of all the composition exhibit a glass transition temperature. Figure 2 shows the DSC spectra for the

glass system with x=60mole%. It shows an endothermic baseline shift corresponding to glass transition followed by

exothermic peak due to crystallization of glassy phase.
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Figure 2. DSC scan for the sample with x=60 mole%

Complex impedance measurements were carried out to determine the electrical property of glasses over a range of
temperature and frequencies. Figure 3 shows the impedance plot obtained for x =50mole% of Agl doped
composition at different temperatures. Figure shows a depressed semicircle and with the increase in temperature, the
intersection of the impedance plot on the real axis shifted towards the origin. That means the bulk resistance of the
sample decreases with the increase in temperature which indicate a thermally activated conduction mechanism. The
depressed semicircle arises from the distributed bulk relaxation due to ion migration in the glassy matrix. Bulk
resistance values were determined from the real axis intercept at the low frequency side. The depressed semicircle in

the impedance plot is characteristics of the parallel combination of capacitor and a resistor respectively, which are

the bulk capacitance C,, and bulk resistance R, of the material.
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Figure 3. Complex impedance plot for the sample with x=30 mole% at different temperatures.

The real part of the ac conductivity is determined from the complex impedance data by using the relation

o =(t/ANZ (Z*+Z7)) (1)
where Z and Z are the real and imaginary part of the impedance respectively, t is the sample thickness and A4 is the
area of the sample. Figure 4 shows the frequency dependence of conductivity at different temperatures for the sample
with x=50mole% of Agl. It is observed from the figure that the conductivity increases gradually as the frequency

increases. The frequency dependent behavior of conductivity is analyzed by the power law exponent.
O\ =0, + Ao )

Where 6, is the conductivity at a particular frequency, 6 is the dc conductivity of the sample or the conductivity at
zero frequency, A is a constant at a particular temperature, ® (=2xf) is the angular frequency of the applied field and
n is the power law exponent in the range 0<n<l. According to Jonscher [6], a non-zero » in the dispersive region of
conductivity is due to the energy stored in the short range collective motion of ions. The power law of ac behavior is
observed in a wide range of system, Jonscher called it Universal behavior, since equation (2) is accepted universally
for finding the sample dc conductivity, hopping rate, frequency dependence of conductivity etc. The frequency
dependent conductivity plots at various temperatures show two distinct regions; an almost frequency independent
plateau region at low frequencies and a dispersion at high frequencies. The frequency dependent of conductivity is
the sum of dc conductivity due to the movement of free charges and the polarization conductivity due to the
movement of the bound changes. The low conductivity value at low frequencies is related to the accumulation of the
ions due to the slow periodic reversal of the electric field. In the high frequency region, the power law nature (¢’ () o
") is observed and the conductivity sharply increases with the frequency. The power law variation has been widely
investigated and the strong dispersion at low temperature in the high frequency region is attributed to many body
effects [7].
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Figure 4. Frequency dependent conductivity at different temperatures for the composition x=50 mole%.

Figure 5 shows the plot of log ¢ versus 10°/T for different compositions. The temperature variation of conductivity
is found to obey the Arrhenius behavior.

o, =0,exp(—E,/kT) 3)
Where o, is the conductivity pre-exponential factor, E, is the activation energy, k is the Boltzmann’s constant and T
is the absolute temperature. The dc conductivity (o4.) is found to increase with temperature as well as with the
concentration of Agl. The increase in conductivity with the dopant salt is mainly due to the increase in mobile ion

concentration. The activation energy of conduction are measured from the slope of log 6, versus 10°/T.
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Figure 5. Arrhenius plot of dc conductivity as a function of the inverse of temperature for different compositions.
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The observed variation of conductivity with the increase in Agl amount is due to the silver ions attached to I" ions in
the Agl clusters instead of Ag" attached to the borotellurite structural units which are more tightly bound. Figure 6
shows the dc conductivity and activation energy for all the samples of the present study. The dc conductivity is found

to increase with the increase of Agl concentration and activation energy decreases the same.
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Figure 6. Variation of dc conductivity and activation energy with Agl content

