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ARTICLE INFO ABSTRACT

Keywords: In this study, urea-assisted homogeneous deposition (HD) strategy is employed to synthesize Vulcan
Homogeneous deposition XC-72 (VC)-supported Pt-Ru (40 wt%) catalysts under various initial pH conditions. In situ generation of
IEJlrea | hydroxide ions through hydrolysis of urea at elevated temperature results in HD of Pt-Ru species on the
A:g;reocata yst VC support. In addition, it has been found that the initial pH value in the starting solution has significant

influence on the Pt-Ru metal particle size and the catalytic activity of the supported Pt-Ru catalyst. Under
most pH values investigated (i.e., higher than 5-6), the VC-supported Pt-Ru catalysts prepared by the
HD approach have shown smaller metal particle size with better particle dispersion and demonstrated
greatly improved anode catalyst performance over the one prepared by impregnation-NaBH, reduction
at pH 7-8 in proton exchange membrane fuel cell. The results presented in this work highlight that highly
efficient Pt-based catalysts can be prepared by the HD strategy through the control of the initial pH value

Proton exchange membrane fuel cell

in the starting solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the past decade proton exchange membrane fuel cell
(PEMFC) has been receiving enormous attention as future energy
source for a range of applications in low/zero-emission electric
vehicles, distributed home power generators, and as a power source
for small portable electronic devices due to their high power
density, relatively quick startup, rapid response to varying metal
loading, and relatively low operating temperatures [1-5].

At present, Pt-Ru alloy and Pt metal are commonly used as
anode and cathode catalysts, respectively, for the PEMFC. How-
ever, Pt and Ru are noble metals and have low natural abundance,
a major shortcoming for practical applications thus escalating the
manufacturing cost and restricting its commercialization. For the
effective use of these noble metals as catalysts, they have to be well
dispersed as small particles on the conductive supporting materi-
als such as porous carbon to enhance the cell performance. It is
well known that the catalytic activity is strongly governed by the
size and dispersion of catalytic particles [6]. To date, voluminous
work has been carried out exploring the possibilities to minimize
the usage of noble metals by maximizing their catalytic utiliza-
tion, which can be achieved by reducing the metal particle size
and improving particle dispersion on the catalyst support [7]. Vari-
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ous synthesis strategies such as impregnation [8,9], microemulsion
[10,11],ion exchange [12], colloidal [13,14] and irradiation method
[15,16] have been employed to prepare bimetallic Pt-Ru catalysts.
However, inadequate control of particle morphology and ineffec-
tive removal of surfactants limit the efficacy of these synthesis
routes. As a result, novel, easy and reliable synthesis routes are
of enormous significance to prepare monodisperse and stoichio-
metrically uniform Pt-Ru nanoparticles to enhance the catalyst
performance of the PEMFC. In accordance to that, the present work
was undertaken with an objective of investigating a simple reliable
procedure for the synthesis of Vulcan XC-72 (VC)-supported high
metal loading Pt-Ru catalyst. Urea-assisted homogeneous deposi-
tion (HD) method has been applied in the preparation of uniform
well-dispersed metal catalysts (such as Au, Pt, Ru) on oxide sup-
ports with very low metal loading (less than 5wt%) for various
organic reactions [17-24]. Recently, a HD strategy coupled with
ethylene glycol (EG) reduction has been developed to synthesize
VC-supported high loading of Pt catalysts [25]. Although the HD-
EG technique proved to be efficient in preparation of Pt catalysts
with smaller Pt nanoparticle size and more uniform particle dis-
tribution compared with those by impregnation-NaBH,4 reduction
or EG-irradiation method, the pH values adjustment through urea
hydrolysis at elevated temperature seems to be limited, and a pH
value lower than 5 or higher than 9 could not be easily achieved by
the use of urea only. As we know, pH value in the initial solution
plays an important role in controlling the particle size and distribu-
tion of metal nanoparticles of the supported catalysts. Therefore, it
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Fig. 1. HR-SEM and HR-TEM images of 40 wt% PtRu/VC catalysts (inset: high magnification HR-TEM images): (a and f) Pt-Ru/VC-U1 (pH 3-4), (b and g) Pt-Ru/VC-U2 (pH
5-6), (c and h) Pt-Ru/VC-U3 (pH 7-8), (d and i) Pt-Ru/VC-U4 (pH 9-10) and (e and j) Pt-Ru/VC-NaBH4 (pH 7-8).

