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Platinum-ruthenium (Pt-Ru) on a Nafion(Na*)-bonded carbon layer is fabricated by using galvanos-
tatic pulse electrodeposition for high utilization of catalysts and cost reduction. The composition of
the Pt-Ru electrode, which is controlled by varying the concentration of the Ru precursor, is deter-
mined by inductively coupled plasma-atomic emission spectroscopy and by electron probe microanalysis.
The particle size of the electrodeposited Pt-Ru catalyst is determined by high-resolution transmission
electron microscopy. Other characterizations are carried out by X-ray diffraction, X-ray photoelectron
spectroscopy, and CO-stripping voltammetry. Electrodeposited Pt-Ru catalysts give improved perfor-
mance, not only in single-cell operations but also with respect to CO tolerance compared with electrodes
Platinum-ruthenium alloy prepared by conventional means. The behaviour is probably due to enhanced utilization of the catalysts.
Catalyst utilization efficiency Recovery from CO exposure demonstrates that the electrodeposited catalysts exhibit better resistance to
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1. Introduction

Among the various fuel cells, proton-exchange membrane fuel
cells (PEMFCs) as energy conversion devices are promising future
power systems with high power density, energy efficiency, and
low operating temperature [1-4]. Nevertheless, a PEMFC operat-
ing with hydrogen (H;) gas containing carbon monoxide (CO) from
the reforming of fossil fuels shows low performance. This problem
is caused by CO poisoning of the catalyst. The gas blocks the Pt sur-
face because the bond strength of Pt—CO is greater than that of Pt-H,
and thereby decreases the activity of the anode [5-8].

In order to improve the CO tolerance of the anode, many studies
in recent years have reported details of new preparation meth-
ods and different compositions of Pt-based catalysts such as Pt—-Ru,
Pt-Sn and Pt-Mo [5,6,8-12]. In particular, the Pt-Ru system is an
excellent anode electrocatalyst since it exhibits enhanced CO tol-
erance, which can be attributed to a bifunctional mechanism as
follows [12]:

Ru + H;0 — Ru-OH 44 +H' +e~ (1)
Pt-C0,q4s + Ru-OH,4s — CO, +Pt + Ru + H' (2)

Pt-Ru electrodes for PEMFCs [13] have been prepared by var-
ious methods such as the colloidal [14,15], impregnation [16] and
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electrodeposition [5,17-19] methods. Catalyst powders synthesized
by means of the colloidal and impregnation methods were well-
mixed with ionic binder (e.g., Nafion solution) and then spread
on a gas diffusion layer (GDL). After this procedure, the mem-
brane electrode assembly (MEA) was generally fabricated using
the prepared electrode and a Nafion membrane. This method does,
however, produce a large number of inactive catalyst sites because
the catalytic reaction occurs only at the interface between the
membrane and the electrode that is exposure to the reactant,
known as the triple-phase boundary (Fig. 1(a)) [17]. Also, ionic
binder is added to the electrode in order to extend the triple-phase
boundaries. As the result, it increases the production cost of the
electrode [20].

The electrodeposition method - a way to overcome the cost
problem - makes catalysts that are deposited directly on the surface
of the substrate. Therefore, it offers not only enhanced catalyst uti-
lization (Fig. 1(b)) but also simplification of preparation. In general,
electrodeposition can be carried out by using either a potentio-
static [23-25] or galvanostatic method, which involves direct and
pulse techniques. Electrodeposition via the galvanostatic pulse
technique is considered convenient to improve the current distribu-
tion, therefore, it is easy to control the particle size and composition
of the alloy simply by varying experimental parameters such as
on/off time and peak current density [20-22]. Coutanceau et al.
[18] and Wei and Chan [19] reported the preparation of an Pt-Ru
anode for direct methanol fuel cells by using a galvanostatic pulse
technique. They obtained catalysts with a 1:1 atomic ratio and
improved performance. Alcaide et al. [5] obtained enhanced CO
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Fig. 1. Schematic diagrams of anode prepared by (a) colloidal or impregnation method and (b) electrodeposition and transport of fuel, protons and electrons.

tolerance from an electrodeposited Pt-Ru anode for in a H,-fed
PEMEC.

