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ABSTRACT 

 

A Hybrid material was prepared by the immobilization of H3PMo12O40 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 H2SO4 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)/Na2CO3  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 (POMs) 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 CO2 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% HCl 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 H3PMo12O40 (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 (SBET) 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 H2SO4 

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 SBET 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
2
/g to 274m

2
/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 SBET (m
2
/g) 

ACPQ2-100 334 

ACPQ2-100/POM 274 

 

Carbon aerogel (ACPQ2-100) ATR spectrum is shown in Figure 1, where a peak at 3340 cm
-1

 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
-1

 are related to the stretching vibrational mode of -CH2 group, 

at 1055 cm
-1

 and 1220 cm
-1

 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
-1

 corresponds 

to the scissors vibration of CH2 group, and the peak at 1614 cm
-1

 region is realated with the stretching vibrational 

mode of aromatic rings. [20], [21], [22]. The absorption bands at 800, 876, 955 and 1060 cm
-1

 region can be 

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

 

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 H2SO4. 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), -0.27V/-
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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.  

 

PMo12
VI

O40
3-

  + ne
-
 + nH

+
     HnPMon

V
Mo12-n

VI
O40

3-
  ,   n= 2, 4 o 6.            (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. 

 

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).  

 

        (2)     

 

Where C is the capacitance I is the applied current, t is the discharge time and V 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
2
/g 

was confirmed by a decrease in BET surface area (274 m
2
/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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ABSTRACT 

 

Hydrogen is considered a versatile and clean bio-fuel and research on biological production of H2 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 H2 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 H2 

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 Bv:  5 and 8 g sucrose /(L d), with a constant hydraulic residence time of 1 

day.  

 

The increase of Bv from 5 to 8 g sucrose/L day had a positive effect on the performance of our anaerobic fluidized 

bed reactors; the H2 productivity increased 2100 and 1684% for AFBR-A and AFBR-M, respectively. With a Bv of 8 

g sucrose/L the average performance of AFBR-A was superior to that of AFBR-M: 1.8 times for the H2 

concentration in the biogas (54% and 31% respectively) and 2.1 times for the H2 productivity (1330 and 580 

mLH2/(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 H2 production in an AFBR-A at ambient temperature 

showed encouraging results for H2 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 H2; 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, H2 production by dark fermentation exhibits several advantages: (i) many fermentative bacteria 

are capable of high hydrogen generation rate, (ii) H2 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 tall column containing an inert support or granules that 
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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 H2 it has been used primarily for the treatment of wastewater [27,32,36].  Some materials that have 

been used for H2 production are activated carbon [28], zeolite [37] and expanded clay [38]. 

To the best of our knowledge, there are no studies for H2 production by AFBR at low temperatures. Therefore, this 

work was aimed to evaluate the H2 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 H2 production in AFBR, i.e. 

two temperatures of operation: 35ºC (AFBR-M) and ambient temperature (AFBR-A), and two volumetric loading 

rates (Bv, 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 (90ºC, 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
-1

; [28, 39]): CH4N2O (125); NiSO4*6H2O (1); FeSO4*7H20 (5); 

FeCl3*6H2O (0.5); CoCl2*2H2O (0.08); CaCl2*6H2O (47); SeO2 (0.07); KH2PO4 (85); K2HPO4 (21.7); 

Na2HPO4*2H2O (33.4); NaHCO3 (1 g/L). Either 5 or 8 g of sucrose per liter were added, depending on the operation 

Bv. 
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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 ºC, 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 250ºC. Nitrogen was used 

as a carrier gas with a 20 mL/min flow rate. The oven temperature was programmed as follows: 60 ºC for 2 min, 

increasing to 140 ºC at 5ºC/min, and then kept constant at 140ºC 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 Bv. In the first period of 

operation at Bv of 5 g sucrose/(L d) low concentration of H2 in biogas and H2 productivity was observed (Figure 1a, 

d, Table 1). After 20 days the Bv was changed to 8 g sucrose/L day; the H2 in biogas increased by 5.2 and 6.3 times 

in AFBR-A and AFBR-M, respectively, whereas the H2 productivity was enhance by 22 and 33 times in AFBR-A 

and AFBR-M, respectively.  

 

In the first 8 days of the second period H2 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 CH4 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 CH4 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/SOLV: 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 Bv=5 and 8 g/(Ld), respectively, and 72, and 1.2 in mesophilic reactors run at Bv=5 

and 8 g/(Ld) . The TVOA/SOLV 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 H2 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 Bv 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 H2 [37] Koskinen et al., 2007) and it can be associated with the low H2 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 H2 concentration in the biogas in AFBR-A in the 2 
nd

 period was 1.8 

times superior than that of AFBR-M (56 and 32% H2, respectively; Table 1). Similarly the H2 productivity in AFBR-

A was 2.1 times superior than that of AFBR-M (1232 and 589 NmLH2/(Lbed d), respectively; Table 1). In the 

second period, the average value of 56% of H2 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 H2 production was 1.3 times superior in a reactor operated at 22ºC. 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 CH4 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/SOLVAFBR-M was 11.3 lower than TVOA/SOLVAFBR-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 H2 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 H2 [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 H2 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, 

A/B 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) H2 concentration in biogas; (b) CH4 concentration in biogas; (c) pH and H2 

productivity   : AFBR-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 

AFBR-M 

a 

b 

c 

d 

5 g /(L d) 8 g /(L d) 
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Table 1. Average performance of AFBR-A and AFBR-M. 

Reactor 

Parameter  

Bv = 5 g sucr/(L.d) Bv = 8 g sucr/(L.d) 

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 

H2 concentration (%) 10.6 ± 6.9 5.0 ± 2.2 56.0 ± 6.2 31.6 ± 3.1 

Biogas production (mLH2/ 

day) 

 791 ± 410 57 ± 44   2222 ± 449   1900 ± 191 

H2 productivity (mLH2/L 

bed day) 

56 ± 44 33 ± 26 1232.9 ± 241 589 ± 103  

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 1024.9 ±  325.4  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 ± 27.5 88.3 ± 17.9   1654.7 ± 49.8  

Butanol 31. 1 ± 15.3 ND 89.2 ± 10.5  68.3 ± 7.0  

EtOH/SMP (%) 0.8 ± 1.3 1.7 ± 0.9  2 ± 0 36 ± 4 

BuOH/SMP (%) 1.1 0.3 ------- 3 ± 0 1 ± 0 

HAc/SMP (%) 39.9 ± 2.7 43.0 ± 14.0  27 ± 3  25 ± 1    

HPr/SMP (%) 28.1 ± 2.1 40.2 ± 9.7 9 ± 2 7 ± 0 

HBu/SMP (%) 30.1 ± 2.7 45.0 ± 11.0 59 ± 2 30 ± 3 

A/B 1.3 ± 0.2 0.8 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 

TVOA (mg COD/L) 2721. 7 ± 311.8 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 

material 

Substrate 

concentration 

(mg/L)  

Y’ Hydrogen 

Pseudoyield  

(molH2/Kg 

substrate fed) 

H2 % in biogas 

Soluble 

microbial 

products  

Ref.  

Anaerobic 

sludge  

hs (105°C, 45 

minutes)  

HRT:0.5-4 

h  

pH:4.0  

T:37° C  

Activated 

carbon  

Glucose  

(1000)  

6.44 @ HRT of 

0.5–2 h. 

57-61% 

Acetic acid 

Butyric 

acid 

Propionic 

acid 

Ethanol 

1  

Anaerobic 

sludge  

hs (90°C, 10 

min)  

HRT:8-1 h  

pH: 3.7-4.1  

T:30°C  

Lote:48 h  

Expanded 

Clay 

Glucose 

(2000)  

13.39 @ HRT of 

3.7-4.1h 

20-30% 

Acetic acid 

Butyric 

acid 

Ethanol 

2  

Sludge 

hs (90°C 10 

min followed 

by ice cooling  

to 25°C)  

HRT: 8-1  

pH: 3.8  

30°C  

Lote:48 h  

Expanded 

Clay 

Glucose 

(2000)  

12.72 @ HRT of 

2 h 

21.8-37.6% 

Acetic acid 

Butyric 

acid 

Ethanol 

3  

Anaerobic 

sludge  

hs (90°C 10 

min) 

HRT:8-1 h  

pH: 5.5  

T:30°C  

Expanded 

clay 

 

Polystyrene  

Glucose 

(4000)  

14.00@ HRT of 

2 h 

50% 

10.6 @ HRT of 

2h 

40% 

 

16-47% 

Acetic acid 

Butyric 

acid 

Propionic 

acid 

Ethanol 

4  

Anaerobic 

sludge 

hs (90°c, 10 

min) 

 

HRT: 8-1 h 

pH: 5.5 

T: 30°C 

Ground 

Tire 

 

Pet 

Glucose 

(4000) 

11.94@ HRT of 

1 h 

 

52-96% 

10.39@ HRT of 

1 h 

 

Acetic 

acid, 

Butiric acid 

Lactic acid 

Ethanol 

5 

Methanogenic 

sludge 

hs (90ºC, 1 h) 

HRT:1 day 

pH: 4.5-5.0 

T: 30 ºC 

   ambient  

Activated 

carbon 

Sucrose 

(8000) 

3.59 @ ambient 

temperature@ 

HRT of 1 day 

 

55.96% 

1.65@ HRT of 1 

day 

 @ 35ºC 

1.68% 

Acetic 

acid, 

Butiric acid 

Propionic 

acid 

Ethanol 

Butanol 

6 

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 Bv from 5 to 8 g sucrose/L day had a positive effect on the performance of our anaerobic fluidized 

bed reactors; the H2 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 Bv 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 H2 concentration and the H2 productivity in the ambient 

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

Bv 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,  (molH2/mol substratefed or molH2/Kg substrate fed) 
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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
3
) of biogas contains the equivalent of 5-7.5 kWh of calorific value, if 

the composition of CH4 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 (H2) 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 H2 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, H2 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-

H2 as a source of energy. These include the reduction of green-house gas (GHG) emission, by reducing the final 

amount of CH4 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-H2 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 (WWTPs) 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
3
 of CH4 can be produced for each kilogram of Chemical Oxygen Demand (COD) digested at 35°C [6, 7]. 

Furthermore, hydrogen (H2) 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 CH4 is only 50.2 MJ/kg), and its potential as a 

renewable energy source [3]. H2 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 H2/mol substrate [8, 9, 10]; however, practically 1.5 to 2.5 mol H2/mol glucose can be produced 

[3, 9]. Additionally, some challenges to overcome in the following years for the commercialization of bio-H2 

production are: a) the use of efficient microbial strains which can use different organic materials as feedstock, b) the 

low rate of H2 production after the complete process, c) the comprehension of the metabolic pathway that drives the 

production of H2, d) the cost and mass production of certain pre-treatments, and e) the improvement of the H2 yields 

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

 

In biogas production through a single-stage AD process, the CH4 formation takes away a significant portion of the 

reactants, acetate and H2, which are produced by “H2-producing bacteria” and simultaneously consumed by “H2-

consuming bacteria”. In contrast, a two-stage AD produces H2 and carbon dioxide (CO2) in the first stage, whereas 

the second stage produces CH4 and CO2. 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 H2 yield [4]. Several pre-treatments have been appointed for enhancing the production of H2 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 III) chlorhidric acid (HCl) or chloroform 

(CHCL3).  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 35ºC. 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 (HCl) solution 25% to maintain the operation 

pH level at 5.6.  This value has been reported to be the optimum for batch bio-H2 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 CH4 and CO2 and a thermal 

conductivity detector for H2. 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.   

 
Figure 1 Set up of Experiment 

Glucose and sucrose were determined 

spectrophotometrically after enzymatic 

digestion by a test kit according to the 

manufacturer’s instructions. Gas 

Chromatography was also used to analyze 

organic acids (Volatile Fatty Acids- VFA). 

VFAs were analyzed in a GC Perkin Elmer 

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-treatment Label Description Conditions Label 

Pre-

treatment Description Conditions 

i 

 
Heat shock 

WB 90°C/20 min 
WB + G + n 

@90°C for 20min pH3 

iii 

 

Chemical 
addition 

G + n + HCl 
addition of  HCL 25%  

for  pH3 during 24hr 

MW 2.5min @900W 

MW + G + n 

2.5 min under 900W BES 5mM G +n + BES 5 mM 

MW 5 min @900W 5 min under 900W BES 7mM  7 mM 

MW 7 min @900W 7 min under 800W BES 8 mM  8 mM 

MW 10min @900W 10 min under 800W BES 10 mM  10 mM 

 

ii 
 

Combination: 

heat shock 

and chemical 

addition 

 
 

 

 
 

 

WB 90°C + pH4 

  

WB + HCl + 
G + n 

@ 90°C for 20min + 

pH4 during 17hr 

CHCL3 0.05% 

G + n + 
CHCl3 

 0.05 %V/V 

CHCL3 0.75%  0.075%V/V 

MW 5min @800W + 

pH4 

MW + HCl + 

G + n 

5 min @ 800W + 
addition of  HCL 

25% for pH4 during 

17hr CHCL3 0.10%  0.10%V/V 

MW 3min@800W + 

pH4 

MW + HCl + 

G + n 

3 min @ 800W + 

addition of  HCL 

25% for pH4 during 

17hr CHCL3 0.15%  0.15%V/V 

CHCL3 0.075 + pH4 

G + n + 

CHCl3 

0.075 %V/V + 
addition of  HCL 

25% for pH4 during 

17hr Fe III (5mM) 

G + n + Fe 

III 

 5 mM 

Fe III (7mM) + pH4  

G + n + Fe III 

7mM +pH4 (17hr) Blanc glucose 

CONTROL 

SAMPLES 
  

Blanc 
Glucose 

G+n+ no pre-
treatment 

  

Gas 
meter 

pH Sensor 

HCl 
pump 

NaCl 
pump 

N2 sparkling 

Reactor 

Collection 
of gas 

Magnetic 
stirrer 

mailto:MW2.5min@900W
mailto:MW2.5min@900W
mailto:MW2.5min@900W
mailto:MW2.5min@900W
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Fe III (7mM) + pH6 7mM+pH6 (17hr) Blanc no glucose 

Blanc no 

Glucose 

No G+ no pre-

treatment 

G: Glucose; n: nutrients; WB: Water Bath; MW: Microwaves; CHCL3: Chloroform; Fe III: Iron 3 Chloride; HCl: 

Hydrochloric acid; BES: Bromo-ethane-sulfonate; 

3. Results and discussion 

The biogas measurement for each pre-treatment (Figure 2) included CH4, H2 and CO2, registered in L over 120 h. No 

CH4 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; CHCl3 0.10% and BES 7mM, by means of 

24.8 and 25 L of biogas, respectively. The production of H2 and CO2 was in the following order (H2; CO2, 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) > 

CHCl30.10% (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 H2, and less than 9 L of CO2 . 

 

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

According to previous experiment in our laboratory, the maximum H2 yield was 0.59 to 0.66 mol H2 / 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 H2 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 H2/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 H2/mol glucose respectively; CHCl3 (0.10%) be means of 0.34mol H2/mol glucose.  The rest of 

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

 

 

Figure 3 Hydrogen yield production from digested sludge 

Conversely, the relationships soluble (s) and total (c) 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 sCOD/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 CHCL3 (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 CHCl3 (0.015%) by means of 

7.86%.  While the increase of sCOD in comparison to the Blancs, was observed mainly in nine pre-treatment ( in 

mg/L): MW 5 min@900W (12500) > FeIII (5mM) (11500) > pH 3 (10600) > MW5min @ 800W+pH4 (10500) > WB 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

Blanc glucose 

Blanc no glucose  

WB (90°C) 

WB 90°C + pH 4* 

MW 10min @ 800W 

MW 7min @ 800W 

MW 5 min @ 900W 

MW 2.5 min @ 900W 

MW 5min @800W + pH4 

MW 3min @ 800W +pH3 

pH 3 

BES 10mM  

BES 8mM 

BES 7mM 

BES 5mM  

CHCL3 (0.05%)  

CHCL3 (0.075%)  

CHCL3 (0.10%) 

CHCL3 (0.15%) 

CHCL3 (0.075%) + pH4 

Fe III  (5mM) 

FE III  (7mM) + pH6 * 

Fe III (7mM) + pH 4 

mol H2 /mol glucose 

P
re

tr
ea

tm
en

t 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  107 

90°C +pH4 (10400) > Fe III (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 III 

(5mM) as 2.06; BES 8mM as1.71;  and Fe III (7mM)+pH6 as 1.26.  