is significant and necessary to examine systematically the influence
of pH in the initial solution on the morphology, distribution and
catalytic activity of the supported catalysts. In this report, we syn-
thesized comparatively high metal loading (i.e., 40 wt%) PtRu/VC
catalysts through the modification of the HD method. Namely, a H;
reduction step was taken after the HD step. The HD step permits
gradual and homogeneous generation of hydroxide ions through-
out the whole aqueous solution through the hydrolysis reaction of

urea (i.e., CO(NH;); +3H,0 — 2NH,4* + CO, + 20H ), avoiding sud-
denlocal increase in pH value and excessively rapid precipitation of
metal hydroxide in the bulk solution. After the HD step for the pre-
cipitation of the PtRu hydroxide colloids, the supported high metal
loading Pt-Ru/VC catalysts were successfully prepared by thermal
reduction under flowing hydrogen gas. The influences of pH values
in the starting solutions on Pt-Ru particle size and dispersion on the
carbon support were investigated. It was found that Pt—-Ru nanopar-
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Fig. 2. HR-SEM and HR-TEM images of Pt—-Ru/VC catalysts (HD-H;): (a and b) 60 wt% Pt—-Ru/VC and (c and d) 20 wt% Pt-Ru/VC prepared at pH 9-10.

ticle sizes and their catalytic activities as anode Pt-Ru/VC catalysts
depend greatly on the pH values in the starting solution. Interest-
ingly, the Pt-Ru/VC catalysts synthesized under high pH values by
the modified HD method (i.e., HD-H;) have shown better disper-
sion with smaller particle size and thus demonstrated enhanced
catalytic activity and PEMFC performance compared with the one
prepared by the conventional impregnation-NaBH,4 reduction.

2. Experimental
2.1. Synthesis of Pt—Ru/VC catalysts

H,PtClg-6H,0 (Kojima) and RuCls (Aldrich) were used as metal
precursors and Vulcan XC-72 (VC) carbon black (Cabot) as support
for the synthesis of catalyst. Urea (Aldrich) and VC were used as
received.

Pt-Ru/VC (40wt%) catalysts were prepared by two different
synthesis methods, namely, impregnation-NaBH4 reduction and
HD-H; reduction. The catalysts thus prepared were denoted as
Pt-Ru (40 wt%)/VC-NaBH4 and Pt-Ru (40 wt%)/VC-U, respectively.
The details on the NaBH4 approach at pH of 7-8 can be found else-
where [26,27].

In a typical HD-H, synthesis, equimolar amounts of hydro-
gen hexachloroplatinate and ruthenium chloride were dissolved
in deionized water with vigorous stirring. The urea solution was
prepared by dissolving appropriate amount of urea (molar ratio
of urea to metal was ~20) in deionized water with stirring. The
above both solutions were mixed and stirred for 30 min at ambient
temperature. The VC was suspended in deionized water and then
mechanically stirred to obtain homogeneous carbon solution. The
resultant carbon solution was mixed with the previously prepared
metal salt-urea mixture solution at controlled pH values (3-4, 5-6,
7-8 or 9-10) and then stirred for 1 h at 90°C. The resulting Pt-Ru
(40 wt%)/VC-U catalysts were denoted as Pt-Ru/VC-U1, Pt-Ru/VC-
U2, Pt-Ru/VC-U3 and Pt-Ru/VC-U4, respectively. The initial pH of
the mixture solution was around 3-4 and adjusted to the con-
trolled value with 3.0 M NaOH solution. The as-obtained solution
was cooled to room temperature, filtered, thoroughly washed with