The aim of this investigation is to characterize electrochemi-
cally deposited Pt-Ru catalysts prepared by various physical and
electrochemical methods, and to achieve improved performance
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Fig. 2. Deposition behaviour of Pt and Ru on Nafion(Na*)-bonded carbon layer: (a)
potential sweep electroreduction on Nafion(Na*)-bonded carbon layer; (b) cyclic
voltammograms of deposited Pt and Ru in 1M H,SO4 solution at scan rate of
20mVs-1.
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Fig. 3. XRD patterns of Pt-Ru catalysts deposited from 20 mM K,PtCl4 and various
concentrations of K;RuCls: (a) 10, (b) 20, (c) 30 and (d) 40 mM.

in terms of overall cell operation and CO tolerance compared with
commercial Pt-Ru catalysts.

2. Experimental

2.1. Deposition of Pt and Ru on Nafion(Na* )-bonded carbon
electrode: potential sweep method

Prior to the electrodeposition of Pt-Ru catalysts, the depo-
sition behaviour of Pt and Ru on Nafion(Na*)-bonded carbon
electrode was studied with an electrochemical analyzer (BAS,
100B/W, Bioanalytical Systems). With a three-electrode cell system,
each Nafion(Na*)-bonded carbon electrode was used as a working

Table 1
Amount of Pt and Ru (mgcm~2) of deposits from 20 mM Pt and various concentra-
tions of KyRuCls.

Samples Pt Ru

10 mM K;RuCls 0.0630 0.0115
20 mM K;RuCls 0.0651 0.0225
30 mM K;RuCls 0.0770 0.0415
40 mM K;RuCls 0.0779 0.0557

Measured by ICP-AES.
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10 mM K,RuCl, 20 mM K, RuCl.

30 mM K,RuClq 40 mM K;RuCl;

Fig. 4. High-resolution transmission electron micrographs (HR-TEM) of electrodeposited PtRu catalysts: (a) before heat treatment; (b) after heat treatment.

Table 2
EPMA and ICP-AES results of chemical composition for prepared catalysts.

Samples Pt:Ru atomic ratio

ICP-AES measurement EPMA measurement

10mM K;RuCls 74:26 75:25
20 mM K;RuCls 60:40 59:41
30 mM K;RuCls 49:51 49:51
40 mM K>RuCls 42:58 44:56

electrode while a Pt foil served as the counter electrode and an
Ag|AgCl electrode as the reference electrode. Nafion(Na*)-bonded
carbon electrodes were prepared on glassy carbon electrodes by
spraying with carbon slurry. The carbon slurry was made by mixing
0.1 g Vulcan XC-72 carbon powder, 0.43 ml Nafion solution (Aldrich,
5wt.% 1100 EW) with 6 ml isopropyl alcohol in an ultrasonic bath.
Then, glycerol and excess sodium hydroxide were added to the mix-
ture to form a hydrophilic layer and to convert the H*-form of Nafion
to the Na*-form. These steps which increase the current efficiency
and thermal stability, respectively.

In order to use the Na*-form of Nafion, it is also necessary to
render precursors and electrolytes free of protons [17]. Therefore,
10 mM K, PtCly, 10 mM KyRuCls, and 0.5M NaCl were used as the
Pt precursor, Ru precursor and electrolyte, respectively. Also 0.4 M
ethyl alcohol was added to the solution to avoid the formation of
undesirable products on the counter electrode.

Pt and Ru were first electrodeposited on Nafion(Na*)-bonded
carbon electrodes by using the potential sweep method. The poten-
tial was scanned from 500 to —600mV (vs. standard hydrogen
electrode (SHE)) at a scan rate of 10mV s~!. After Pt and Ru depo-
sition, the electrode was rinsed with ultrapure water and then the
electrochemical properties were assessed in 1M H;SO4 solution
by cyclic voltammetry. Cyclic voltammograms (CVs) were gener-
ally recorded at a scan rate of 20 mV s~ 1. All potentials are reported
with respect to the SHE.