In order to achieve the highest possible H2 yield, glucose has to be fermented to acetate.  In addition, it has been 

reported [9, 14] that H2 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-H2 

production, due to its potential to change to butanol production (where H2 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 H2 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 H2. Additionally, the yield of H2 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 III (5mM) (2016) > Fe III (7mM) +pH6 (1888). While for the same pre-treatment, the HOBu was as follows: 

(mg/L): pH 3 (238) < MW 5min@800W+pH4 (681) < BES 5mM (693) < BES 7mM (990) < Fe III (5mM) (1344) < 

WB 90°C + pH 4 (1360) < Fe III (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 CO2, H2 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:HOBu (out). Literature reports for 1 mol H2/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 5.5 to 5.7 [11].  For the 9 experiments, the average HOAc:HOBu ratio was 4.6. 

 

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 HCl (for working under a controlled pH level) enhance the H2 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 H2 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 H2 yield of 0.62mol H2/mol glucose, HOAc and 

HOBu production by means of 3224mg/L and 1360 mg/L respectively; c) BES 7mM produced a H2 yield of 0.52 mol 
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H2/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 

 

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 300  at 300 . The PEME 

constructed had a current efficiency of 74% and an energy efficiency of 61% with overpotential of 1.8 , generating 

1.456  at 200 . The current efficiency of the previous prototype with the same features was 11% and 

an energy efficiency of 3% with overpotential of 4.7  generating 0.21 mlH2 min
-1

 at 200 . The energy efficiency 

improved from 3 to 61% and production of hydrogen in mlH2 min
-1

 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
th

 place of the nations polluters, the main reason is 

because annually about 130 million tons of CO2 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]. 

 

 

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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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. 

 

 

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. H2O represent the distilled water entering the system; ECEL is the electrical 

potential needed to carry out the oxidation reaction; H2 is the hydrogen obtained from the system; O the oxygen; and 

finally L represents the heating lost. 

 

 

Diagram 4. Black box model for a PEM electrolyzer. 

 

 

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. 

 

 

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.  
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The standards used for operator safety were as follows. 

 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. 

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

 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
-2

 hydrogen peroxide solution and sulfuric acid at 2.19 ml cm
-2

 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.    

 

  

                           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
-2

 of 10% platinum etek,           

40 μl cm
-2

 of liquid Nafion® and 700 μl cm
-2

 of chromatic grade ethanol; this last one as diluent. The anodic solution 

was a mixture of 1.44 mg cm
-2

 of ruthenium oxide, 1.65 mg cm
-2

 of iridium oxide, 54 μl cm
-2

 of liquid Nafion® and 

667 μl cm
-2

 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 

 

c) 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 

 

 

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. 

 

 

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 300  with 

only 1.92  and obtained a productivity of hydrogen in the range of 2.137 . 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 300  below 2 . 
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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 300  below 2  while the other curve shows the performance of the preliminary prototype with 

about half in current with the same voltage 150  below 2  reaching the 300  above 2 . 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 

5  because the membrane suffers severe irreversible degradation with this voltage. 

 

 
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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ABSTRACT 

Platinum nanoparticles with homogeneous dispersion on carbon Vulcan was obtained at room temperature by 

irradiation of an alcoholic solution of C10H14O4Pt 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 ΔH# = 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 0.36V/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 
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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 (C10H14O4Pt (Aldrich)) 

(5×10
-4

 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 quantity of Vulcan carbon necessary was added to obtain the 10 wt.% Pt/C catalyst. The resultant suspension was 

heated in an oven at 100 ºC 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 1.5406 Å) and a Bragg-Brentano configuration. The angle 2θ was varied between 20 to 100º with a 

stepwidth of 0.2° min
-1

 and 35 kV.  

The H2 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 H2 to the sample using an Autochem II 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 μl of a sonicated mixture of 1mg of Pt catalyst, 60 μl of ethyl 

alcohol (spectrum grade) and 8μl of 5wt% Nafion® solution (Du Pont, 1000EW) were deposited on a glassy carbon 

electrode (GC) with a cross-sectional area of 0.19 cm
2
.  

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 μl of 5 

wt% Nafion® solution (Du Pont, 1100 EW), 100 μl of water and 100 μl of ethyl alcohol (spectrum grade). 8 μl 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/Hg2SO4/0.5M H2SO4 

(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 H2SO4 (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
−1 

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
-1

. 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 H2SO4, at 50 mV s
-1

 by integrating the hydrogen-

adsorption/desorption reaction (Hupd), 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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2210.0 cmmC

Q
EAS H

updH

                                          

(1) 

2420.0 cmmC

Q
EAS CO

CO
      (2) 

where, QH and QCO are the measured charges for Hupd, and CO oxidation (mC), respectively. 0.21 mC cm
-2

 and 0.42 

mC cm
-2

 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 2 values of 39.8º, 46.2º, 67.4º, 81.2º and 85.7º characteristics of the (111), (200), (220), (311) 

and (222) planes of face-centered cubic structure of platinum.  

 

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 H2 chemisorption as 

complementary study.  

 

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

Catalyst *Average particle size 

(mn) 

*Platinum 

dispersion (%) 

EAS CO(cm
2

Pt) EAS (Hupd) (cm
2
Pt) 

Pt/C-photo 5.2 21.5 5.5 5.01 

*Estimated by H2 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. 

 

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 

H2SO4 at 318 K. Well defined kinetic currents (jk) (0.93-0.83 V/NHE), mixed-diffusion limiting currents (0.83-0.60 

V/NHE) and diffusion limiting currents (jd) (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 

K 

Slop Tafel 

mV dec
-1

 

Transfer coefficient 

α 

Exchanger Current Density Jo 

mA cm
-2

 

298 -82.10 0.72 1.30 x 10
-6

 

303 -82.48 0.73 1.55 x 10
-6

 

308 -81.78 0.74 1.81 x 10
-6

 

313 -81.17 0.76 3.03 x 10
-6

 

318 -80.78 0.79 5.60 x 10
-6

 

323 -79.28 0.80 7.17 x 10
-6
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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): 

 

jj

j
jj

d

d
k        (3) 

 

Where jd/(jd–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, Er, on 

temperature [19] was evaluated using the value of ΔG◦ (H2–O2 cell) at each temperature using equations (4) and (5): 

 

TTTG 84.92ln8706500     cal mol
-1

, (4) 

nFGEr /0                       (5) 

 

 

 

Figure 3. (a) Steady-state current-potential curves for ORR at different rotating speed, in oxygen saturated 0.5 M 

H2SO4 electrolyte at 5 mV s
-1

 and 45°C, (b) Mass-transfer corrected Tafel plots at different temperatures on Pt/C-

photo electrocatalyst. 
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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 H2SO4. The 

apparent enthalpy of activation, ΔH
#
, was calculated from the linear regression analysis of the slope of the Arrhenius 

equation represented by the equation (6), 

R

H

Td

jd o

303.2)/1(

log #

                                (6) 

 

An apparent enthalpy of activation ΔH
#
 = 58.7 kJ mol

-1
 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 kJ mol
−1

 determined in 0.5M H2SO4 lies in the range of 25–60 kJ mol
−1

 

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. 

ΔH
#
 is the apparent activation energy. 

 

 

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]: 

 

nF

RT

id

dE
b

303.2

log
                           (7) 

 

where: n and α are the number of electrons transferred and the transfer coefficient, respectively. Theoretically, b is 

temperature dependent if α 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
-1

 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 ( dα/ dT= 3.42 x10
-3

 K
-1

) 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 α varies with the absolute temperature by the linear relationship, equation (8): 

 

SH T        (8) 

Where αH is the enthalpic and αS the entropic component to α.The term αH is related to the change of electrochemical 

enthalpy of activation with electrode potential; mean while αS is related to the change of electrochemical entropy of 

activation with electrode potential [23]. αH and αS 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) 

 

TKT SHM

1

1 0035.0326.0     (9) 

αH is found to be -0.326 and αS=3.5×10
-3

 K
-1

. The value of αH, suggests a less enthalpic contribution of the 

electrocatalyst to the ORR than entropy transfer coefficient (αS). 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. 

 

Figure 5. (a) Steady state polarization curves at different rotation speed as a function of disk potential for ORR in 0.5 

M H2SO4 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 H2O2 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 iR versus iD plot at 

different rotation speeds, using as an electrolyte a 5x10
-3

 M K3Fe(CN)6 solution in 0.1 M K2SO4. 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 H2O2 formed by O2 

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]: 

NII

NI
OH

RD

R200
% 22

      (10) 

 

 
 
Figure 6. (a) Steady state polarization curves at different rotation speed as a function of disk potential for ORR in 0.5 

M H2SO4 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 H2O2 produced in the electrochemical process of the ORR reaches a value of 3.8 % at 0.36 V/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., %H2O = 100- %H2O2), 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 (Hupd), figure 

6 (b). The Hupd 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 

 

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 Ω; and volumetric powers were 655 and 1800 mW/m
3
, and 5804 and 1772  mW/m

3
 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
2
, and 209 and 64 mW/m

2
 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 Rint were 4602 and 1593 Ω, 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
+2

 concentration at the end of  

the 3
rd

 and last transfer; this was an evidence of the increase of either the Fe(III) reducing microflora, or Fe(III)-

reducing activity, or both. Furthermore, 100 mM Fe
+2

 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-

mailto:hectorpoggi2001@gmail.com
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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 (Rint) [11,12]. The primary component of Rint is ohmic resistance, which can be further divided 

into the electrolytic resistance and ohmic resistance of electrodes, and the transfer resistance electrodes. The Rohmic is 

dominated by the Rion 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 (Rint) and increasing volumetric power (Pv) 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
2
 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 ξ = 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 Na2CO3 (3 each) and 

K2HPO4 and NH4Cl (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), NaHCO3 (3.0), 

K2HPO4 (0.6), Na2CO3 (3.0), NH4Cl (0.6), plus sodium sulphate (7.0). The initial COD and biomass concentration in 

the MFC-S liquor were ca. 1 450 mg O2/L and 1100 mg VSS/L, the concentration and biomass in the MFC-P liquor 

were ca. 1600 mg O2/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 
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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), NaHCO3 (1.8), Na2CO3 (0.5), Na2SeO4 (0.1). The initial COD and biomass concentration in 

the MFC-S liquor were ca. 950 mg O2/L and 800 mg VSS/L, the concentration and biomass in the MFC-P liquor 

were ca. 1000 mg O2/L and 900 mg VSS/L. 

 

Cathode

Metallic Plaite

PEM

Anode

Metallic Plaite

         
Cathode

PEM

Anode
Metallic Plaite

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 (Rext) 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 (EMFC) and current intensity (IMFC) against the external resistance 

value, forwards and backwards regarding the external resistance (Rext) values. Ab initio, the MFCs were operated at 

open circuit for 1 h. Afterwards, the Rext was varied from 100 Ω to 100 KΩ 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  

A B 
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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 IMFC, the power PMFC and the power density PAn were determined 

according to [2]. 

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

 

PV =  E
2
MFC           (1) 

      VMFC . Rext 

 

where Rext is the external resistance, EMFC is the voltage, and VMFC is the cell volume.  

 

2.1.5 Dermination of Fe(III) reduction 

Fe(III) 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 HCl 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 (1mL, 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 (C2H10N2O4SFeSO44H2O) was used to make a standard Fe(II) 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 (27f, 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 3130xl, 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´= -Σ (pi log pi)            (2) 

   i=1 

where: 

pi = is the proportion of characters belonging to the i type of letter in the string of interest. In ecology, pi 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) 

      ln S 

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. 

 

∆p =  (n’A + n’B)           (4) 

           (nA + nB) 

 

where:  

nAB= 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
‟
B = number of bands of lane B  absent in lane A  

nA= total number of bands in lane A  

nB= 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 Ω 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 PV in MFC loaded with SR and E were 52 and 76 mW/m
3
, respectively, and anode 

density powers PAn of the MFC loaded with SR and E were 4.3 and 6.4 mW/m
2
, 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 

SR 

MFC-S 

E 

Rint (Ω) 4602 ± 40 1593 ± 5 

PAn-max (mW m
-2

) 4.3 ± 0.7 6.4 ± 1.2 

PV-max (mW m
-3

) 52 ± 14 76 ± 21 

IMFC-max (mA) 0.10 ± 0.1 0.33 ± 0.1 

EMFC-max (V) 0.52 ± 0.05 0.65 ± 0.04 

PMFC-max (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 

A B 
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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(III) 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(III) reduction [35,39]. Among the Fe(III)-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 PV/max, 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
2
) was higher (by 10%) then those of the original biofilm (209 mW/m

2
) and activated sludge 

(192 mW/m
2
). 

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 Rint 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 Rint were 400 and 84 Ω for the MFC-P loaded with SR inoculum and connected in  series and parallel, 

respectively, and 292 and 130 Ω for the MFC-P loaded with E, connected in series and parallel, respectively In 

particular, the proportion of Rint 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 PV in MFC-P loaded with SR inoculum and connected in series and parallel were 655 

and 1800 mW/m
3
, respectively, and anode density powers PAn of the MFC-P connected in series and parallel were 

18.4 and 50 mW/m
2
, 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). 
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 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
3
, and anode density 

powers PAn were 64 and 209 mW/m
2
. 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). 

 

 

A B 

A 
B 
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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 

Series 

SR 

MFC-P 

Parallel 

SR 

MFC-P 

Series 

E 

MFC-P 

Parallel 

E 

Rint (Ω) 400 ± 40 84 ± 5 292 ± 40 130 ± 5 

PAn-max (mW m
-2

) 18 ± 0.7 50 ± 1.2 64 ± 0.7 209 ± 1.2 

PV-max (mW m
-3

) 655 ± 14 1800 ± 21 1772 ± 14 5804 ± 21 

IMFC-max (mA) 1.3 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 3.4 ± 0.1 

EMFC-max (V) 0.66 ± 0.05 0.34 ± 0.04 0.82 ± 0.05 0.64 ± 0.04 

PMFC-max (mW) 0.19 ± 0.02 0.49 ± 0.03 0.49 ± 0.002 1.5 ± 0.03 

 

Parallel connection decreased the Rint 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 PV-max 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 PAn 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 PV-max compared to PV 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
+2

 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
+2

 initial and final concentration in serial transfers procedure. We could achieve a 419 mM Fe
+2

 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. 