Complex permittivity is related to the impedance data as, € =1/joCoZ" = € + je”, where Z  is the complex
impedance, @ = 2nf is the angular frequency and C, is the vacuum capacitance of the cell. Frequency dependence of
the real part of the permittivity (dielectric constante’) for x=65 mole% of Agl is shown in figure 7 at different
temperatures. The observed high value of & at low frequency is due to the presence of large capacitance at the
electrode electrolyte interface. The value of €' is found to decrease with increase in frequency and saturates at higher
frequencies. Dielectric constant € exhibits a dispersion which shifts to higher frequencies with increase in
temperature. This is because at high temperature the jump frequency of mobile ion is large and it resonates with the
frequency of the applied electric field. Since the conductivity in the solid electrolyte is visualized as a series of jumps
by ions along the lattice sites. If all the sites are equivalent, the ions spend equal amount of time at each site during
the conduction process. This is not the case when the sites are not equal. Thus, the charge carriers tend to pile up at
high free energy barriers resulting in an increase of capacitance at low frequency. Thus, the variation of £ at lower
frequencies is due to the long range diffusion of Ag' ions involving series of jumps over barriers of varying height.
At higher frequencies, the periodic reversal of field takes place so rapidly that there are no excess ionic jumps in the
field direction. The capacitive effect at the high free energy barrier site disappears at high frequencies and results in

the low value of dielectric constant as shown in figure 7.
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Figure 7. Frequency dependence of dielectric constant for the sample with x=65mole % at different temperatures.

Many studies on Agl based super ionic conductors agree with the conclusion that the insertion of metallic oxde Ag,O
as modifier disrupts the glassy network leading to the different structural arrangements of B,Os-TeO, glass network
[8]. This change results in the formation of non-bridging oxygen and O-Ag partial co-valent bonding.
The Ag" ions bonded to the NBOs have less freedom to move and are expected to be less mobile compared to Ag"
ions in an iodine environment. Many structural studies revealed that the glass network is not strongly modified by the
introduction of halide salt (Agl). Hence in the present system the increase of conductivity is explained by diffusion
path model given by Minami [9]. According to the diffusion path model, a wide and shallow potential is formed by
the interaction of Ag" ions with iodide ions while a narrow deep one is formed due to their interaction with oxide
ions in the glassy structure. It is also suggested that the diffusion path is more easily formed in disordered structures
than on an ordered one. In the present system, xAgl -(95-x)[2Ag,0-B,0s] -5TeO, the concentration of Agl
increases with the increase in dopant x, and the increase of conductivity can be explained in accordance with the
conductivity expression, o=neu, where n is the number of charge carriers, e is the charge and u is the mobility.
Therefore, the increase in the number and mobility of charge carriers (Ag") with increase in dopant x in the present
system follows the diffusion path model, where the increase of conductivity with dopant salt content in the glassy
matrix is interpreted due to the increase of the concentration of the charge carriers Ag" attached to Agl and their

mobility [10].

4. Conclusions

The present study deals with the synthesis of the glass system xAgl -(95—x)[2Ag,0-B,0;] -5TeO, where 45<x<65 in
steps of 5 by melt quenching technique and its electrical characterization. The composition with 65 mole% of Agl is
found to exhibit the highest electrical conductivity. Frequency dependent conductivity study shows that the present
system obeys Jonschers Universal response and the high frequency dispersion is attributed to many body interactions
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between the conducting species. The variation of dielectric constant with frequency is attributed to ion diffusion and

polarization occurring in the glass system.
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ABSTRACT

Lanthanum strontium manganite perovskites are the most studied cathode materials for solid oxide fuel cells.
Lanthanum manganite and strontium doped lanthanum manganite belong to the perovskite oxide family. The larger
rare earth ion (e.g., La) occupies the 12 coordinated A-sites and the transition metal ions (e.g., Mn) occupy the
octahedral B sites. Both the electrical conductivity and catalytic activity of lanthanum manganite are enhanced
considerably when lanthanum is substituted partially with strontium. In this work, the effect of Sr doping on the
composition, La;..Sr,MnOj; (x=0, 0.1, 0.3, 0.5) has been studied. The perovskite oxides have been synthesized by the
conventional ceramic route. The synthesized powders were characterized by X-ray diffraction, scanning electron
microscopy. The magnetic studies were done by an alternating gradient magnetometer. The XRD patterns of all the
samples clearly shows the formation of crystalline perovskite structure, however the LSM samples with x=0 and 0.1
shows a small amount of La,O;. The magnetic measurements of the samples were realized at room temperature and
all samples displayed superparamagnetic properties with coercive fields near to zero. This behavior is originated

from the surface spin disorder enhancement caused by decreasing particle size.

