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ABSTRACT

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

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

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

2. Experimental

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

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

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

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

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

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

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

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

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

3. Results and discussion

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

Pt° is not an alloy.
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Figure 1. XRD patterns of the monometallic Pt/C (MC) and bimetallic Pt-Au/C (RE-70) catalysts.

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

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

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

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

quantification of gold and platinum is a little lower compared with the AAS analysis.
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Figure 2. SEM image and EDS analysis of Pt-Au/graphite bimetallic catalyst.

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

close contact of the Au phase with the Pt phase at the nanometric scale. These results might be explained
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considering the formation of a layer of Au on top of the metal particles, which is detected only by EDS methods,
because the conventional chemical analysis (AAS) gives only “bulk composition”, without taking account of the
metal phase distribution.

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

lattice spacing of about 0.235 nm. This was confirmed by the EDS obtained from this single Pt-Au nanoparticle.
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Figure 3. HRTEM and EDS analysis of a single Pt-Au nanoparticle on the RE-70 bimetallic catalyst.

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

equation 1.
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The kinetic current density is proportional to the intrinsic activity of the catalyst, and the diffusion-limited current
density is proportional to electrode rotation rate (m). The constant B is 0.2nFCD**v"®, where 0.2 is a constant used
when o is expressed in revolutions per minute, C is the bulk concentration of oxygen (1.1x10-6 mol cm™), D is the

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

sulfuric acid (1.0x10-2 cm™s™).
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Figure 4. RDE responses on supporting Pt/C and Pt-Au/C electrodes in O2
saturated 0.5 M H2SO4: a) Linear Voltammetry, b) Tafel plots.

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

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

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

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

catalytic activity towards the Oxygen Reduction Reaction (ORR).
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