A B 

C 
D 
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Tabla 3. Concentrarion of Fe
+2

 mM during serial transfer procedure 

Stage Initial Fe
+2

 mM Final Fe
+2

 mM 

Inoculation 7.3 173 

First Transfer 25.5 336.5 

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(III)-reducer from the natural 

enviroment. Soil samples were collected from various paddy fields and enriched with ferric citrate as a source of 

Fe(III) under anaerobic conditions. The final enriched culture showed the highest Fe(III)-reduction activity. Bacterial 

growth was coupled with oxidation of lactate and pyruvate to Fe(III)-reduction, final concentration Fe
+2

 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; δ-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  

(clones) 

Identity 

(%) 

Abundance 

(%) 

Phylum 

 (class) 

 Desulfovibrio  

desulfuricans (1) 100 16 δ-Proteobacteria 

Sulphate-reducing Clostriales  

Bacterium (3) 99 42 Clostridia 

 Alkaliphilus 

 oremlandii (1) 96 16 Firmicutes 

 Uncultured  

Bacterium (2) 93 26 

Uncultured 

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 γ-

Proteobacteria (36.5%), followed by Firmicutes (27%) and δ- Proteobacteria (15%). Logan and Regan (2006) [51], 

observed that the bacterial communities that develop in MFC show great diversity, ranging from primarily δ-

Proteobacteria, that predominate in sediments MFCs to communities composed of α- , β-, γ- or  δ-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 ξ) 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 PV was 

ascribed to the combined effects of increased ξ and decrease of Rint.  

The Rint 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 PV. 

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 δ-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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Abbreviations 

CMA   „sandwich‟ arrangement cathode-membrane-anode 

COD   chemical oxygen demand 
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E   enriched inoculum 

EMFC   MFC voltage 

EAB  electrochemically active bacteria 

IMFC   current intensity 

IMFC-max  maximum current intensity 

LED  light emiting diode 

MFC   microbial fuel cell 

PAn   power density 

PAn-max  maximum power density 

PMFC   MFC power 

PV    volumetric power 

PV-max   maximum volumetric power 

PCR  Polymerase chain reaction 

PEM   proton exchange membrane 

Rext   external resistance  

Rint   internal resistance 

Rohmic   ohmic resistance 

Rion  Ionic resistence 

SR   Sulphate-reducing inoculum 

VMFC   MFC operation volume 

VSS  volatile suspended solids 

 

 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  177 

Methanol Electrooxidation on Au-Pd/C in Alkaline Media:  

The Dissolution of Palladium in the Bimetallic Alloy - A Case Scenario 

 

 

V-H Ramos-Sánchez
1
, Diana Brito-Picciotto

2
, Ramón Gómez-Vargas

3
, and Edgar Valenzuela

4,*
 

 
1
Facultad de Ciencias Químicas, Universidad Autónoma de Chihuahua, Nuevo Campus Universitario, Circuito 

Universitario, Chihuahua, Chih., México. C.P. 31125 
2
Unidad de Energía Renovable, Centro de Investigación Científica de Yucatán, A.C.,   Calle 43 #130, Col. Chuburná 

de Hidalgo, Mérida Yuc., México. C.P. 97200 
3
Energías Renovables y Protección del Medio Ambiente, Centro de Investigación en Materiales Avanzados, S.C., 

Miguel de Cervantes #120, Complejo Industrial Chihuahua, Chihuahua, Chih., México. C.P. 31109  
4
Cuerpo Académico de Energía y Sustentabilidad, Universidad Politécnica de Chiapas, Calle Eduardo J. Selvas S/N, 

Col. Magisterial, Tuxtla Gutiérrez, Chis., México. C.P. 29010 
*
Tel: (961)6120484, fax 6120499, mail: edgarvm@gmail.com  

 

 

 

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 Au2Pd. 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 NaBH4; 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: 

 
3 2 2CH OH+6OH CO +5H O+6e     0.81Vo

aE
 (1) 

 3
2 22

O +3H O+6e 6OH      0.40Vo

cE  (2) 

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.  
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Indeed, incomplete alloying of Au-Pd can be originated due to a faster reduction of Au, when employing sodium 

borohydride (NaBH4), 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 PdCl4
=
 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 Au2Pd, 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], Au2Pd and AuPd hereinafter, 

were synthesized by simultaneous chemical reduction of HAuCl4 and Na2PdCl4 in presence of NaBH4 as a reducing 

agent.  

The Au2Pd and AuPd nanoalloys were prepared by dissolving appropriate amounts of HAuCl4 and Na2PdCl4 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 NaBH4 

solution. All reagents were high purity, 99.99% or better, from Sigma Aldrich, except for NaBH4 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 mg HAuCl4 mg Na2PdCl4 

Au2Pd [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 Au2Pd. In order to obtain either of the 

supported bimetallic catalysts, AuPd/C or Au2Pd/C, 1 g of carbon black (Vulcan XC72) were oxidized with 500 mL 
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of H2O2 (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° 2θ, 5s/step; and employing a Cu Kα radiation´s wavelength of 

1.541877 Å. 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 N2. 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
2
 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 μL 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 Au2Pd 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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A

B

  
 

Figure 1. TEM images of the colloidal dispersions of: A) Au2Pd; 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 Au2Pd/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
o
 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
o
, 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
o
 and 32

o
 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 

Au2Pd/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 Au2Pd/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 Au2Pd/C and AuPd/C. Several insights were inferred through simple observation. In the 

case of Au2Pd/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 Au2Pd/C was attributed to a 

palladium hydride (PdHx) that decomposes at such temperature, releasing hydrogen. Despite not being apparent in 

Figure 2, PdHx was considered, since its corresponding XRD reflections could easily be obscured by the (111) and 

(200) peaks of Au-Pd. Besides, PdHx could be feasibly produced via dissociation of BH4
-
 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 Au2Pd/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 Au2Pd/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 

Au2Pd/C Au0.77Pd0.23 Au0.67Pd0.33 Au-Pd, PdO; PdHx; H2O; C 4.8 16.9 4.56% 

AuPd/C Au0.64Pd0.36 Au0.48Pd0.52 Au-Pd; PdO; C 5.6 21.6 5.56% 
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Electrochemical Performance 

The cyclic voltammograms for the Au2Pd/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
2
/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. 

 2PdO + H O + e Pd + 2OH  (3) 

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 Au2Pd/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 RCT1 

(Ω) 

CPE1 

(F) 

n RCT2 

(Ω) 

CPE2 

(F) 

n 

Au2Pd/C (-) 109.60 0.0074 0.52 245 0.039 0.80 

Au2Pd/C (+) 6 0.04 0.70 80 0.15 0.87 

AuPd/C (-) 200  0.057 0.87    

AuPd/C (+) 220 0.042 0.87    
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Figure 6. Electrical equivalent circuits used during simulations of the EIS results. A) Au2Pd/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 Au2Pd/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 Au2Pd/C, PdHx is also occurring within the catalyst. As a matter 

of fact, PdHx contributes to the EIS analysis, and is represented by the second semicircle present solely in Au2Pd/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 Au2Pd/C. 

 

4. Conclusions 

A complete characterization of Au2Pd/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 Au2Pd/C could be associated 

to a preferential reaction pathway, in which the occurrence of PdHx 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
2
. 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 CO2 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
-4

 

A/cm
2
 compared to 2.6x10

-6
 A/cm

2
 for nickel. 

 

2. EXPERIMENTAL METHODOLOGIES 

 

The composition of the electrolytic bath used for NiMo alloy deposition contained the following, 0.2M 

NiSO4·6H2O (Sigma Aldrich), 0.06M Na2MoO4·2H2O (Mallinckroft Chemical Works), 0.136M 

Na3C6H5O7·2H2O (Baker Analyzed Reagent) and deionized water; the pH was adjusted to 9.0 adding 

NH4OH. 

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
−2

 cm
2
) and 

polished with alumina powder with particle diameters of 1, 0.1 and 0.02 μm. 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/Hg2SO4 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
2
. 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 H2SO4 solution, and a potential sweep from the open 

circuit potential of the system (usually −0.4V vs Hg/Hg2SO4) 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
2
 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
2
. 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/ Hg2SO4, was named Ia, whereas a second material, showing lower catalytic activity, but 

higher electrochemical stability than Ia, was referred as IIa. This was found to oxidize at 128mV vs Hg/ 

Hg2SO4. 
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Figure 1. Polarization curves generated upon applying current pulses at different intensities in the 

range of 7 to 107 mA/cm
2
. The time-axis is in a rectangular (a) and logarithmic (b) scale. 

 

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/Hg2SO4. 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
2
. The activity of the deposits obtained at currents greater than 100 mA/cm

2
 remained 

practically constant. 

a) 

b) 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 

  192 

 
Figure 2. a) Electrocatalytic performance of deposits obtained using current pulses of 25, 35 and 

71 mA/cm
2
. 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
2
 (a) and b)) and 70 mA/cm

2
 (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
2
. However higher density 

(number of nanoparticles per unit area) was found when the applied current pulse was 70 mA/cm
2
 in 

a

) 

b) 
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comparison to that observed at 15 mA/cm
2
. 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
2
. 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
2
, a) and b) and 70 mA/cm

2
, 

c) 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
2
, whereas that in Figure 4 b) 

was 70 mA/cm
2
. Electrodeposit composition was affected by applied current density; a higher Ni content 

( 4 wt %) observed when the current pulse was 70 mA/cm
2
 contrasted with that determined at 15 

mA/cm
2
 ( 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
2
. 

 

500 nm 200 nm 

a) b) 

500 nm 200 nm 

c) d) 
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Figure 4. EDXS analysis of electrodeposits fabricated at 15 and 70 mA/cm
2
, 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
2
, 

respectively, are presented in Figure 5. In Figures 5 a), 5 c) and 5 e) the respective detection of Mo, Ni 

and O within the deposit obtained at 15 mA/cm
2
 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
2
. 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 

a) 

b) 
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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. 

 

 

a) b) 

c) d) 

e) f) 
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Figure 5. EDXS mapping of electrodeposits fabricated at 15 (a), c) and e) and 70 mA/cm
2
 (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
2
. 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
2
 and approximately twice as much at 70 mA/cm

2
. Mo content was unaffected upon 

changing the applied current density from 15 to 70 mA/cm
2
. 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, Ucú, Umán, Kanasín, 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 CO2 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
2 
[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 

H2 technologies (H2 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 CO2, 1 gr/passenger/km for CO, 0.5 

gr/passenger/km for HC and 0.9 gr/passenger/km for NOx [12] and the average emission factor of electricity  that is 

0.4698 tonCO2eq/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 H2 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  

H2 technology in the UPT in the MAM. The next diagram demonstrates the methodology. 

 

 

Figure 1. Methodology diagram for the technical-economic evaluation H2 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 H2 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 H2 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 H2 [16]. Based on this information, it has been estimated that each H2 bus 

will perform 6 full trips per day and needs running 378 km per day requiring 66.15 kg of H2.  

It is considered to introduce 4 H2 buses in 2014, and increase up to a total of 20 H2 buses in 2016, 28 H2 buses in 

2018 and 40 H2 buses in 2020. In order to supply the total H2 demand for these buses a yearly hydrogen production 

of 110 H2 ton/year for 2014 is required 516 H2 ton/year for 2016, 700 H2 ton/year for 2018 and 994 H2 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
3 

 for  2014, 8,176 m
3 

 for 

2016, 11,096 m
3 

 for 2018 and 15,768 m
3 

 for 2020. Also, it has been determinate the emission reduction from clean 

fuel is in order of 16 kton/year of CO2eq , 0.2 kton/year of CO,  0.1 kton/year of HC, 0.2 kton/year of NOx. The 

emission reduction from using renewable energy instead of fosil energy for H2 production is around 31 kton of 

CO2eq/year. Therefore, a total yearly GHG ( Green House Gases) reduction of 47 kton of CO2eq can be achieved, as 

is shown in the figure 2. 
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Figure 2. Total CO2eq avoided emissions for H2 technology implementation for UPT in the MAM. 

 

Once that the requirements of H2  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 H2. Different schemes of energy production are 

compared [11, 17] and the calculated hydrogen cost is of 5.33 USD/kg H2 for an onsite electrolysis grid power 

system, 4.26 USD/kg H2 for an onsite electrolysis wind turbine power system, 4.78 USD/kg H2 for an onsite 

electrolysis hybrid wind turbine/grid power system, 7.66 USD/kg H2 for an onsite electrolysis photovoltaic power 

system and 5.69 USD/kg H2 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 CO2 [18]. The cost of water is considered to be 1.01 USD/m
3
 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 H2 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 H2  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 
IRR 

(%) 
NPV(USD) 

IRR 

(%) 
NPV(USD) 

IRR 

(%) 
NPV(USD) 

IRR 

(%) 
NPV(USD) 

IRR 

(%) 
NPV(USD) 

Governmental 

economic 

support 

33.51 10,413,009 30.12 9,981,094 31.77 10,138,546 37.21 11,368,312 33.79 10,464,491 

Cost of Citaro 

Fuel Cell Bus 
26.25 7,178,907 24.05 7,178,907 25.17 7,178,907 28.21 7,178,907 26.41 7,178,907 

Cost of H2 

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 

service 

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 

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 
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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 H2 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 SnO2 supports could be used as an alternative to carbon black in 

PEM water electrolysis. In this work, IrO2 catalyst was mixed in a colloidal mini-mill with SnO2 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 H2 and O2. 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
5+

, its electrical conductivity increases to 10
2
 or 10

3
 Ω 

-1
 cm

-1
. 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 IrO2 catalyst supported on 

ATO. The catalytic materials composed of IrO2 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 μL of Nafion ® (5 wt. %, Aldrich), 540 μL 

of ethanol spectroscopic grade, 6 mg of IrO2 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
2
). 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 IrO2 supported on Vulcan carbon electrode were used 

Finally, IrO2 and Pt films supported on ATOs were used as working electrodes for the OER kinetic 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/Hg2SO4/0.5 

M H2SO4 (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 H2SO4 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 IrO2 or Pt electrodes 

by scanning the potential at a rate of 50 mV s
-1

 between -0.16 V and 1.54 V under a N2 atmosphere electrolyte 

solution. Oxygen evolution experiments were performed by linear scan voltammetry (LSV) at a scan rate of 5 mV s
-1

 

in the anodic direction from 0.59 V to 1.69 V in O2-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 DISCUSSIÓN 

 

3.1 Evaluation of the supports by cyclic voltammetry 

 

Figure 1 shows cyclic voltammograms obtained for IrO2 supported on ATOs in N2 saturated 0.5 M H2SO4 

solution. The CV diagrams reveal that the electrochemical response for IrO2 is practically unchanged with the use of 

different ATO as support. Also is showed that the current density (j) attributed to IrO2 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 

IrO2 is improved with the use of this supports. The off-peak potential for oxygen evolution on all the IrO2/ATO 

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. 
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Figure 1. Cyclic voltammograms of GCEs coated with  IrO2/ATOs (with different heat treatment times: 3h, 6h, 9h,12 

h, 15h) in 0.5 M H2SO4 at 50 mV s-1.  50 wt % IrO2/ATOs, with atmosphere: N2 and room temperature. 

 

The Figure 2 compares the cyclic voltammograms obtained for IrO2 and Pt supported on ATO (3h) and IrO2 

supported on Vulcan carbon in N2 saturated 0.5 M H2SO4 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 IrO2 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 IrO2/ATO and IrO2/C 

electrodes appear at potential values about 300 mV more negative. 
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Figure2.  Cyclic voltammograms of IrO2/ATO (3h) (….), Pt/ ATO (3h) ( dashed line ) and   IrO2/C ( solid line ) 

electrodes in N2 satured 0.5 M H2SO4 at 50 mV s
-1

. 

 
3.2 Oxygen evolution activity of the IrO2 supported on ATO 

 

 The Figure 3 shows linear scan voltammograms  for OER with  IrO2   support on ATO (with different heat 

treatment times: 3h, 6h, 9h,12 h, 15h) in 0.5 M H2SO4 at a scan rate of 5 mVs
-1

. Since the IrO2 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 IrO2 is supported on ATO (3h) and ATO (12h), while that for the IrO2 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 IrO2/ATO electrodes studied, are showed. 
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Figure 3. Linear scan voltammograms for OER of IrO2/ATO (with different heat treatment times) electrodes in N2  

satured 0.5 M H2SO4 at =5 mVs
-1

. 