2.2. Preparation of Nafion(Na* )-bonded carbon electrodes

To apply a uniform electrode surface, a gas-diffusion layer
(GDL; E-TEK, LT 1200-W) was used as a backing layer. The car-

bon slurry was applied to the hydrophobic GDL by spraying to
form a hydrophilic layer. The hydrophilic layer was loaded with
0.3 mgcm2 of carbon.

2.3. Electrodeposition

Galvanostatic pulse electrodeposition of Pt-Ru electrodes was
performed using a two-electrode cell and an electrochemical sys-
tem (VoltaLab80, Radiometer). The Nafion(Na*)-bonded carbon
electrode served as the cathode and Pt mesh as the anode. The
electrodes were mounted on a sample holder coupled to Pt foil
as a current-collector. The plating bath was a solution composed
of 20mM K, PtCl4 and various concentrations of K;RuCls (10, 20,
30, and 40 mM) dissolved in 0.5M NaCl and 0.4 M ethyl alcohol.
The sample holder was immersed in the plating bath for 5 min so
that the carbon electrode was soaked sufficiently. The parameters
for galvanostatic pulse electrodeposition were a peak current den-
sity of 300 mA cm~2, an on/off time of 10/100 ms and a total charge
density of 1Ccm—2.

After electrodeposition, the electrode was rinsed with ultrapure
water to remove any residue of precursors and chloride ions that
degrade the cell performance [26].

2.4. Characterization of electrodeposited Pt-Ru catalysts

The chemical composition of the Pt-Ru catalysts were obtained
by using an electron probe micro-analyzer (EPMA, JEOL Co.,
JXA-8900R) and the amount of metals in the electrodeposited
catalysts was determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). The morphology and particle
size of the electrodeposited Pt-Ru catalysts were obtained with a
high-resolution transmission electron microscope (HR-TEM, JEOL
Co., JEM-200CX). After electrodeposition, the catalysts were heat-
treated at 250°C in Hy (10%)/N, (90%) gas for 30 min to remove
organic solvent and reduce the oxidized catalysts. Before and after
the heat treatment, the oxidation states of Pt were analyzed by X-ray
photoelectron spectroscopy (XPS, Pohang Accelerator Laboratory,
Beam line 4B1). Data from X-ray diffraction measurements (XRD,
Philips, X'pert APD) were analyzed for the degree of alloying and
lattice parameters.
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Fig. 5. Particle-size distribution of prepared catalysts by HR-TEM: (a) before heat treatment; (b) after heat treatment.

For CO-stripping voltammetry, CO was adsorbed at a potential
of 100 mV (vs. SHE) in CO-saturated 1 M H,SO4 solution for 10 min,
and then the electrolyte was purged with N, for 10 min to remove

dissolved CO. The voltammograms were recorded from 0 to 800 mV
at20mvVs-1.

2.5. MEA fabrication and single-cell operation

A commercial 40 wt.% Pt/C from E-TEK and 5 wt.% Nafion solu-
tion were thoroughly mixed with isopropyl alcohol to make the
cathodes. The well-mixed slurry was sprayed on a GDL (E-TEK, LT
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Fig. 6. X-ray photoelectron spectra of Pt 4f of prepared catalysts: (a) before heat treatment; (b) after heat treatment.

1200-W) at 0.4 mg cm~2. The electrodeposited Pt-Ru electrode, the
spayed Pt electrode and a Nafion membrane (DuPont) were used
to form a membrane-electrode assembly (MEA) by hot pressing
at 130°C for 3min at 100kgfcm~2. For comparison, a conven-
tional MEA was also fabricated by using 40 wt.% PtRu/C (E-TEK,
0.118 mgpr, cm~2) and 40 wt.% Pt/C (E-TEK, 0.4mgcm~2) as the
anode and the cathode, respectively.