Keywords: Perovskite, cathode, lanthanum strontium manganite
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1. Introduction

Solid oxide fuel cells (SOFCs) are the most efficient and environmentally friendly energy conversion technology to
generate electricity from fuels as compared to the conventional thermal power generation plants [1]. However, there
are many material problems to be solved due to the high temperature operation (~1000°C) of the SOFC system. The
main factor limiting the performance of SOFC is the significant material limitations imposed by the cathode and the
cathode leads because of the high corrosion effect of oxygen at high operating temperature. The cathode material has
to meet some requirements like high electronic conductivity, thermal and chemical stability, and good compatibility
with the solid electrolyte, sufficient porosity for the oxide ions to migrate, and good adherence at the surface of the
electrolyte to work at high operating temperature in air or oxygen atmosphere. Some complex oxides in the
perovskite family may satisfy the above mentioned requirements and has been widely studied in recent years for use

as cathode materials for SOFCs [2].

Perovskite type oxides of the ABO; structure with trivalent rare earth in the A position and trivalent transition metal
ions in the B position are p-type conductors. Lanthanum manganite (LaMnOs.;5) belongs to perovskite oxide family
and can crystallize either with orthorhombic or rhombohedral symmetry depending on the value of 3, and it may
depend on many factors like method of synthesis, thermal treatments etc. [3,4]. The larger rare earth ions (La)
occupy the 12 coordinated A-sites and the transition metal ions (Mn) occupy the octahedral B-sites. The substitution
of A-site cations by aliovalent cations forms oxygen vacancies and causes a change in the valence states in B-site
cations so that charge neutrality can be maintained. As a result, the perovskite oxide shows substantial electronic
conductivity as well as ionic conductivity at elevated temperatures. When lanthanum is substituted partially with
strontium, the electrical conductivity and catalytic activity of lanthanum manganite can be considerably increased.
Though lanthanum strontium manganite (LSM) as cathode material have proved to be a poor oxygen ion conductor,
its electronic conductivity is high enough to make them the most investigated cathode materials for solid oxide fuel
cells. With high electronic conductivity, LSM offers a high catalytic activity for oxygen reduction as well as
chemical and thermal compatibility with the conventional yttria stabilized zirconia electrolyte at the operating

temperature [5].

The perovskite La;Sr,MnO; exhibits a variety of magnetic phases, the end member x=0 is an antiferromagnetic
insulator due to the superexchange between Mn’* ions. The substitution of Sr in La sites of the LaMnO; phase leads
to a ferromagnetic double exchange interaction, metallic conductivity and a large magnetoresistance [6]. Due to the
mixed valence states of manganese ions, their spin states fluctuate between trivalent and quadruvalent states. In this
study, conventional ceramic route was adopted for the synthesis of perovskite oxides and the analysis of crystal

structure, magnetic and electrical properties of the synthesized samples were done by different techniques. Here we
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report the effect of strontium substitution on lanthanum manganite on the crystal structure and magnetic properties
of La;_,Sr,MnOj system, where (x=0, 0.1, 0.3,0.5).

2. Experimental procedure

Powders of La;Sr,MnOs (x=0, 0.1, 0.3, 0.5) were prepared by a high temperature solid state reaction by using the
high purity (Aldrich 99.99%) oxides, La,Os, Sr(NOs), and MnO,. The rare earth oxide, La,O; was fired overnight at
800°C before using, in order to decompose the hydroxides, carbonates and oxycarbonates present. The stoichiometric
amounts of the starting materials were milled for 2 hrs after being thoroughly mixed in methanol. The obtained
material was calcined at 1000 C in air for 12 hr. Then they were ground and calcined in air at 1200°C for 12 hr and

ground again to obtain fine powders.

The crystal structure of the synthesized samples were done by X-ray diffraction (XRD) in a Philips X’Pert
diffractometer using Ni filtered CuKo radiation (A=1.5418A°) The chemical analysis and morphology of the
synthesized powders and sintered pellets were done by JEOL-JSM-6300 Scanning Microscope. The specific surface
area (Sger) values were determined by BET method (Nova 2000, Quanta-Chrome). The average particle size (Dggr)
was calculated assuming the presence of spherical particles, by means of the equation

6

D, =_°>
Sy P

BET

where p is the theoretical density of LSM (6.45 g/cm™). The magnetic properties were measured at room temperature
in an alternating gradient magnetometer (AGM Micromag 2900) manufactured by Princeton Measurement