 

 In Figure 4 the linear scan voltammograms for OER with IrO2  supported on ATO (3h) and IrO2 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 

IrO2 is supported on carbon respect to the onset OER potential obtained with the IrO2/ATO (3h) electrode. This little 

difference in overpotential could be put sideways in considering the disadvantage of carbon supports that suffer an 

easy corrosion at the high potentials used in the electrolysis process. Then the IrO2   supported on ATO (3h) and 

finally Pt supported on ATO (3h). In Figure 4 also can be seen the poor catalytic activity of Pt for OER. 

 

 

Figure 4. Linear  voltammograms  for  OER on IrO2/ATO (3h) (-----), Pt/ ATO (3h) (solid line) and   IrO2/C (dashed 

line) electrodes in  N2 satured 0.5 M H2SO4,  at =5 mVs
-1

.   
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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 Ω – 7.5 Ω 

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 IrO2 supported on ATO (3h) electrode after IR correction, a 

Tafel slope (b) value of 62 mV dec
-1 

was obtained.  A value close to 60 mV dec
-1

 has been observed for OER on 

some metal oxides in the low overpotential region (ηlow) [25, 26], for this slope value has been proposed the 

following mechanism [27]: 

 

                                                              
ads adsOH O H                              (1)                                                  

                               ads adsO O e                                   (2)  

                               2ads adsO O O                                  (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 IrO2/ATO (3h) after IR correction. 

 

  Figure 6 shows a comparison of Tafel curves for OER on IrO2/ATO (3h), IrO2/ATO (15h) and IrO2/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 (ηhigh) show 

values close to 120 mV dec
-1

. 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 IrO2/ATO (15h) and IrO2/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 IrO2/ATO and IrO2/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 IrO2/ATO (3h) (…..), IrO2/ATO (15h) (solid line) and IrO2/C (dashed 

line) after IR correction. 

 

 

3.3 Electrochemical impedance spectroscopy performance for OER 

 

EIS measurements for oxygen evolution was carried out on IrO2/ATO electrodes in O2-free 0.5 M H2SO4 

solution, in the potensiostatic mode  at an anodic potential of 1.57 V. Figure 7 shows the Nyquist plots for OER on 

IrO2 supported on ATO. The depressed semicircles presented in Figure 7 were adjusted by a CNLS fitting to the 

following equivalent circuit [28]: 
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Where RS is the electrolytic solution resistance, Rf and Cf the resistance and capacitance of the film of 

catalyst/support/Nafion system, and Rtc the resistance of charge transfer associated with the OER in parallel with 

CPEdl the constant phase element corresponding to the impedance of a double layer over an heterogeneous material 

electrode surface [28]. The values of RS and Rtc calculated for the IrO2/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 IrO2 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 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 IrO2/ATO electrodes. 

 

 

Table 1. Onset potential and kinetics parameters for OER on IrO2/ATO electrodes in O2 free 0.5 M H2SO4. 

 EOER (NHE)/V j /(mA cm
-2

) @ 

1.57 V 
Rs /  Rct /  

@ 1.57 V 

b / (mV dec
-1

) 

ηlow              ηhigh 

IrO2/ATO(3h) 1.5 16.2 4 42 62 - 

IrO2/ATO(6h) 1.55 5.7 3 230 68 - 

IrO2/ATO(9h) 1.55 4.5 3.5 321 78 120 

IrO2/ATO(12h) 1.5 15.8 7.5 184 65 - 

IrO2/ATO(15h) 1.55 4.5 4.5 577 75 122 

IrO2/C 1.41 - 4.1           284 @ (1.49V) 60 - 

Pt/ATO(3h) 2 - 6.8        1050 @ (2V) - - 
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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 H2SO4 solutions 

 

 

 

4. CONCLUSIONS 

 
Electrochemical studies were performed for the OER on IrO2/ATO 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 SnO2 (ATO)  is a promising supports for WE and URFC. The 

OER onset potential of IrO2 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 mgPt·cm
-2

), at both sides of the 

Nafion 115 membrane, followed by hot-pressing of 10 kg·cm
-2

 at 120 °C for 2 min. The effective area for each single 

MEA was 28 cm
2
 being 84 cm

2
 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 mgPt cm
-2

), 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
2
 providing a total active area of 84 cm

2
 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
2
. 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
2
 active geometrical area. The gas pressures (gp) at the anode and cathode sides were kept at 30 psi 

for H2 and 34 psi for O2, respectively. The fuel cell test station was operated with high purity H2 and O2 at 100 cm
3
 

min
−1

. The temperature of the humidified reactant gases was kept 5 ºC above the temperature of the cell. The 

performance was measured under steady-state conditions at 25 ºC 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. 

 

 

                        

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
2
 

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
2
 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
3
 min

-1
 of both gases at cell temperature of 25 °C.  
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Figure 5. H2/O2 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 (Pt0.8Mo0.2)0.25/C0.75 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)6) and hexachloroplatinic acid (H2PtCl6) 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 CO2. 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 MoO3 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
3
 min

-1
, during 24 h, through 

an aqueous H2PtCl6 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 (Pt0.8-

Mo0.2)0.25/C0.75 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 N2 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 N2 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 μL 2-propanol, 10 μL Nafion
TM

 resin liquid mixture, 

was prepared. The dispersion was placed in an ultrasound bath during 15 min and 5 μL 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
-2

, 

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 H2SO4 solution was employed as supporting electrolyte in 

all experiments. The working solution is a 1.0 M methanol, 0.5 M H2SO4 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
-1

, 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.  
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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 H2 O4, 

at 30 mV s
-1

. 

 

 

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. 

 

 

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  H2 O4, 

at 30 mV s
-1

. 

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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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 Yucatán, 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.
a
 

 

State Campeche Quintana Roo Yucatán Peninsula 

Surface (thousands km
2
) 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
2
)

b 
184.66 217.01 421.05 822.72 

Agricultural surface (km
2
)

 
2,341.65 1,238.15 7,844.78 11,424.58 

Natural protected areas surface (km
2
)

c 
17,544.12 12,500.97 4,451.30 34,496.39 

a
 Values from the National Census 2010 [1], unless any other reference is given.  

b
 Values for the year 2005 [1]. 

c
 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: Petróleos Mexicanos (PEMEX) and Comisión 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. 

 

a
 Values for March 2011 [4]. 

b
 Values for the year 2010 [3]. 

c
 Values form the 2010 National Census [1]. 

d
 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. 

 Campeche Quintana Roo Yucatán Peninsula Mexico 

Installed capacity (MW)
a 

449 285 1,532 2,266 51,172 

Brut generation (TWh)
b 

2.0 Not available 8.7 - 241.5 

Annual sells (TWh)
b 

1.1 3.6 2.8 7.5 186.6 

% Population with electrical services
c 

95.8 94.5 96.6 95.7 96.2 

Electrical supply (kWh per capita)
d 

1,331 2,734 1,454 1,843 1,661 
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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
-2

 of solar irradiance at 25
º
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
-2

. 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
-2

 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
-2

·day
-1

) 

Collectors General Range More Frequent Range Average
a 

Horizontal 4.5-6.0 5.0-5.5 5.2 ± 0.2 

Tilted 5.0-6.0 5.0-5.5 5.5 ± 0.2 

2-Axes 3.5-6.0 4.5-5.0 5.0 ± 0.4 

a
 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
2
 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
2
 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
-2

, the solar electric footprint is only (20 ± 1) m
2
 per capita. This means that if every inhabitant installs 

20 m
2
 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
2
 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
-2

 [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 

(Wind Class 4) 

Capacity factor 

(%) 

Height 

(m) 

Capacity density 

(MW·km
-2

) 

Energy density
a 

(GW·km
-2

·year
-1

) 

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 

a
 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
-2

 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
-2

·year
-1

, 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
2
. 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
-1

) 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
-1

) 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 (
o
C) 26.4 25.4 25.2 24.2 

Global horizontal radiation (kW·h
-1

·day
-1

) 5.30 5.64 5.82 5.31 

Wind speed (m·s
-1

) 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 7
 

Turbine model E E
 

E N A W E
 

Hub height (m) 30 80 80 80 80 80 80 

Total surface (m
2
)

a 
9,600 1,920 9,600 5,250 6,000 11,750 9,600 

Total installation cost (M$US)
b
 2.540 0.556 2.540 1.996 2.334 4.173 2.540 

Produced energy (GWh·year
-1

) 1.530 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)
c 

8.69 6.87 6.85 8.21 9.88 17.65 24.24 

LCOE real (¢US/kWh)
c 

6.67 5.23 5.26 6.30 7.58 13.54 18.60 

a
 Estimated from the recommendation 10D x 5D by Denholm [8]. 

b
 Land costs are not included; differences in hub-height installation costs are not considered. 

c
 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
)

a 
2,083 7,692 10,417 25,000 10,417 10,417 

Total installation cost (M$US)
b
 0.450 2.249 2.249 2.249 2.235 2.249 

Produced energy (GWh year
-1

) 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)
c
 13.80 14.70 13.80 13.17 15.12 11.74 

LCOE real (¢US/kWh)
c
 10.59 11.28 10.59 10.11 11.60 9.01 

a
 Estimations from PV array power density values given by Denholm and Margolis (2008). 

b
 Land costs are not included; differences in array-installation costs are not considered. 

c
 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
-1

. Saur and Ramsden [14] have used an efficiency value of 50 kWh·kg
-1

 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
-1

 

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 

(GWh year
-1

) 

H2 production 

(kg year
-1

) 

H2 production 

(kg day
-1

) 

Driven distance 

(km day
-1

) 

Wind 

Wind 

Wind 

Sisal 1.940 25,867 70.9 659.1 

Telchac 1.882 25,093 68.7 639.4 

Chelem 1.574 20,987 57.5 534.7 

PV 

PV 

PV 

PV 

Chelem 1.016 13,547 37.1 345.2 

Sisal 1.011 13,480 36.9 343.5 

Telchac 0.988 13,173 36.1 335.6 

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 

Mérida, 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
-2

·year
-1

) 

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 ºC, 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
-1

 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 ºC temperature 

interval at 10 ºC/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 ºC, with a 10 ºC/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 ºC with a ramp of 5 ºC/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/AA 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. 

 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  250 

3500 3000 2500 2000 1500 1000 500

0.0

0.5

1.0

1.5

2.0

2.5

A
bs

or
ba

nc
e 

(%
)

Wavelength (cm
-1
)

PS

PSAA

+0.001

+0.01

+0.1

 

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
-1

, aromatic ring overtones below 2000 cm , and 

the corresponding ring vibrations at 1600, 1492 and 1450 cm
-1

, and finally the C-H bendings from backbone at 758 

and 700 cm
-1

, as well as the one from the ring at 541 cm
-1

. Once the copolymer was prepared (PSAA), the FTIR 

spectra show a slight broadening for the C-H aromatic and aliphatic bands around 3000 cm
-1

, as a consequence of the 

OH group from the acrylic acid. It is also clear the formation of the C=O carbonile stretching band at 1704 cm
-1

 and 

the C-O stretching band at 1240 cm
-1

, 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
-1

.  

Indication of TMPTMA into the copolymer is seen as the 1732 cm
-1

 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 
-1

) 

 

Table 2. Esther formation in copolymers with addition of TMPTMA 

Polymer Band ratio (1732/758 cm
-1

) 

PS/AA 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, 
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since only 4 hours are needed to dissolve almost all of the low crosslinked materials while THF need 8 hours to do 

so. 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 102ºC as it is well known, but the copolymer with 6 % mol of acrylic acid 

enhances the transition up to117ºC 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 (350ºC), 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. 
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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 (ºC) 

PS 409 
PS/AA 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 30ºC.  

 

 
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 Sm2GaTaO7 was successfully synthesized 

by a conventional solid state reaction. RuO2 nanoparticles were loaded as cocatalyst onto Sm2GaTaO7 surface. 

X-ray powder diffraction and Rietveld refinement characterization results revealed that Sm2GaTaO7 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 μm and a specific surface area of 0.5 m
2
 

g
-1

. The photocatalytic water splitting reaction results revealed that Sm2GaTaO7 was able to produce hydrogen 

from pure water. The hydrogen production activity was enhanced by using the optimal RuO2 amount, which 

exceeded 2.4 times the production of pure Sm2GaTaO7. 
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1. Introduction 

Actually, hydrogen (H2) has received special attention as a next-generation energy carrier. H2 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 H2 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
0
 electronic configuration like Ti

4+
, Zr

4+
, 

Nb
5+

 and Ta
5
 have been widely studied  and showed potential activity for water splitting into H2 and O2 [1,4,6-

8]. On the other hand, it has been reported that some metal oxides consisting of cations with d
10

 electronic 

configuration such as Ga
3+

, In
3+

, Ge
4+

, Sn
4+

 and Sb
5+

 are also attractive materials for this reaction [9-11]. Density 

functional theory results (DFT) revealed that the conduction band of d
10

 metal oxides present a large dispersion 

which allows higher mobility of the photoexcited electrons than d
0
 transition metals [11]. However, pyrochlore- 

type mixed oxides Sm2InTaO7 and Sm2InNbO7 that combine cations with 4f-d
10

-d
0
 configuration showed much 

higher activity for H2 evolution when compared to Sm2Zr2O7 and InNbO4 with 4f-d
0
 and d

10
-d

0
 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 H2 

evolution using 4f, d
10

 and d
0
 mixed metal oxides [12-15].       

 

Other way to improve the photocatalytic water splitting reaction is through a surface modification loading Pt, 

NiO and RuO2 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
10

 configuration, Ga2O3 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, Sm2GaTaO7. 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 RuO2 nanoparticles.   

 

2. Experimental 

2.1 Synthesis by solid state reaction 

Sm2GaTaO7 was synthesized by solid state reaction using Sm2O3, Ga2O3 and Ta2O5 (Aldrich purity > 99.9 %) as 

starting materials. The powders were dried before the synthesis at 200ºC 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 

1400ºC under an air atmosphere using a heating rate of 1ºC/min with intermediate regrinding to complete the 

reaction.  
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2.2 Wet impregnation method 

Sm2GaTaO7 was impregnated with different content of RuO2 (0.2, 1.0 and 1.5 weight %) using the 

stoichiometric amount of ruthenium carbonyl complex, Ru3(CO)12, in tetrahydrofuran. During impregnation, 

Sm2GaTaO7 powders were immersed into solution, the slurry was stirred at 80 ºC until  complete evaporation of 

the solvent. Then, in order to convert the Ru surface species to RuO2 nanoparticles, each material was thermally 

treated at 400 ºC by 1 hour under an air atmosphere using a heating rate of 10 °C/min. These materials were 

labeled as xRuO2/Sm2GaTaO7, where “x” denote the weight % impregnated.   

 

2.3 Characterization 

Sm2GaTaO7 was characterized by X-ray powder diffraction method (XRD) using a Bruker D8 Advance 

diffractometer and CuKα radiation (λ = 1.5406 Å) as the incident X-ray source. XRD data were collected at 

room temperature from 10 to 100º with a step interval of 0.01º and a counting time of 1s step
-1

. 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 RuO2 was determined by energy dispersive X-ray spectroscopy (EDS) analyzing five random 

zones. The specific surface area (SBET) was determined by physical adsorption of nitrogen at -196 ºC using an 

analyzer Quantachrome NOVA 2000e. Prior to analysis the samples were degassed at 300 ºC 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 ºC. 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 Sm2GaTaO7 

According with XRD analysis, Sm2GaTaO7 was obtained as a single phase at 1400 ºC and 24 hours. As shown in 

Figure 1, the diffraction peaks were intensive and narrow, suggesting a good crystallization and large particle 

size. Sm2GaTaO7 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 Sm2GaTaO7 was quite similar to monoclinic Sm2FeTaO7 compound recently reported by our 

research group [17].  