The operating conditions (temperature, gas flow rate) for single-
cell performance tests were controlled by a test station (Globe Tech,
Inc. 890 series, GT-500). The cell temperature was maintained at
70°C with H, and air gas humidified at 75 and 80°C, respectively.
The pressures on both electrodes were maintained at 2 bar.

After obtaining the single-cell performances of the electrode-
posited and commercial electrodes, the CO tolerance, of each
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electrode was evaluated by exposure to H,/CO (10 ppm) gas for 1 h,
and then pure H, gas for 1 h.

3. Results and discussion
3.1. Deposition of Pt and Ru on Nafion(Na*)-bonded carbon layers

Pt and Ru were electrodeposited on a Nafion(Na*)-bonded
carbon layer to investigate the deposition pattern of precursors,
because this depends on the type of ligands, electrolytes, addi-
tives and deposition conditions [17]. Fig. 2(a) shows the deposition
behaviour from K, PtCl4 and K;RuCls on a carbon layer, and Fig. 2(b)
presents the electrochemical properties of deposited electrodes
in 1M H,S04. According to Fig. 2(a), the beginning of Ru depo-
sition appears easier than that of Pt but the reduction peak
(Ep=-334mV) of Ru is observed at a more negative potential than
that (E, = —81 mV) of Pt. Therefore, the overpotential for Ru nucle-
ation on carbon surface is larger than that of Pt. After deposition,
CVs were recorded from 0 to 1000 mV vs. SHEat 20mV s~! in H,SO4
(Fig. 2(b)). This results show that the adsorption/desorption hydro-
gen peak for deposited Ru is almost absent compared with Pt but it
has a thicker double-layer region.

3.2. Galvanostatic pulse electrodeposition from K,PtCl,; and
K>RuCls on Nafion(Na* )-bonded carbon electrodes

Electrodes made by the electrodeposition method have several
advantages such as enhanced catalyst utilization, cost reduction,
and simplification of preparation. Based on these advantages, many
workers have been reported the performance and characteristics of
electrodeposited electrodes [11,22,23,27].

Under our optimized conditions, Pt-Ru catalysts were prepared
on Nafion(Na*)-bonded carbon layers by means of a galvanostatic
method. The electrodes, prepared by varying K;RuCls concentra-
tions with a peak current density of 300 mA cm~2, a on/off time of
10/100ms and a total charge density of 1Ccm—2, were character-
ized by XRD, EPMA, ICP-AES, TEM, and XPS.

X-ray diffraction patterns were analyzed to investigate the struc-
tural change when platinum is alloyed with ruthenium. The XRD
patterns of the electrodeposited Pt-Ru catalysts are presented in
Fig.3.The platinum (11 1) peak of Pt-Ru electrodes shifts to a higher
angle compared with the pure platinum peak from JCPDS (#4-
0802) to indicate that there is alloy formation between platinum
and ruthenium. The lattice parameters were evaluated from (11 1),
(200),(220),and (31 1) peaks. These values are 3.899, 3.893, 3.883
and 3.885A for Fig. 3(a)-(d), respectively, but the average parti-
cle size could not be calculated because of a weak (22 0) peak in
the XRD patterns. This phenomenon can be explained by the rel-
atively low loading of the catalysts. Therefore, the particle size of
electrodeposited Pt-Ru catalysts was obtained by high-resolution
transmission electron microscopy (HR-TEM).

Table 3

The amount of loaded Pt and Ru was controlled by varying
the concentration of K;RuCls and then determined by ICP-AES, as
shown in Table 1. The concentration of Ru precursor was varied
from 10 to 40 mM while the concentration of Pt precursor was fixed
at 20 mM. The data in Table 1 show that the amounts of Pt and
Ru increase as the concentration of Ru precursor is increased, and
these values are used to calculate the chemical composition and
electrochemical surface area of electrodeposited Pt-Ru catalysts.