Corporation.
3. Results and Discussions

The X-ray diffraction patterns of La(;xSr,MnOs (where x=0,0.1,0.3 and 0.5) samples prepared by solid state reaction
are shown in Fig.1. The XRD patterns of all the samples clearly shows the formation of crystalline perovskite
structure, however the LSM samples with x=0 and 0.1 shows a small amount of La,O; along with the rhombohedral
phase. It is reported that in solid state reaction experiments, the presence of perovskite type phase in the first
reaction step, but some of the La,O; does not react and it takes very long firing times at high temperatures to have
the La,O; reacted completely with four or five intermediate grindings [7]. In our case, LaMnO; shows a
rhombohedral phase and with the substitution of 10 and 30 mole% of Sr to LaMnQO;, the perovskite structure still
shows a rhombohedral symmetry. When the strontium content increases upto to 50mole%, the perovskite structure

adopts an orthorhombic symmetry. A slight shift of all peaks was observed in the direction of increasing diffraction
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angles as the strontium doping level increased from x=0.1 to 0.5, and there is a significant broadening of the peak

with increasing Sr content.
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Figure 1. XRD patterns of the synthesized samples La(;.«Sr,MnO; where x=0,0.1,0.3 and 0.5)

When La’" is doped with lower valence cations like Sr**, leads to increase electronic disorder and changes in the
oxidation state of the 3d transition metal and in the oxygen non-stoichiometry, which increases the concentration of
Mn*" in LaMnOs, since the ionic radii of Sr** (1.44 A°) is slightly larger than La’* (1.36A°) respectively. The
crystallite size of all the samples were calculated by using the Scherrer equation by considering (204) peak at 26=
46.7° for the rhombohedral phase and (112) peak at 32.7° for the orthorhombic phase [8]. The crystallite sizes of all

samples were found to be in the nanosize range and are shown in the Table 1.

Figure 2. SEM micrographs and EDAX analysis of the synthesized sample with x=0.1
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The morphology of the particles in ceramic materials is the consequence of the preparation method. Figure 2 shows
the SEM and EDAX analysis of the LSM powders; it shows the formation of agglomerates of fine primary particles
with porous structure. Table shows the values of crystallite size, surface area, pore volume, average particle size and
pore size of the LSM powders synthesized by solid state method. Crystallite size is found to decrease with increase

in Sr amount and an increase in specific surface area.

Tablel. Average crystallite size (Dxrp), specific surface area (Sggt), pore volume (Vpore), average crystallite size
(DBET) and pore size of the sample powders

Composition Crystallite size | Surface area | Pore volume Average particle | Pore size
(nm) (Spen)(m’/g) | cc/g size (Dggr) (um) | (A®)
x=0 67.48 1.052 0.0025 0.88 31.69
x=0.1 77.87 0.601 0.0015 1.55 31.69
x=0.3 70.97 0.992 0.0034 0.94 31.69
x=0.5 59.18 2.027 0.0070 0.46 31.69

Scanning electron micrograph of the synthesized sample with x=0.5 sintered at 1500°C is shown in figure 3. The
porous structure is also evident even if the sample sintered at 1500°C. With sintering the grains agglomerate and

grow, the number of the open pores reduces, and the open pores are located at the multigrain boundaries.

Figure 3. SEM micrographs of the sample with x=0.5 sintered at 1500°C

The magnetic properties of LSM samples are shown in figure 4. The magnetization hysteresis loop of LSM sample
with x = 0.5 is displayed in figure 4(a), it can be observed that LSM samples exhibit superparamagnetic properties
with both coercive field and remanent magnetization near to zero, this behavior is related with the nanostructured
nature of the powders. In figure 4(b), the changes of saturation magnetization with x are shown, it is clear that Sr
impurities plays an important role on the magnetic properties, although a non linear effect with concentration of x is
observed. The non linear behavior can be due to the fact that the prepared powders are not pure and the

quantification of additional oxide phases is hard to be determined. For future works, a more specific route for
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formation of pure LSM powders have to be realized, this will help to have more realistic effect of Sr impurities on

the magnetic properties of nanostructured LSM powders.
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Figure 4. Magnetic properties of LSM samples. (a) Magnetization vs magnetic field for sample x= 0.5, (b) saturation

magnetization (M) vs X.

4. Conclusions

Perovskite structured La;Sr,MnO; (x=0, 0.1, 0.3, 0.5) powders was prepared by the conventional solid state
synthesis. The nanocrystallite sizes of the powders ranged between 59-77nm. Crystallite size is found to decrease
with increase in Sr amount and specific surface area increases. LSM samples exhibit superparamagnetic properties
with both coercive field and remanent magnetization near to zero, which can be related to the nanostructured nature

of the powders.
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ABSTRACT

The present work shows the results for bimetallic materials PtAg/C and AuAg/C as cathode and anode electrode
respectively in a microfluidic fuel cell with glucose as fuel in basic media. The electrodes were prepared for
chemical reduction according to a modification of the Burst method and were characterized by XRD and
electrochemical techniques. The fuel cell was able to harvest 600 mW cm™ The PtAg/C exhibits a better
performance respect the commercial Pt/C at high concentrations of glucose. Meanwhile AuAg/C also contributed to

stability of the fuel cell during long times of operation.
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1. Introduction