 

 
 

Figure 1. XRD pattern of Sm2GaTaO7 synthesized by solid state reaction method at 1400ºC. 

 

To determinate the crystal structure of Sm2GaTaO7, a Rietveld refinement was carried out using a theoretical 

monoclinic unit cell with space group C2/c (No. 15) as a model, recently reported for Sm2FeTaO7 [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 Sm2GaTaO7 can be entirely indexed for a 

monoclinic crystal structure with the space group C2/c. This results revealed that Sm2GaTaO7 and Sm2FeTaO7 

are isostructural compounds, this is due to their very close ionic radii, Fe
3+

 = 0.64 Å and Ga
3+

 = 0.62 Å [18]. 

Therefore, Sm2GaTaO7 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 Sm2FeTaO7 [17]. The structural arrangement of Sm2GaTaO7 differs from SmTaO4 with a 

fergusonite-type structure that can be regarded as arrays of TaO4 tetrahedrons that are not linked together [15].  
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Figure 2. XRD patterns from Rietveld refinement of Sm2GaTaO7. 

 

Table 1 shows the crystal data and the reliability factors obtained for Sm2GaTaO7, while the refined atomic 

positions are listed in Table 2. The lattice cell parameters of Sm2GaTaO7 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. 

Parameter 

a (Å) 13.1386(3) 

b (Å) 7.5911(2) 

c (Å) 11.5495(3) 

β (°) 101.087(2) 

Crystal structure Monoclinic 

Space group C2/c 

Z 8 

Rwp’ (%) 6.69 

χ
2
 1.25 
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Table 2. Atomic positions of Sm2GaTaO7 obtained from Rietveld refinement results. 

Atom Site Occupancy x y z 

Sm1 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/Ta1 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 

O1 8(f) 1 0.334(3) 0.112(6) 0.306(3) 

O2 8(f) 1 0.471(4) 0.128(7) 0.096(3) 

O3 8(f) 1 0.218(4) 0.137(6) 0.611(3) 

O4 8(f) 1 0.461(3) 0.098(5) 0.726(4) 

O5 8(f) 1 0.732(4) 0.142(6) 0.545(3) 

O6 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 Sm2GaTaO7 and 0.2RuO2/Sm2GaTaO7 materials. It can be 

observed that materials exhibit semi-spherical particles with size larger than 1 μm. 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 RuO2/Sm2GaTaO7 materials revealed that RuO2 content was 0.2, 0.9 and 1.5 

weight percent.  

The adsorption analysis results showed that Sm2GaTaO7 and RuO2/Sm2GaTaO7 materials had similar specific 

surface area of around of 0.5 m
2
 g

-1
. This indicates that surface area variation after impregnation was not 

significant due to the low content of RuO2 loaded. 
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Figure 3. SEM images of  Sm2GaTaO7 (a), 0.2RuO2/Sm2GaTaO7 (b) and 

  EDS spectrum of 0.2RuO2/Sm2GaTaO7.   

 

The UV-Vis diffuse reflectance spectrum of Sm2GaTaO7 is showed in Figure 4. The spectrum exhibits the major 

peak at λ < 320 nm and also can be noted several peaks at λ > 350 nm attributed to internal transitions of the 

partly filled samarium 4f shell [13,15,21]. According with the Kubelka-Munk analysis results, Sm2GaTaO7 

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].    

 

 

Figure 4. Plot of Kubelka-Munk function of Sm2GaTaO7. 
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Figure 5 shows the UV-Vis diffuse reflectance spectra of Sm2GaTaO7 materials. It is evident that the reflectance 

values gradually decreased (the absorption in opposition increased), as the wt. % RuO2 amount was increased. 

After impregnation the samples had a much darker color when RuO2 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 RuO2 nanoparticles on the Sm2GaTaO7 surface.   

 

 
 

Figure 5. UV-Vis diffuse reflectance spectra of Sm2GaTaO7 samples: (a) without RuO2, (b) 0.2% RuO2,  

(c) 0.9% RuO2 and (d) 1.5% RuO2.   

 

 

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 H2 

evolution as a function of irradiation time from pure water. The photocatalytic H2 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 RuO2 wt.% content. The material 0.2RuO2/Sm2GaTaO7 presents the higher 

hydrogen production but when the RuO2 amount increase to 0.9 and 1.5 wt.%, hydrogen production decreases 

considerably and it is even less than Sm2GaTaO7.  These results revealed that RuO2 as cocatalyst provide 

efficient active sites for H2 evolution, however an excess in the RuO2 wt. % amount may cause agglomeration of 

the RuO2 nanoparticles reducing the number of active sites for H2 evolution.  Moreover, excessively loaded of 

RuO2 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 Sm2GaTaO7 materials: (a) without RuO2, (b) 0.2% RuO2,  

(c) 0.9% RuO2 and (d) 1.5% RuO2. 

 

Table 3. Photocatalytic activity of Sm2GaTaO7 for hydrogen production 

 

Photocatalyst H2 evolution 

(μmol h
-1

 g
-1

) 

Sm2GaTaO7 58 

0.2RuO2/Sm2GaTaO7 137 

0.9RuO2/Sm2GaTaO7 43 

1.5RuO2/Sm2GaTaO7 37 

 

Although it has been reported that RuO2 cocatalyst can act as both reduction and oxidation site during water 

splitting reaction [5]. However, in the present work, it was observed that RuO2 only acts as reduction site for H2 

evolution because O2 evolution was not presented. It could be associated with the possible adsorption of O2 

molecules onto the Sm2GaTaO7 surface. These was previously reported by some authors [13,22].  

 

Table 4 resumes some H2 production reported results. In most of the cases, the H2 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 H2 is uncertain and may not be issued exclusively from photocatalytic water splitting [23-25]. The H2 

production rate of Sm2GaTaO7 was 39 times higher than SmTaO4 under similar reaction conditions. This higher 

hydrogen production can be understood from the following aspects. Firstly, the presence of Ga
3+

 makes possible 

the formation of a 4f-d
10

-d
0
 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 Sm2GaTaO7 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 RuO2 as cocatalyst decreases 

considerably the recombination of the electron-hole pairs and provides extra reaction sites for the H2 evolution.  

Therefore, Sm2GaTaO7 in combination with an optimal amount of RuO2 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 H2 evolution from photocatalytic  

water splitting using different complex oxides 

 

Photocatalyst 
Sacrificial 

agent 
Reaction conditions Light source 

Specific H2 

evolution 

(μmol h
-1

 g
-1

) 

Ref. 

Sm2GaTaO7 none 
0.3 g  of catalyst and 

300 mL of pure water 

400 W High 

Pressure Hg lamp 

58 This 

work 0.2 RuO2/Sm2GaTaO7 137 

 

SmTaO4 none 
0.2 g of catalyst and 

200 mL of pure water 

400 W High 

Pressure Hg lamp 

1.5 
15 

0.7 Ni/SmTaO4 46 

 

RbSmTa2O7 none 
0.2 g of catalyst and 

200 of mL pure water 

400 W High 

Pressure Hg lamp 
53 21 

 

0.2 Pt/Bi2GaTaO7 

methanol 

2 g of catalyst, 50 mL 

of methanol and 320 

mL of  water 

400 W High 

Pressure Hg lamp 

31 

26 0.2 Pt/Bi2InTaO7 497 

0.2 Pt/Bi2FeTaO7 56 

 

Bi2LaTaO7 none 
1 g  of catalyst and 

300 mL of pure water 

400 W High 

Pressure Hg lamp 

42 
27 

Bi2YTaO7 34 

 

Bi2AlNbO7 

methanol 

0.1 g of catalyst, 20 

mL of methanol and 

400 mL of water 

350 W High 

Pressure Hg lamp 

45 

28 
NiOx/Bi2AlNbO7 74 

Bi1.8La0.2AlNbO7 105 

NiOx/Bi1.8La0.2AlNbO7 141 

 

La:Cd2TaGaO6 

ethanol 

0.3 g of catalyst,  45 

mL of  ethanol and  

405 mL of water  

300 W High 

Pressure Hg lamp 

300 

7 0.5Pt/La:Cd2TaGaO6 5700 

0.5NiO/La:Cd2TaGaO6 2833 

 

4. Conclusions 

The Sm2GaTaO7 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 Sm2GaTaO7 was able to produce 

H2 from pure water, this result reveals that crystal structure and the constitute elements play an important role in 

the photocatalytic activity. The RuO2 acts as an effective cocatalyst to enhance photocatalytic H2 production 

activity of Sm2GaTaO7. The optimal RuO2 loading amount was found to be 0.2 wt.%. At this content, H2 

production was 137 μmol h
-1 

g
-1

, which exceeded 2.4 times the production of pure Sm2GaTaO7. 

 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 

  266 

5. Acknowledgements 

Authors want to thank for the financial support of this research to CONACYT through project CB 98740-2008 

as well as PAICYT-UANL-2010 projects and PIFI-2011. Miguel A. Ruiz-Gómez would like to thank 

CONACYT for his scholarship no. 239336. 

 

6. References  

[1] K. Maeda, J. Photochem. Photobiol., C, 12, 237 (2011). 

[2] D. Jing, L. Guo, L. Zhao, X. Zhang, H. Liu, et al., Int. J. Hydrogen Energy, 35, 7087 (2010). 

[3] J. Zhu and M. Zach, Curr. Opin. Colloid Interface Sci., 14, 260 (2009). 

[4] A. Kudo and Y. Miseki, Chem. Soc. Rev., 38, 253 (2009). 

[5] K. Maeda, R. Abe and K. Domen, J. Phys. Chem. C, 115, 3057 (2011). 

[6] L.M. Torres-Martínez, R. Gómez, O. Vázquez-Cuchillo, I. Juárez-Ramírez, A. Cruz-López and F.J. 

Alejandre-Sandoval, Catal. Commun., 12, 268 (2010). 

[7] Y. Chen, H. Yang, X. Liu and L. Guo, Int. J. Hydrogen Energy, 35, 7029 (2010). 

[8] I.S. Cho, S.T. Bae, D.H. Kim and K.S. Hong, Int. J. Hydrogen Energy, 35, 12954 (2010). 

[9] J. Sato, N. Saito, H. Nishiyama and Y. Inoue, J.  Phys. Chem. B, 105, 6061 (2001). 

[10] J. Sato, H. Kobayashi, K. Ikarashi, N. Saito, H. Nishiyama and Y. Inoue, J. Phys. Chem. B, 108, 4369 

(2004). 

[11] N. Arai, N. Saito, H. Nishiyama, Y. Shimodaira, H. Kobayashi, Y. Inoue and K. Sato, J. Phys. Chem. C, 

112, 5000 (2008). 

[12] X.D. Tang, H.Q. Ye, H. Liu, C.X. Ma and Z. Zhao, Chem. Phys. Lett., 484, 48 (2009). 

[13] X. Tang, H. Ye, H. Liu, C.X. Ma and Z. Zhao, J. Solid State Chem., 183, 192 (2010). 

[14] R. Abe, M. Higashi, Z. Zou, K. Sayama, Y. Abe and H. Arakawa, J. Phys. Chem. B, 108, 811 (2004). 

[15] M. Machida, S. Murakami, T. Kijima, S. Matsushima and M. Arai, J. Phys. Chem. B, 105, 3289 (2001).  

[16] Software Topas R, version 3, Bruker AXS, West Germany, (2005). 

[17] L.M. Torres-Martínez, M.A. Ruiz-Gómez, M.Z. Figueroa-Torres, I. Juárez-Ramírez, E. Moctezuma and E. 

López-Cuellar, Mater. Chem. Phys., 133, 839 (2012). 

[18] R.D. Shannon, Acta Cryst., 32, 751 (1976). 

[19] G.M. Veith, M.V. Lobanov, T.J. Emge, M. Greenblatt, F. Stowasser, et al., J. Mater. Chem., 14, 1623 

(2004). 

[20] I. Levin, T.G. Amos, J.C. Nino, T.A. Vanderah, I.M. Reaney, C.A. Randall and M.T. Lanagan, J. Mater. 

Res., 17, 1406 (2002). 

[21] M. Machida, J. Yabunaka and T. Kijima, Chem. Mater., 12, 812 (2000). 

[22] J. Yin, Z. Zou and J. Ye, J. Phys. Chem. B, 107, 4936 (2003). 

[23] O. Rosseler, M.V. Shanker, M. K. Du, L. Schmidlin, N. Keller and V. Keller, J. Catal., 269, 179 (2010). 

[24] T. Puangpetch, T. Sreethawong, S. Yoshikawa and S. Chavadej, J. Mol. Catal. A: Chem., 312, 97 (2009). 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 

  267 

[25] J. Wang, C.S. Lee and M.C. Lin, J. Phys. Chem. C, 113, 6681 (2009). 

[26] J. Wang, Z. Zou and J. Ye, J. Phys. Chem. Solids, 66, 349 (2005). 

[27] J. Luan, X. Hao, S. Zheng, G. Luan and X. Wu, J. Mater. Sci., 41, 8001 (2006). 

[28] Y. Li, G. Chen, H. Zhang and Z. Li, Mater. Res. Bull., 44, 741 (2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2011 

 
 

 

  268 

Graphene Oxides for Application in Non-Faradaic Supercapacitors  

 

J M Baas López
1
, J. A. Azamar

2
, M. Smit

1 
and D.E. Pacheco-Catalán

1
* 

 

1. Centro de Investigación Científica de Yucatán (CICY), Calle 43 No. 130, col. Chuburná de Hidalgo,  

C.P. 97200, Mérida, Yucatán, México. 

2. Centro de Investigación y de Estudios Avanzados del IPN, Unidad Mérida, A.P. 73, Cordemex, 

C.P.  97310, Mérida, Yucatán, México  

* contact email: dpacheco@cicy.mx 

 

 

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
2
•g

-1
, 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
2
. 

 

 

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
2
g

-1
) , 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 100µL of a solution graphene oxide concentration of 5mg in 

20ml of ethylene glycol and 100µL 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
2
 of area and this was deposited 400 µL 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 H2SO4, 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.  

 

 

 

 

 

 

 

 

Figure1: 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 

O 9.78 O 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
-1

, this band is called G and its relationship with the graphitic order. This band is 

shown at 1580 cm
-1

 of Raman shift for highly ordered pyrolytic graphite (HOP) [10], (see Figure 2) which was used 

as background to compare with the obtained graphene. 

a b 
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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
-1

 called D [11]. In the figure 2  is showed the appears in the curve of 

graphene oxide this band at 1339cm
-1

; in graphene reduced this band appears at 1333cm
-1

. 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 (ID / 

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 (ID/IG) 

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
-1

 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. 

0,0 0,2 0,4 0,6 0,8 1,0

-1,0x10
-3

-5,0x10
-4

0,0

5,0x10
-4

1,0x10
-3

 

 

  Carbon

  Carbon with GO

  Carbon with EthylG

  Carbon with GR

i 
/A

.c
m

-2

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
-1

 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
-6

 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].  

                                                                       (1) 

where C is the specific capacitance based on the mass of material electroactive (F.g
-1

), I it is the current density 

response (A cm
-1

),  is the sweep rate (mV s
-1

), 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. 

Sample 
Capacitance 

(F) 

Specific capacitance 

(F g
-1

) 

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
-1

 with only 4 x 10
-6

 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. 

 

 

 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  277 

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
2
 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 Proteín 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 SCE, this peak was better defined at a sweep rate of 100mV/s, with values in the order of A. 

 

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 559 g, 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 SCE, 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. 

 

 

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 (H2 and O2) 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
2
 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). 

 

Figure 1. System design  
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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
3
 for the water container and 26,70 cm

3
 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). 