The chemical composition of the Pt-Ru catalysts was also mea-
sured by EPMA, in which the average value was obtained from
several different points. The compositions of catalysts measured by
ICP-AES and EPMA are listed in Table 2. From these results, a reliable
chemical composition of each of the electrodes from two analytical
methods is obtained and the optimum atomic ratio of 1:1 Pt-Ru can
be prepared from 20 mM Pt and 30 mM Ru precursors [28].

The HR-TEM images of electrodeposited Pt-Ru catalysts before
and after heat treatment are shown in Fig. 4. The average parti-
cle size is calculated from the particle distributions presented in
Fig. 5. Before heat treatment, the particle size of the alloyed parti-
cles is 3-4 nm, regardless of the concentration of K;RuCls (Fig. 5(a)),
but the average particle size of the Pt-Ru electrode heat-treated at
250°C in Hy (10%)/N, (90%) gas for 30 min grew a little (Fig. 5(b)).
The increase in the particle size of catalyst after heat treatment has
been already confirmed in our earlier work [17].

The X-ray photoelectron spectra of Pt 4f from the prepared cata-
lysts before and after the heat treatment are displayed in Fig. 6. XPS
measurements are used to define the oxidation state of electrode-
posited Pt. The spectra can be deconvoluted into two components,
labelled as Pt and Pt(II) with binding energies of 71.0 and 73.1 or
73.2, as shown in Table 3. The relative intensities (%) of metallic
Pt and Pt(Il) in deposited samples from different K;RuCls concen-
trations are almost the same, and these values increases in general
after heat treatment, as shown in Table 3. It is reasonable to assume
that reduction of oxidized Pt occurs during the heat treatment.
Analysis for ruthenium 3p and 3d is difficult, however, since the
two peaks are weak and overlap with a huge carbon 1s peak.

In order to measure the electrochemical surface area (ESA), CO-
stripping voltammetry was performed with Nafion(Na*)-bonded
carbon layers that were sprayed on glassy carbon electrodes for
comparison. The catalyzed electrode was made by using the con-
ventional method for PEM electrodes. Then, CO was first adsorbed
on Pt-Ru catalysts on Nafion(Na*)-bonded carbon layers and CO-
stripping voltammograms were recorded from 0 to 800mV at
20mV s~1. The onset potentials for CO oxidation of Pt—Ru catalysts
obtained by electrodeposition from 20 mM K;PtCl4 and different
concentrations of K;RuCls at 10, 20, 30 and 40 mM are 0.49, 0.53,
0.49, and 0.50 mV, respectively, see Fig. 7. The peak potentials for
these samples are observed at 0.69, 0.60, 0.59 and 0.61 mV, respec-
tively. The amount of metals determined by ICP-AES is shown in
Table 1 and 420 .C cm~2 was used to calculate the ESA values. For
Pt-Ru catalysts deposited from 20 mM K,PtCl4 and concentrations

Binding energies and relative intensities of electrodeposited catalysts obtained by XPS measurements.

Samples Species Binding energies of 4f;, (eV) Relative intensities (%)
Before heat treatment After heat treatment

10 mM K;RuCls Pt 71.0 84 90

Pt(1I) 73.1 16 10
20 mM K;RuCls Pt 71.0 83 90

Pt(1I) 732 17 10
30 mM K;RuCls Pt 71.0 84 90

Pt(11) 73.1 16 10
40 mM Ky RuCls Pt 71.0 83 90

Pt(I1) 73.2 17 10
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Fig. 7. CO-stripping voltammograms of deposits from 20 mM K, PtCl4 and various
concentrations of K,RuCls: (a) 10, (b) 20, (c) 30 and (d) 40 mM.

of K;RuCls of 10, 20, 30 and 40 mM, the ESA is 42.7, 107.4, 131.7,
and 115.7 m2 g1, respectively. Thus, the electrode with a 1:1 PtRu
atomic ratio made from 20 mM Pt and 30 mM Ru precursors has
the highest ESA. These results show that Pt-Ru electrodes with
different alloying states exhibit different abilities for CO oxidation
and thereby affect the ESA of the prepared electrodes, though elec-
trodes have similar particle sizes, as shown in Figs. 4 and 5. It is
confirmed that electrodes of 1:1 PtRu atomic ratio exhibit excellent
ability for CO oxidation and therefore they are evaluated for fuel cell
performance and CO tolerance and compared with conventionally
prepared electrodes.