Microfluidic fuel cells or membraneless fuel cells operate without a membrane as physical barrier to separate the
anode and cathode. This membraneless laminar flow-based fuel cell (LFFC) design eliminates PEM-related issues of
fuel crossover, anode dry-out, and cathode flooding. A fuel with greater interest because of their low cost is the
Glucose [1-3]. The glucose fuel cells, utilizes noble metal catalysts such as platinum and gold [4]. Yet, the use of
these metal catalysts has the great disadvantages that are easily poisoned due to fuel crossover. In this context the use
of bimetallic catalysts is a viable solution because these materials shows belter electrocatalytic activities compared to
the monometallic materials [5, 6]. With the further advantage that reduce the amount of inordinately expensive

precious metals.

In this work, PtAg/C and AuAg/C bimetallic catalysts were synthesized and evaluated for the oxygen reduction
reaction ORR and glucose oxidation reaction respectively in order to reduce the self-poisoning of the electrocatalysts
on the microfluidic fuel cell. These catalyts were used in an microfluidic fuel cell and were comparated with Pt/C

and Au/C catalyst.

2. Experimental

The bimetallic catalysts AuAg and PtAg were prepared following a previously reported procedure [5, 6]. For AuAg,
a mix aqueous solution of HAuCl, (J.T. Baker) with AgNO; (J.T. Baker) was employed. Meanwhile for PtAg an
aqueous solution of H,Pt(NO,),SO, (Alfa Aesar) with AgNO; (J.T. Baker) was used. In both cases, the aqueous
solution was put together with tetraoctyl-ammonium bromide (Fluka) in toluene, and later Dodecanethiol (Aldrich)
was added, and finally the metals were reduced with NaBH, (Aldrich). The nanoparticles were supported in vulcan

carbon XC-72 (Cabot).

Physicochemical characterization was performed with TEM was accomplished using a JEOL JEM2200Fs + Cs
STEM, and the X-ray diffraction was obtained using a Bruker D8 Advance diffractometer operated at 30 mV and 30
mA. The electrochemical tests were performed in a potentiostat BioLogic VSP. A conventional three electrode cell
was employed. Hg,HgO electrode was used as reference electrode. A carbon bar was used as counter electrode. As
working electrode an ink with the nanomaterials was employed and deposited in a glassy carbon disk electrode. The

materials were tested in basic media (KOH 0.3 M) with oxygen saturated for PtAg/C or glucose 10 mM for AuAg/C.

The fuel cell was reported previously [7]. In the walls of the microchannel, the catalysts were placed by spray

technique. Two streams of KOH 0.3 M, one containing oxygen saturated was placed in the cathodic side and other
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with glucose 100 mM was placed in the anodic side. Later discharge curves were performed at 5 mV s™' since OCP

to 0 mV.

3. Results and discussion

3.1 Synthesis and characterization of AuAg/C and PtAg/C

The TEM micrographs are showed on figure 1. The AuAg/C micrograph is showed in the figure la. The results
indicate the formation of nanoparticles of AuAg/C of composition 83-16 according the EDS results. The size of
nanoparticles is around 16 nm. The figure 1b shows the TEM micrograph of PtAg/C. The TEM analysis showed that
the particle structure had a core—shell type with a platinum center coated with silver. The EDS analysis of the
catalyst revealed the mean composition of PtAg/C to be 81% Pt and 19% Ag. The composition in both catalysts are
in close agreement with that of the metallic precursors that were used. The mean particle size of the PtAg

nanoparticles is approximately 7 nm.

Figure 1. TEM micrograph of AuAg/C and PtAg/C catalysts.

The difractograms obtained were showed in figure 2. Crystalline planes of AuAg-based material are observed in Fig.
2a and located at 38.0°, 44.2°, 64.4°, 77.3° and 82°. The signals correspond to Au crystalline planes (1 1 1), (2 0 0),
(220), (31 1)and (2 2 2). The value of lattice parameter is 4.089 A and average particle size of 21 nm. The
observed peaks are characteristic of a single face-centered-cubic (fcc) crystallographic structure of Au (JCPDS 04-
0784). Variation of lattice parameter value suggests the presence of electronic interactions between outer electron
shells of Ag and Au atoms, reducing the size of Ag atom [8]. This is an indicative of the formation of one phase in

the material.

® s

Yucatan Center for

Mexican Hydrogen Socie
Uil Y Scientific Research 398




9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>