 

. 

 

 

 

 

 

 

 

 

 

Figure 3. RFC acrylic end plates 
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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
2
. 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. 

 

 

 

 

 

 

 

 

                                                                                            

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
2
 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/cm
2
. Nafion 115 was used as electrolyte, after activation in H2SO4 and H2O2. 

The membrane-electrodes assembly (MEA) was prepared by hot pressing at 120°C with 4000 lb for 4 min [2]. See 

figure 5. 

 

 

 

 

 

 

 

Figure 5. Membrane Electrode Assembly. 

Central area of 4 cm
2
 

with holes of 1.98 

mm. 
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MEA’s were characterized as conventional fuel cells, injecting a flow of hydrogen and oxygen gas of 0.05 l/min, at a 

temperature of 25°C in fuel cell test system 850C (Scribner Associates) and using a BioLogic 

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]: 

 75 wt % of mesoporous carbon type Cummings by Asbury Carbon  

 20 wt% of PVDF polyvinylidene fluoride  by Aldrich 

 5 wt % 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 H2SO4 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.  

  

 

 

                                     a) 

 

 

                                                 b) 

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
-1

 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 

Current Collector 

Electrodes Separator Paper 
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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 (Cesp) of the material was determined from the following equation 1: 

75.0*

*
2

2

X

V

itd

Cesp

                                                                         (1) 

Where: i is the current density, td is the discharge time, ΔV2 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. 

S3

S1

M

+

-

+

-

- +

S2 S4

Photovoltaic

panel

RFC's

Bank of

supercapacitors

Electric

motor

 

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  2.8 V 

Gas production time 15 min 

Volume of hydrogen produced 26 cm
3
 

Volume of oxygen produced 10 cm
3
 

Cell PEM  

Stack output voltage 1.3 V 

Maximum output current 0.85 A 

Output power 2.4 W 

Supercapacitors  

Operating voltage 1 V 

Capacitancia values 

 

≈ 22 F 

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 c 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. 

 

 

a)                 b) 

  

c) d) 

Figure 9. a) Polarization curves and power for RFC 1; b) AC impedance spectrum for RFC 1; c) 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
2
 with a potential limit  of 1.0 V are 

shown in figure 10. 

 
 

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  X and 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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ABSTRACT 

 

Cu and Ni were supported on ZrO2 by the impregnation method, and tested in the oxidative steam reforming of 

methanol (OSRM) reaction for H2 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/ZrO2 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: NishellCucore/ZrO2 ≈ CushellNicore/ZrO2 > Ni/Cu/ZrO2 > Cu/Ni/ZrO2 > Cu-Ni/ZrO2 > Cu/ZrO2 > 

Ni/ZrO2. 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 H2 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 % CH4) 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 CO2. 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  

ZrO2 was prepared by the sol-gel method and calcined a 400 ºC. The prepared support were impregnated with an 

aqueous solution of Cu(CH3CO2)2•H2O or NiNO3•6H2O 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, ZrO2 was successively impregnated with 

an aqueous solution of Cu(CH3COO)2. Then, the excess of water was removed at 80 ºC under constant stirring and 

the catalysts were dried at 110 ºC and calcined at 400 ºC for 2 h followed by cooling down to r.t. Then, an aqueous 

solution of NiNO3•6H2O was added and the resulting solid was calcined at the same temperature and time. The as 

prepared catalysts will be referred as Ni/Cu/ZrO2. 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/ZrO2. The third sample (Cu-

Ni/ZrO2) was prepared by using a simultaneous impregnation (also called co-impregnation): an aqueous solution of 

Cu(CH3COO)2 and NiNO3•6H2O were added to ZrO2 and calcined at 400 ºC for 2 h. All the samples were reduced 

at 450 ºC using a mixture of H2 (5%)/Ar (50 mL/min) stream for 1.5 h before characterization.  

 
3. Results and discussion 

ZrO2 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 ºC 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
2
/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/ZrO2 and Cu-Ni/ZrO2 

catalysts had the lowest surface area, as well as, the total pore volume (Table 1). 

 

Table 1. TPR peaks positions, ºC and concentrations (%) of the reducible species in the Cu/Ni-base catalysts 

Catalyst 

Surface area Total pore volume Reduction temperature (ºC) H2/MO 

m
2
/g cm

3
/g Before after before After 

ZrO2 42 0.0736 - - - - 

Cu/ZrO2 12 0.0271 217, 248, 290, 340 174 0.77 0.11 

Cu/Ni/ZrO2
 

28 0.0512 192, 222 171 0.93 0.26 

Cu-Ni/ZrO2
 

11 0.0262 203, 259 183 0.76 0.09 

Ni/Cu/ZrO2
 

37 0.0582 185, 220 174 0.83 0.21 

Ni/ZrO2 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/ZrO2 catalyst. It is important to mention that 

the bare ZrO2 and the other catalysts had the same morphology, so, particles with spherical tendency. This is 

understandable because we used the ZrO2 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 2θ. An expanded 

scale was used in order to illustrate the peaks of pure Cu and Ni phases or Cu/Ni alloys present on the ZrO2.  XRD 

patterns of the samples before the catalytic test evidenced diffraction peaks of the tetragonal and monoclinic phases 

of the ZrO2. In addition, diffraction peaks of the metallic Cu and Ni phases were identified on the Cu/ZrO2 and 

Ni/ZrO2 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/ZrO2 and the bimetallic Cu-Ni/ZrO2 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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Figure 1. a) Typical SEM images of the fresh Ni/Cu/ZrO2 catalyst. b) XRD patterns of the Cu-Ni base catalysts 

supported on ZrO2 (before and after catalytic reaction). 

 

Fig. 2 shows the theoretical calculations of the monometallic and bimetallic models over ZrO2. After the geometry 

optimization of the theoretical models, the total energy and the energy of the gap had the next values: 

Ni(shell)/Cu(core)/ZrO2 (-3193.49, 0.0027) eV, Cu(shell)/Ni(core)/ZrO2 (-3429.43, 0.0159) eV, Ni/Cu/ZrO2 (-3419.37, 

0.0185) eV, Cu/Ni/ZrO2 (- 3488.39, 0.021) eV, Cu-Ni/ZrO2 (-3655.28, 0.108) eV, Cu/ZrO2 (-3810.23, 0.385) eV and 

Ni/ZrO2 (-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: Ni(shell)/Cu(core)/ZrO2  ≈ CushellNicore/ZrO2 > Ni/Cu/ZrO2 > Cu/Ni/ZrO2 > Cu-Ni/ZrO2, > Cu/ZrO2 > Ni/ZrO2. 

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/ZrO2) 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 Ni(shell)Cu(core)/ZrO2 and Cu(shell)Ni(core)/ZrO2 are the most reactive, while the Cu-Ni/ZrO2 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 

ZrO2 as a function of the reaction temperature. It was possible to observe that the Cu/ZrO2 catalyst was better than 

Ni/ZrO2 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 H2 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 

ZrO2-monoclinic [1], the catalytic activity was similar to the obtained in this work up to 300 ºC. 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/ZrO2 catalyst leads to a considerable improvement in the methanol conversion, compared with 

the Ni/ZrO2 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/ZrO2 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/ZrO2 sample had a similar behavior to the Cu/ZrO2 catalyst until 300 °C. After this temperature the Cu-Ni/ZrO2 

sample exhibited the same catalytic activity than the other bimetallic samples. In addition, was observed that the 

active phase of the Cu-Ni/ZrO2 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. Mariño 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
2+

 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/ZrO2 

catalyst. It is worth notice, that the BET surface area of the Cu/ZrO2 sample is two times lower than Cu/Ni/ZrO2 and 

Ni/Cu/ZrO2 samples. Thus, the catalytic activity observed on the Cu/ZrO2 could be attributed to the presence of 

highly dispersed Cu species rather than Cu bulk as reported for Cu/CeO2 catalysts [2]. 
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Figure 3. a) Steam reforming of methanol over copper-nickel-base catalysts supported on ZrO2 (GHVS = 24,000 h
-1

). 

b) TEM image of Ni/Cu/ZrO2 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 ZrO2, the main products observed were 

H2, CO, CO2 and H2O. 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-

ZrO2 systems [1], the production of (CH3)2O and CH2O 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/ZrO2 and Ni/Cu/ZrO2 catalysts prepared by 

successive impregnation had the same H2 yield after 250 °C and it was higher than all samples. At the maximum 

reaction temperature, the H2 yield is about 2.0 µmol for the Cu/Ni/ZrO2 and Ni/Cu/ZrO2 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 H2 production was close to 1.5 µmol. The CO2 selectivity (Fig. 4b) is 

important at the beginning of the reaction and diminished as temperature was increased. This drop in the CO2 

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 CO2 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 CH3OH form CH3OCHO and H2 on the 

surface of the catalysts as the first step of the OSRM reaction. Then, CH3OH is oxygenated to CH3OCHO, and then 

decomposed to H2 and CO. CH3OH was hydrated in order to form CO2, H2O and H2 respectively as reported 

previously [1]. 
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Fig. 4. a) H2 yield as a function of the metal addition and temperature. (GHVS = 24,000 h

-1
). b) Evolution on the 

selectivity of CO2 and CO as a function of the metal addition and temperature. (GHVS = 24,000 h
-1

). 

 

4. Conclusions 

In the present study, Cu/ZrO2, Ni/ZrO2 and three bimetallic copper-nickel catalysts supported on ZrO2 were prepared 

by the impregnation method. The bimetallic Cu/Ni/ZrO2 and Ni/Cu/ZrO2 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 H2 selectivity was higher on these bimetallic Cu/Ni/ZrO2 

and Ni/Cu/ZrO2 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 NaTaO3 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 NaTaO3 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 NaTaO3 phase could be obtained from the as-grown material.  The SEM micrographs revealed that 

NaTaO3 has hierarchical cubic morphology in the nanometer level. The materials possess a high specific surface area 

around 50-90 m
2
.g

-1
, 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 ºC from 418 to 644 µmol, 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 TiO2, 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 NaTaO3 material by a new solvo-combustion method with high surface area. 

NaTaO3 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 NaTaO3 by solvo-combustion method 

NaTaO3 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 75ºC. 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 180ºC 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 600ºC. 

 

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 CuKα radiation (  = 1.5406 Å). 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 

(SBET) was measured by N2 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 25ºC 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 (λ= 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 NaTaO3, fresh and thermal treated samples at 400°C and 600°C. It is evident the 

presence of NaTaO3 phase from the fresh sample and it becomes more crystalline as the temperature increases. 

Accordingly to the JCPDS file, NaTaO3 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, 

Na2Ta4O11; 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 TaO6 octahedral slightly distorted; however 

when temperature increases TaO6 octahedral tends to be highly disordered provoking an orthorhombic arrangement.   

 

 

 

Figure 1. XRD patters of NaTaO3 powders prepared by solvo-combustion method. 

 

Through SEM micrographs it was possible to determine that NaTaO3 particles presented micro-cavities formed by 

the union of NaTaO3 particles with size lower than 1 micron; it is assumed that NaTaO3 has hierarchical cubic 

morphology in the nanometer level. The morphology observed is due to the synthesis method; NaTaO3 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 NaTaO3 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 (SBET) indicate that NaTaO3 

synthesized in this work shows similar Eg values that expected for NaTaO3 material, see table 1. It means NaTaO3 

could be absorbing energy efficiently below 400 nm in order to be activated for photocatalytic processes which could 

be enhanced also due to the SBET values obtained for this material.  

 
Table 1. Energy band gap (Eg) and specific surface area values (SBET) for NaTaO3 samples. 

 

Sample Eg /eV SBET / m
2
.g

-1
 

Fresh-NaTaO3 3.94 118 

NaTaO3-400 3.98 75 

NaTaO3-600 4.01 41 

 
The SBET values here obtained are higher than those reported commonly for NaTaO3 prepared by other synthesis 

methods, see table 2. Therefore NaTaO3 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 (SBET) for NaTaO3 samples synthesized by several methods. 

 

Synthesis Method Temperature/°C SBET / m
2
.g

-1
  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 

400 

600 

118 

75 

41 

 This work 

 
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 NaTaO3 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-NaTaO3 and NaTaO3-400 produce hydrogen in similar amount, and both samples are monoclinic while 

NaTaO3-600 is orthorhombic. Recombination process is favored in the monoclinic structure due to the slight 

distorted TaO6 octahedral because distance is shorter than distance presented in the orthorhombic structure where 

TaO6 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, NaTaO3 can be obtained in a few minutes at low temperature of synthesis. 

NaTaO3 synthesized in this work showed high specific surface area and the phase appears from the fresh sample. 

 
4. Conclusions 

NaTaO3 was obtained by the first time from the as-grown material using a new solvo-combustion method. NaTaO3 

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-NaTaO3 and NaTaO3-400 produce hydrogen in similar amount, and both samples are monoclinic while 

NaTaO3-600 is orthorhombic and therefore enhances the hydrogen production. 
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ABSTRACT 

 

The development of power plant prototypes based on PEMFC´s for a particular application has important technical 

and economical impacts on the practical implementation of this technology.  In this study, the characterization of an 

electric motor of an E-Z rider model Scooter was performed aiming at determining the load and therefore, the power 

demand required under specific operating conditions: no-load, with load and during sudden full stop breaking due to 

overload conditions. The characterization was performed under two operating modes, i.e. low and high speed modes. 

Results show that the minimum power required for the low speed, no load operation is 48 W, while maximum power 

reaches 84 W for operation at high speed with load. Also, maximum power during sudden breaking was limited to 84 

W as the Scooter’s control system allows for a maximum consumption of 7A at 12V. 

The second part of the work presents the methodology used for dimensioning a fuel cell stack that will provide the 

power for the motor to fulfill load requirements. Simple calculations are based on polarization curves of a 90.5 W 

fuel cell stack. Accordingly, a 50cm
2
 area and 20 cell stack can provide 84W of power plus a 20% extra power for 

auxiliaries required in the power system.  To maintain higher efficiencies in the conversion of hydrogen while 

meeting power requirements, it was established that 0.615V per cell at an operating current density of 0.16A/cm
2
 

fuel cell stack is adequate for the application. 

 

 

Keywords: Scooter, PEMFC dimension, electric motor characterization.  
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1.-  Introduction 

 

During the last years PEMFC´s have outstood from other types of fuel cells due to their advanced technology 

development [1], as well as their flexibility to accommodate many different applications , from portable devices such 

as mobile phones to stationary applications [2,3]. On the other hand the increase in number of personal vehicles and 

therefore the increase of pollutant gas emissions from transport activities [4], as well as the constant increase of fossil 

fuel costs [10], is taking our society to search for newer and better mobility concept alternatives. 

In México there are more than 32 million vehicles registered for use on the roads [11], most of them used in big 

cities which concentrates their use in urban areas causing large traffic jams aggravating the problem [4], resulting 

also in waste of time and an excessive consumption of fuels. Individual transport alternatives, such as bicycles, 

motorcycles and scooters offer advantages over more conventional means of transport. Among those benefits we can 

mention shorter transfer times, less space on the roads, an increase in potential alternative routes and most 

importantly less power required [5,6]. Using PEMFC technology on this transportation alternatives represent an 

additional advantage, by eliminating completely the harmful emissions including green-house gases [6,7]. 

Implementing PEMFC technology as power generators, using hydrogen as a fuel, still represents opportunities to 

overcome technical engineering challenges [8], that could help improve the extensive use of this technology. 

In this work, the electrical characterization of a scooter E-Z rider model electric motor was realized in order to 

evaluate current demand under some load conditions. Also, a methodology for designing a PEMFC stack for this 

particular application was carried out. Results for both activities are presented. 