3.3. Single-cell performance and CO tolerance

Fig. 8 presents the polarization curves of PEMFCs for anodes
prepared by two different methods, namely, the electrodeposi-
tion and conventional methods. The electrodeposition method
used 20 mM K, PtCl4 and 30 mM K, RuCls5 solutions. The amount of
total metals in the electrode was determined as 0.118 mgpr, cm 2
(Table 1).

Electrodes by the conventional method were prepared by spray-
ing E-TEK catalysts on GDL. The cathode was made from a slurry of
commercial 40 wt.% Pt/C E-TEK, Nafion solution and isopropyl alco-
hol. The mixture was sprayed on GDL with 0.4 mg cm~2 of Pt. When
the same amount of Pt-Ru catalysts for both electrodeposited and
conventional electrodes are used, the electrodeposited electrode
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Fig. 8. Polarization curves of electrodeposited catalysts and 40 wt.%. PtRu/C from
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Fig. 9. Results after exposure to 10 ppm CO gas of electrodeposited and conventional
electrodes.

exhibits better performance than the conventional electrode over
the entire current density regions.

The polarization curves for H,/CO (10 ppm) and recovery curves
with electrodeposited and conventional electrodes are presented
in Fig. 9. These results were obtained in following order: (i) after
polarization curves of pure H;, both electrodes were exposed to
H,/CO (10 ppm) for 1h; (ii) conduct the performance test of elec-
trodes; (iii) both electrodes were exposed to pure H, for 1h;
(iv) obtain respective recovery curves. Performance of both elec-
trodes that were exposed to CO gas for 1h decreases but the
electrodeposited Pt-Ru electrode shows better performance than
the conventional electrode from E-TEK. Second, recovery curves do
not reversibly return to the original performances even though the
electrochemically deposited electrodes behaves better, as shown in
Fig. 10.

The above findings indicate that the electrodeposited Pt-Ru
catalyst on the Nafion(Na*)-bonded carbon layer is utilized
more effectively due to the existence of abundant triple-
phase boundaries, and also shows better CO tolerance than the
conventional electrode from E-TEK with less metal loadings. Nev-
ertheless, the original performance of the electrodes cannot be
regained after exposure to CO gas. Nevertheless, the electrode-
posited electrodes give closer-to-original recoveries against CO
exposure.
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Fig. 10. Polarization curves before and after exposure to 10 ppm CO gas of electrode-
posited and conventional electrodes.
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4. Conclusions

The characteristics and unit cell performance of Pt-Ru catalysts,
prepared on Nafion(Na*)-bonded carbon electrode by galvanostatic
pulse electrodeposition have been evaluated. The chemical compo-
sition of the electrodes is controlled by varying the concentration
of Ru precursor. The average size of the Pt-Ru alloy particles is
3-4nm, regardless of the concentration of K;RuCls, and increases
after heat treatment. From XPS studies, the oxidation state of Pt in
all samples shows the same trend. Catalysts deposited from 20 mM
Pt and 30 mM Ru precursors have an Pt:Ru atomic ratio of 1:1 and
exhibit the largest electrochemical surface area (ESA) as obtained
by CO-stripping voltammetry.

Electrodeposited Pt-Ru gives superior performance in single-
cell operation, as well as greater CO tolerance compared with
the electrodes prepared conventionally. This is probably due to
enhanced utilization of catalysts. Recovery from CO exposure
proves that electrodeposited catalysts exhibit better behaviour
against the CO.
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