 

2.-  Methodology 

2.1.-  Scooter’s electric motor characterization 

 

The characterization of the engine consisted in determining the current consumed by this under different load 

conditions. To do this, an array consisting of electric motor, Hall-type sensor, power supply, data logger, processor 

and power source was joined. Prior to the characterization of the engine, the Hall sensor calibration was carried out 

by a circuit similar to that described above, in which the scooter was replaced by an electronic variable load. The 

following sections describe the experimental approach of these activities. 

 

2.1.1.-  Sensor Hall-type calibration (Hawkeye
®
 H970HCB DC current sensor) 

 

The calibration test consisted in feed a known current to an electronic load (electronic Load of Heliocentris EL 100) 

(see figure 1a). When a current is passing through the Hall sensor, it generates a voltage signal associated with it 

(product of magnetic field strength and the current that is flowing) that is read by the data acquisition system 
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(PCS10/K8047 Velleman Instruments ) and sent to the processor. The data sample consisted of 11 current values 

between 0 and 6 A, of which the data logger read a total of 1024 values. From this data (V, voltage signal) and the 

current consumed by the load, a linear regression was used to generate continuous function of the type I = mV + b. 

 

2.1.2.-  Current consumption test of the Scooter´s electric motor 

 

This test consisted in determine the amount of current demanded by the engine for its two modes of operation (low 

and high speed) and under the following conditions: 

 Without load 

 With load (a person of 80 kg) 

 Sudden braking of the motor (overload) 

For the test were connected to the motor scooter two 6V batteries in series (see Figure 1b). The motor power cord 

was passed through the Hall sensor for measuring the current consumed, the voltage signal emitted by the Hall 

sensor was sent to the data processor via the data acquisition system.  

The continuous function determined in the Hall sensor calibration was used to calculate the amount of current 

consumed by the motor, this as a function of the voltage generated by the sensor. 

 

  

Figure 1a. Connection diagram for the electrical 

arrangement for calibration of Hall sensor. 

Figure 1b. Connection diagram for the electrical 

arrangement for the scooter´s electrical motor 

characterization. 
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2.2.-  Stack fuel cell´s dimension 

2.2.1.-  Polarization curve 

 

Initial information on designing a fuel cell stack is the steady state polarization curve, which can be a theoretical 

initial curve or an experimental curve. This curve describes the fuel cell stack performance in particular, it represents  

the voltage-current density (V vs i). An experimental polarization curve is the most reliable information to perform 

the size design [9], as it represents the actual performance of a system accounting for all implicit voltage loses. 

Nevertheless, not having an experimental set of data should not be a barrier to determine a fuel cell stack capacity, as 

the theoretical polarization curve calculation is very useful and reasonably accurate if other experimental information 

is taken in consideration: 

 

           
  

  
   

       

  
  

  

  
   

  

    
           Ec. 1 

 

where: 

 

   ,  is the cell potential (V) 

      ,  is the reversible potential at given temperature and press (V) 

 ,  is the constant gases (8.314 J mol
-1

 K
-1

) 

 ,  is the temperature (K) 

 ,  is the charger transfer coefficient 

 ,  is electrons number involved 

 ,  is the Faraday´s constant (96,485 C mol
-1

) 

 ,  is the current density (A cm
-2

) 

     ,  are the current losses (A cm
-2

) 

  ,  is the reference exchange current density (A cm
-2

) 

  ,  is the limit current density (A cm
-2

) 

  ,  is the internal resistance (Ohm cm
2
) 

 

 

2.2.2.-  Dimensioning method 

 

In this section the sequence of calculations to determine the fuel cell stack capacity is shown. The methodology starts 

with the maximum current and voltage demanded by the load, 12 V and 7 A, with a total maximum power of 84 W, 

for this case. These data and the experimental or theoretical polarization curve data should also be considered, these 
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are shown on table 1a and 1b, respectively. In this work the polarization curve data points were obtained from a 20 

cell fuel cell stack of 25 cm
2
 of geometrical active area, as well as other theoretical data using equation with data 

shown on table 2. Internal resistance (Ri) and limit current density (i) were obtained experimentally. On the other 

hand, the charge transfer coefficient () was used to fit the experimental data to the theoretical curve. 

 

Table 1. Polarization curve data 

 

       a) Experimental data 

Vc, (V) Current density (A/cm
2
) 

0.7573 0.04632 

0.725 0.05952 

0.67095 0.09948 

0.633 0.13948 

0.615 0.15964 

0.585 0.19956 

0.55395 0.23968 

0.52615 0.27968 

0.5 0.3198 

0.489 0.3398 

0.4793 0.36 

0.466 0.37992 

0.4517 0.39992 

0.39245 0.43996 

0.34865 0.46 

0.3267 0.465 
 

b) Theoretical data adjusted to the experimental curve 

Vc  (V) Current density (A/cm
2
) 

0.883 0.001 

0.773 0.025 

0.733 0.050 

0.703 0.074 

0.679 0.098 

0.657 0.123 

0.637 0.147 

0.618 0.172 

0.600 0.196 

0.582 0.220 

0.565 0.245 

0.548 0.269 

0.531 0.293 

0.515 0.318 

0.498 0.342 

0.480 0.367 

0.462 0.391 

0.443 0.415 

0.420 0.440 

0.360 0.464 
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Table 2  Equation 1 parameters.  

Polarization curve parameter [units] Value 

       [V], (60°C y a 1 atm) 1.191 

  [J mol
-1

 K
-1

] 8.314 

T [K] 333.15 

  0.645 

  2 

  [C mol
-1

] 96,485 

      [A cm
-2

] 0.002 

   [A cm
-2

] 3X10
-6

 

   [A cm
-2

] 0.465 

   [Ohm cm
2
] 0.455 

 

 

 

This information is used as follows: 

 

a) Cell’s efficiency calculation 

 

The cell’s efficiency ( ), defined as the relation between the energy obtained in form of electricity and the hydrogen 

energy consumed, is given by:  

  
   

   
      Ec. 2 

The electricity produced is the product between of voltage and current: 

             Ec. 3 

where   is the current in Amperes and   is the cell’s voltage in Volts. The hydrogen energy is according to Faraday’s 

law, proportional to the current:  

    
 

  
      Ec. 4 

where     is in mols
-1

, and  

      
 

  
      Ec. 5 
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where,     is the energy contained in hydrogen and    is the water formation heat, from molecular hydrogen and 

oxygen: 

 

Liquid water formation:                       then             . 

Vapor water formation:                       then             . 

 

Combining equations 2 and 5, the cell’s efficiency is directly proportional to the cell’s voltage: 

         
  

     
       Ec. 6 

or 

         
  

     
       Ec. 7 

It should be noted that in equations 6 and 7 the sign has been ignored as it does not affect the efficiency estimate. 

 

b) Fuel cell stack voltage 

The fuel cell stack (   ) is determined by the cell voltage (  ) and the number of cells (  ) in the stack, (equation 8). 

Increasing the number of cells also increases the voltage drop due to ohmic resistance. In this work such resistance is 

not included. Nevertheless, for this work 8 values for    were used. Once    is known the voltage can be 

determined (   ): 

       
  
                 Ec. 8 

c) Cell stack current estimation 

The fuel cell stack power (   ) is an operating parameter associated to the application load and is estimated: 

                 Ec. 9 

From the equation above, we can obtain the cell current (   ): 

    
   

   
       Ec. 10 
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Once     is determined a safety factor can be considered to account for auxiliaries or transient specifications so that 

the cell will have the capacity to provide energy for control, balance of plant (BOP) and even losses during power  

conditioning. This factor normally is between 20 and 30 % but it is up to the designer to choose the final factor. 

 

d) Cell’s geometrical area 

    is also defined as the product of current density times the active area: 

               Ec. 11 

From this   , can be calculated: 

   
   

 
       Ec. 12 

 

e) Recalculation of data for graphical representation 

From equations 7, 8, 10 and 12, cell efficiency (        ), cell stack voltage (   ), total fuel cell stack current (   ) 

cell’s active area (  ), were calculated for each operating point of the cell’s polarization curve (  ,  ) and for each 

case of number of cells proposed for a cell stack (  ). Once sets of data are obtained, plots of        ,    vs. Power 

density  and Cell efficiency vs. Power density, as well as    vs.   , , are built using visual tools (“graphical” design). 

 

f) Design criteria and restrictions 

Estimation of    ,     or   , for the 8 proposed cases for    and combined with 20 points from the polarization 

curve (table 1b) give a range of 160 possibilities of fuel cell stacks, each with particular features of    ,    ,    and 

  . Each stack can fulfill the required power but not all will fulfill restrictions related to the target efficiency, the 

geometrical active area and nominal current and voltage: 

I. Cell efficiency: the recommended range is between 45 and 60%. 60 % would be for cases where there 

are no restrictions for the stack size of the volume provided for it in the particular application. 45 % can 

be used for the case where these restrictions are tight. 

II. A valid restriction that the designer or technical expert can define is the size of the maximum 

geometrical active area for the stack. 
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III. If mechanical and structural limitations are light for the stack integration, values of     and     for the 

selected case, are recommended to be near the required values for the load, which will allow better 

efficiencies for power electronics conversion. 

IV. An additional restriction can be the establishment of a particular work efficiency. 

 

3.-  Results and analysis 

3.1.-  Scooter´s electrical motor characterization 

3.1.1.- Hall sensor calibration 

 

In figure 2a current load values and their corresponding voltage values measured by a Hall sensor. The correlation of 

measured values showed that there exist a direct relation with a slope and a Y intercept of       y     , 

respectively. Figure 3b shows a comparison between experimental values and those calculated with the line equation 

obtained. Such figure shows a good fit of the experimental data equal or larger than 1.5 A and up to 6 A. 

 

 

 

a) 

 

b) 

 

Figure 2.  a) Graphic of the sensor signal voltage and current demanded by the electronic load vs. time. b) 

Comparison of the calculated current values by the equation vs. the experimental ones. 
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3.1.2.- Current consumption test of the scooter’s electrical motor 

The test for determining power consumption consisted in make work the scooter in the two modes of operation and 

loading conditions, figure 3 shows the result of this test. The baseline (a) corresponds to the on-state of the scooter 

but without power demand; the nonzero value read in the graph is due to the deviation of 0.28 A that the equation 

showed for current values below 1.5 A (figure 2b). The first peak (b) corresponds to the current demand on the low-

speed mode and unloaded, in this state the scooter consumes 3.7 A. The test at this same speed but with load, showed 

a demand for 7 A (peak c). The peak b' and d represents the sudden braking test at low speed; corresponding b' to the 

current demand without stopping (3.7 A) and d to the demand with sudden braking (7 A). As shown, the load 

demand in both the test with load and sudden braking the motor´s current consumption is 7 A, apparently the electric 

circuit of the scooter is limiting the maximum current consumption. 

For testing power consumption at high speed, it was found that the demand for no-load current is 4.13 A (peak e), 

only slightly higher than that consumed in low speed. On the other hand, the test under load showed a demand of 7 A 

(peak f) and during sudden braking the demand was also 7 A, thus confirming that the electrical control circuit of the 

scooter is controlling the maximum current. This result indicates that in the sizing process of the stack should be 

considered as operating nominal current 7 A. Considering also the batteries used as a source gave a voltage of 12 V, 

then we have that the stack in design process should be able to provide an output of 84 watts plus a percentage for 

auxiliary systems (BOP) and a factor design safety. 

 

 

 

 

Figure 3.  Scooter current consumption at different loads conditions 

 

 

a 

b 

c 

b’ 

d 

e 
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e’ 

g 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  504 

3.2.-  Stack fuel cell´s dimension 

3.2.1.-  Polarization curve 

 

As discussed in section 2.2.2, the initial information in the design of a stack are the data from an experimental 

polarization curve or theoretical. In order to show that both the use of experimental and theoretical data is completely 

valid, figure 4 shows graphs of the polarization curve data presented in tables 1a and 1b, experimental and 

theoretical, respectively. In this, one can observe the similar trend between the two data sets. 

 

 

 

Figure 4.  Adjust of the theoretical polarization curve to the experimental one. 

 

 

3.2.2.-   Graphical dimensioning of the fuel cell´s stack  

 

The results obtained in the characterization of the motor scooter was our input information on the sizing process: 

 

I. Current required: 7A 

II. Voltage required: 12V 

III.  Power required:  84 W 

 

The following Nc values were proposed as case studies: 
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Cases Nc: Number of cells 

Caso 1 5 

Caso 2 10 

Caso 3 15 

Caso 4 20 

Caso 5 25 

Caso 6 30 

Caso 7 35 

Caso 8 40 

 

From the value of power required, we calculated the nominal power of the stack given an additional 20%: 100.8 W. 

Using this value, Nc, and data of polarization curve in the equations 7, 8, 10 and 12, allowed the calculation of the 

cell efficiency, (ŋ_(H2O vap)), stack voltage (Vcc), stack total current (Icc), and the geometric active area of the cell 

(Ac). As mentioned in the experimental section 2.2.2, the combination of Nc and the 20 points of the polarization 

curve resulted in 160 possible cases of stack; all of them meet the required rated power of 100.8 W by combining the 

values Vdc and Icc. From this range of possible stacks, we applied the "Restriction I", related to the cell efficiency 

interval recommended (used fuel efficiency): 45 to 60%, which represented in the graph Voltage, efficiency Vs. 

Power density (Figure 5a), can be seen that the efficiency range is equivalent to voltage range between 0.55 and 0.75 

V. The representation of this interval voltage on the polarization curve can be seen in Figure 5b. 

 

a) 

 

b) 

 

Figure 5a. Visual representation of the 

recommended efficiency interval in the graphic: 

potential, Efficiency vs. Power density. 

Figure 5b. Visual representation of the 

recommended efficiency interval in the polarization 

curve. 
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The application of this restriction decreases the number of possible stacks to 72. Additionally, in applying the 

"Restriction II" related to the maximum active area, which in our case is 100 cm
2
, limited by the space for the stack 

on the scooter, the number of cases decreased to 54. In figure 6, the aplication of both restrictions can be observed. 

 

 

 

 

 

 

 

 

 

Figure 6a. Graphic representation 

of the range of initial cases of 

stack. 

Figure 6b. Application of the 

restriction I: efficiency interval 

recommended. 

Figure 6c. Application of the 

restriction II: Maximum 

geometrical active area. 

 

 

The 54 cases resulting from applying the restrictions I and II are already cases that could function properly, however, 

choose any of them, would transfer to the power electronics team the work of adjust the voltage and current required 

by the scooter. In our case, seeking to have the highest efficiencies in the stages of voltage regulation, the restriction 

III was applied, in which we stated that the output of the stack may have 7 ± 2 A y 12 ± 2 V. Values falling in these 

ranges have been highlighted in the tables 5 and 6. Of these, only 7 cases of stack meet both conditions, all in the 

"Case 4", corresponding to stacks of 20 cells. If after these seven cases apply the "Restriction IV", establishing a fuel 

usage efficiency of 50%, for example, we have the characteristics of the stack that meets this criterion is between two 

values: 

 

Geometric active area:   48-54 cm
2
 

Stack nominal Voltage:  12.37-12.75 V 

Stack nominal current:  7.91-8.15 A 

Cell’s number:   20 

 

With this we finish the stack sizing process 
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Table 4. Geometrical active area values (Ac) after applying the restrictions I and II.  

 

 

Table 5. Stack voltage values (Vcc) after applying the restrictions I and II..  

 

 

Table 6. Stack current (Icc) values after applying the restrictions I and II.  

 

 

 

4.-  CONCLUSIONS 

 

The characterization of the electric motor scooter showed that power consumption is between 3.7 A for the condition 

"without load" and 7 A for the terms "with load" and "motor suddenly stopping." This result indicated that 7 A is the 

maximum current allowed by the electrical control of the scooter. 



9th International Symposium on New Materials and Nano-Materials for  

Electrochemical Systems 

XII International Congress of the Mexican Hydrogen Society 

Merida, Mexico, 2012 

 
 

  508 

The application of the restrictions I and II of the proposed methodology allowed to identify the possible dimensions 

of the stack in design, this, in terms of ranges of total voltage, current, total geometric active area and number of 

cells. This range of options can be reduced to one, if we apply restrictions as the III and IV. 

According to the proposed methodology and restrictions, the recommended stack size to supply the power required 

by the scooter is 20 cells with active area between 48 and 54 cm
2
, rated operating voltage between 12.4 and 12.8 V 

and rated current between 7.9 and 8.2 A. 
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ABSTRACT 

 

Materials with higher efficiency and activated under the sunlight spectrum (band gap energy from 1.5 to 3.0eV) are 

today´s trends in newer photocatalysts for the hydrogen generation. The aim of the present study is to investigate 

alternative semiconductor materials to titanium dioxide for the generation of hydrogen with band gap energy values 

lower than that of TiO2 (<3.2eV). Examples of these are some transition metal ferrites such as CuFe2O4, CoFe2O4 

and NiFe2O4. These ferrites were prepared by co-precipitation and heat treatment. Characterization was performed by 

XRD, BET, SEM, TEM and UV-Vis spectroscopy. Photocatalytic activity evaluation of the materials for hydrogen 

generation from water splitting under visible light was followed by gas chromatography. Results indicate that these 

materials showed corresponding spinel crystalline phases and nanometer particle sizes. Photocatalytic evaluation of 

these ferrites under visible light showed H2 yields up to 10.8 mmoles/gcat. These yields compared with those reported 

in the literature indicate that these materials can be considered as promising photocatalysts for hydrogen generation.  

 

Keywords: Ferrites, Nanoparticles, Photocatalytic activity, Water splitting 
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1. INTRODUCTION 

The adverse environmental impact and the near depletion of fossil fuels, which are currently the preferred energy 

sources, represent the main motivations in seeking alternative energy sources from renewables. In this context, solar 

energy as an infinite resource [1] and the production of hydrogen as an energy carrier [2], are a clear option to clean, 

economical and sustainable energy generation through the use of fuel cells. In this context the hydrogen production 

from solar energy [3] and through the process of photocatalytic water-splitting represents a feasible clean energy 

alternative. 

  

Within hydrogen production from photocatalytic water-splitting it is important to consider three main factors [3]: 

first, solar energy must be efficiently absorbed to generate pairs of electrons and holes for the dissociation of water,  

second, H2 and O2 recombination must proceed in order to reform the water molecule again and third, possible 

undesirable reactions may take place (corrosive reactions). 

 

For the photocatalytic process to occur some conditions are needed to obtain a viable process. Since 1972, when 

Fujishima and Honda once successfully used by the first time TiO2 photo-anodes in the evolution of hydrogen, while 

the use of semiconductor oxides has been considered a promising path for a sustainable hydrogen production [4]. 

From this fundamental study, an important amount of research has focused in finding alternate semiconductors to 

TiO2 Degussa P25 (material usually used as a reference photocatalyst) with equal or better activity towards the 

hydrogen production under the UV or visible light irradiation. One of the main disadvantages that TiO2 presents is 

that the energy needed for its activation is found under the UV light spectrum (~3.2 eV). Therefore, it is a reasonable 

strategy to explore other materials capable to be activated under the visible light spectrum and that present equal or 

better efficiencies towards the hydrogen production through the water splitting process. 

 

One example of such materials is the ferrites, which have been considered as a novel option in photocatalytic 

processes.    

 

Dentro de este grupo de materiales las ferritas han sido estudiadas como una opción novedosa como fotocalizador. 

Entre sus principales características se encuentran sus excelentes propiedades magnéticas, alta conductividad 

electrónica, alta estabilidad térmica, su efectiva actividad catalítica [5] , su resistencia a la corrosión [3] y sobre todo 

un ancho de banda prohibida que se encuentra dentro del espectro de luz visible (1.4 eV) [1]. Among their main 

features are their excellent magnetic properties, high electronic conductivity, high thermal stability, their effective 

catalytic activity [5], its corrosion resistance [3] and mostly a forbidden band gap energy within the range of visible 

light (1.4 eV) [1]. Therefore, the objective of the present research is aimed on the synthesis, characterization and 
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photocatalytic evaluation of ferrite nanoparticles towards the hydrogen production using methanol as sacrificial 

reagent under visible light irradiation.     

 

2. EXPERIMENTAL 

 

2.1. Synthesis 

CuFe2O4, CoFe2O4 and NiFe2O4 were prepared by the method of chemical co-precipitation using the corresponding 

metal nitrate solutions and NaOH as a precipitating agent followed by a thermal treatment (see Figure 1). 

Stoichiometric amounts of nano-hydrated ferric nitrate, 2.5 hydrated copper nitrate and hexa-hydrated cobalt and 

nickel nitrates were used to prepare the corresponding nitrate solutions [6]. Using a peristaltic pump, these nitrates 

were slowly added at a rate of 5 ml/min to the precipitating agent solution (NaOH). The reacting mixture was kept 

under constant stirring and a basic pH of 13 using NaOH under constant stirring. This basic pH was required to 

influence the precipitation reaction rate of the complex, since a highly alkaline medium generates smaller 

(precipitate) size particles [6]. In order to obtain a nanoparticulate crystalline material the resulting solution was 

dried and exposed to a low temperature thermal treatment at 250°C for 6 hours, followed by 1 hour at 350°C.  This 

precipitate was the allowed to cool to room temperature. Finally, the product was washed with distilled water and 

ethyl alcohol to eliminate any residue, then filtered and dried at 80°C by 4 hours to follow its characterization and 

photocatalytic evaluation.  

 

Figure 1. Procedure for the synthesis of CuFe2O4, CoFe2O4 and NiFe2O4 nanoparticles through co-precipitation. 
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2.2. Powder Characterization 

Samples crystalline phase was determined by X-ray diffraction (XRD) using a PANalytical diffractometer model 

X'Pert PRO equipped with a X'Celerator detector. From the X-ray diffraction patterns information and through the 

use of the Scherrer equation, the crystal size of the materials was calculated. The specific surface area of the 

materials was estimated by N2 physisorption using the BET technique on an Autosorb-1, Gas Sorption System 

(Quantachrome Corporation). The homogeneity in chemical composition of the samples was determined through 

dispersive X-ray spectroscopy (EDS) mapping using a detector coupled to a scanning electron microscope model 

5800-LV Jeol JSM brand. The particle size of the materials and their morphology was determined by transmission 

electron microscopy (TEM) using a Philips CM-200. The light absorption spectrum of the materials was obtained 

through UV-visible spectroscopy (UV/Vis) by a Perkin Elmer spectrophotometer model Lambda 10 equipped with 

integrating sphere. 

 

2.3. Photocatalytic Evaluation 

Figure 2 shows a scheme of the experimental system employed for the photocatalytic evaluation of the materials, 

which consists of a photoreactor, artificial lighting and data collection analysis equipment. The photoreactor was 

built using a quartz tube with a 5 and 19 cm diameter and length, respectively where a suspension of each 

nanoparticle material (CuFe2O4, CoFe2O4 y NiFe2O4) was placed. Two aluminum flanges bolted together by threaded 

rods were used to close the tube and its sealing was achieved through neoprene o-rings. The radiation source used 

was a white light artificial mercurial lamp of 120 W, GE. Concentration of initial reagents and changes in gas phase 

composition within the photoreactor during the course of the experiments was determined by gas chromatography 

(GC) using a Clarus 500, Perkin Elmer, equipped with thermal conductivity (TCD) and flame ionization (FID) 

detectors arranged in series. The sampling of the gas was performed through a septum sampling port located on one 

side of the photoreactor and transferred to the GC by hand injection using a 1 ml special syringe for gases.  
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Figure 2. Experimental setup system for the photocatalytic evaluation of the nanomaterials. 

 

The photoreactor was hermetically sealed and checked for leaks. The photocatalytic suspension consisted of a 

mixture of distilled water and ethanol as a sacrificial reagent (50:1 molar ratio) and 200 mg of photocatalyst, which 

was artificially, irradiated using a visible light lamp. Prior to the photocatalytic evaluation the reactor was covered to 

prevent it from light exposure and was subjected to constant stirring for 15 minutes in order to achieve good 

homogenization of the suspension in the photoreactor. The initial concentration of gases was evaluated by gas 

sampling of the gas phase within the photoreactor and analyzed by GC. Then the mercury lamp was turned on and a 

gap of seven inches was left between the lamp and the photoreactor reactor wall. Sampling was performed manually 

every hour to complete twenty two hours of irradiation. Analysis of the initial gas phase concentration and of 

changes in gas composition inside the reactor was performed by means of gas chromatography (GC, Perkin Elmer 

Clarus 500), compounds separation used a Carboxen 100 packed column coupled with a thermal conductivity 

detector (TCD). Product identification was achieved by determining the elution time with respect to pure reagent 

concentrations and the quantification was performed using calibration curves. 
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3. RESULTS AND DICUSSION  

 

3.1. X-ray Diffraction (XRD) 

Figure 3 presents results of XRD characterization for samples CuFe2O4, CoFe2O4 and NiFe2O4 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 3. XRD patterns of the ferrites studied in the present research study. 

 

For the copper ferrite sample CuO and CuFe2O4 phases were found in the XRD diffractogram, while for the case of 

the cobalt ferrite sample only the CoFe2O4 phase was present and in the particular case of sample nickel ferrite two 

phases were found; Fe2O3 and NiFe2O4. Haihua, et al 2009 [3] reported a diffraction pattern with the same phases as 

those for sample CuFe2O4. Whereas, the cobalt ferrite diffraction pattern is consistent with the one reported by Hua, 

et al, 2008 [7]. 

 

3.2. Scanning Electron Microscopy (SEM)  

Figure 4 shows SEM images of samples CuFe2O4, CoFe2O4 and NiFe2O4. In this Figure it can be observed that in all 

cases it can be observed agglomerated particles with irregular morphologies (spherical, flake-like or needle), which 

are in the order of nanometers. Here it can be concluded that a careful control of the nitrate addition during the 

precipitation process has a significant effect in obtaining nano-sized particles as can be seen in the SEM images [6].  
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(a) 
 

 

 

 

 

 

 

 

Figure 4. SEM Images of (a) CuFe2O4, (b) CoFe2O4 and (c) NiFe2O4. 

 

3.3. Transmission Electron Microscopy (TEM)  

Morphology for the case of sample CuFe2O4 (see Figure 5a) is composed by agglomerate particles of irregular 

shapes with sizes varying between 15 and 30 nm, the same morphology was reported by Haihua, et al 2009 [3] for 

copper ferrites. While, for cobalt (b) and nickel (c) ferrites it can be observed sizes of around 25 nm. Here also, very 

similar particle sizes were reported by Hua et al, 2008 [7] for both kind of samples.  

 

 

 

Figure 5. TEM images at 50kX for samples (a) CuFe2O4, (b) CoFe2O4 and (c) NiFe2O4. 

 

3.4. BET Surface Area 

It is well known that surface area is directly influenced by the particle size and at the same time closely related to the 

method of synthesis being employed. The specific surface areas of the photocatalysts were 32, 21 and 24 m
2
/g for 

samples CuFe2O4, CoFe2O4 and NiFe2O4, respectively.  

Figure 6 shows the BET adsorption isotherms obtained for the synthesized samples in the present research. The 

above reported values of surface area can be explained in terms of the shapes of these isotherms. For the case of 

(b) (c) (a) 
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sample CuFe2O4 the presence of hysteresis and a type IV is an indication of a porous material, while samples 

CoFe2O4 and NiFe2O4 present type III isotherms with negligible hysteresis and consequently porosity.  

 

 

 

Figure 6. BET adsorption Isotherms for samples (a) CuFe2O4, (b) CoFe2O4 and (c) NiFe2O4. 

 

3.5. UV/Vis Spectroscopy 

UV/Vis diffuse reflectance spectra for samples of CuFe2O4, NiFe2O4 CoFe2O4 and are presented in Figure 7. Here, 

the edge energy of the forbidden band can be calculated from the reflectance data by the Kubelka-Munk function. 

 

 

 

Figure 7. UV/Vis diffuse reflectance spectra from samples (a) CuFe2O4, (b) CoFe2O4 and (c) NiFe2O4. 

 

From this Figure it can be observed that UV/Vis spectra for all samples fall within the visible light range. The band 

gap energy value for samples CuFe2O4, CoFe2O4 and NiFe2O4 were 1.55, 2.05 and 1.94 eV, respectively. Therefore, 

it can be concluded that these materials presumably work as photocatalysts within the visible light spectrum. These 

values are consistent with the ones reported in the literature. For example, a value of 1.42 eV is reported for CuFe2O4 

by Kezzim, et al 2011 [1], a band gap of ~ 1.5 eV for CoFe2O4 reported by Limei, et al 2011 [8], while a value of 

2.19 eV for NiFe2O4 is reported by Erik, et al 2012 [9]. 
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3.6. Photocatalytic Activity 

Photocatalytic evaluation of the synthesized materials was carried out by follow up of the hydrogen production by 

gas chromatography.  

 

Figure 8 show results from the photocatalytic evaluation of the synthesized materials. In this Figure, the hydrogen 

evolution in micro-mols per gram of catalyst (µm/gcat) as a function of time is plotted for each tested photocatalyst. 

Here it can be seen that the superior performance of the ferrites with respect to TiO2 (P25) is evident.   

 

 

Figure 8. Hydrogen evolution profile for the synthesized materials as a function of time. 

 

Otherwise, Table 1 show values of hydrogen evolution in micro-mols per gram of catalyst (µm/gcat) after a total of 22 

hours of reaction taken from results presented in Figure 8 and these are compared to TiO2 (P25). The order from 

higher to lower hydrogen production was: NiFe2O4 > CoFe2O4 > CuFe2O4, which values were well above the 

obtained, for reference TiO2 (P25). This behavior can be attributed to the fact that the ferrites are materials whose 

characteristics meet the conditions for carrying out the electron-hole pair reaction needed for good photocatalytic 

activity [9,10]. 

 

Table I. Hydrogen generation (%) as a function of time after 22 hours of irradiation 
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Material 
H2 Evolution @ 

 22 h (µm/gcat) 

TiO2 (P25) 1138 

CuFe2O4 2315 

CoFe2O4 2846 

NiFe2O4  3643 

 

 

4. CONCLUSIONS 

CuFe2O4, NiFe2O4 and CoFe2O4 nanoparticles were synthesized by a chemical co-precipitation method followed by 

heat treatment and tested for hydrogen production, demonstrating that the present synthesis technique is a simple, 

inexpensive and reproducible. For samples of NiFe2O4 and CuFe2O4 the dominant crystal structure is that of a spinel 

MeFe2O4 (Me = Cu, Ni) accompanied with formation of Fe2O3 and CuO, respectively. For the case of the CoFe2O4 

sample the crystallographic structure of spinel CoFe2O4 is the only crystallographic phase present in the sample. 

SEM results indicate that in all cases nanoparticles were obtained with a wide variety of nanoscale morphologies 

ranging from spherical to flakes or needles. Photocatalytic evaluation towards hydrogen production resulted in a 

superior behavior of nickel, cobalt and copper ferrites compared to results obtained for reference TiO2 (P25) 

photocatalyst. The order from higher to lower hydrogen production was: NiFe2O4 > CoFe2O4 > CuFe2O4. The good 

photocatalytic activity of the synthesized samples is related to the inherent properties of these materials, 

demonstrating that meet necessary conditions to carry out the electron-hole pair reaction required for good 

photocatalytic activity. 
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