deionized water and dried in a vacuum oven at 80 °C for overnight.
After drying, the residue was heated in a tube furnace at 300°C
under flowing H; for 1 h. In addition to the metal loading of 40 wt%,
Pt-Ru catalysts with various metal loadings, i.e., 20 and 60 wt%
were also prepared by HD-H, strategy with the initial pH of the
mixture solution of 9-10 for comparison. Actual metal loadings of
the VC-supported Pt-Ru catalysts were roughly determined by the
thermogravimetric analysis (TGA). TGA analysis was carried out
using a SCINCO TG 1000 Model under a flow of dry air. Sample
weight was in the range of 10-20 mg with heating rate of 15 °C/min.

2.2. Characterization

As-synthesized supported catalysts were characterized using
various techniques such as high resolution-transmission electron
microscopes (HR-TEM), high resolution-scanning electron micro-
scopes (HR-SEM), and X-ray diffraction (XRD) analysis. HR-TEM
images were obtained by using transmission electron microscope
(JEM 2200-FS) operated at 200kV and HR-SEM images were
obtained by using ultra high resolution-scanning electron micro-
scope (Hitachi S-5500) operated at 30kV. The XRD patterns were
recorded by using a Rigaku diffractometer with Cu Ko radiation at
a scan rate of 4°/min at 40 kV and 20 mA.

2.3. Half-cell tests

Half-cell (i.e., three-electrode electrochemical cell) was con-
structed and CO stripping voltammogram measurements con-
ducted to examine electrochemical surface area (ESA) of the
in-house Pt-Ru catalysts. Pt gauze was used as a counter electrode
and Ag/AgCl as a reference one. The working electrode was a thin
layer of Nafion-impregnated catalyst cast on a glassy carbon disk
(3mm in diameter) embedded in a Teflon cylinder. Preparation
method for the working electrode was described elsewhere [28].
The catalyst loading in the working electrode was 0.2 mgPt/cm?.
Before starting CO stripping, the electrolyte (i.e., 0.5 M H,SO,4) was
purged by N, for 20 min. After that, a mixture gas of CO and N,
(containing 20% (v/v) CO) was introduced for 15 min while the
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Fig. 3. Thermogravimetric analysis curves for the various Pt-Ru/VC-Ux catalysts
prepared using HD-H; method.

working electrode was kept at a potential of —0.12 V versus Ag/AgCl
reference electrode. Next, the dissolved CO in the electrolyte was
removed by bubbling N, for 20 min, and the stripping voltammo-
grams were recorded at a scan rate of 25mV/s. All the recorded
currents are normalized by the mass percentage of platinum in the
catalysts.

2.4. Single-cell tests

Fuel cell polarization performance was evaluated using single
cell with a 6.25cm? cross-sectional catalyst area and conducted
with WFCTS fuel cell test station (WonA Tech Co., Ltd, Korea). H,
and O, gases were supplied to the anode and cathode at flow rates
of 200 and 500 ml/min, respectively, with zero back pressures.
Before feeding to the cell, H, and O, gases had been humidified
at a temperature of 15°C higher than the cell’s operating temper-
ature.

The membrane electrode assembly (MEA) was made by
hot-pressing (135°C, 2000 psi for 5min). Pretreated Nafion-115
(Du-Pont) membrane was sandwiched between the anode and
cathode, which had been prepared by painting a desired amount
of supported catalyst ink on a teflonized carbon paper (TGPH-090)
and dried in an oven at 70°C for 1h. The catalyst ink was pre-
pared by mixing 100 mg of catalyst with 0.763 ml of 5wt% Nafion
solution and kept on stirring prior to use. The catalyst loadings
at anode (40 wt% PtRu/VC) and cathode (20wt% Pt/VC from E-
TEK) were 0.4 mgPt-Ru/cm? and 0.4 mgPt/cm?, respectively. The
Nafion-115 membrane used was pretreated first by boiling in
3wt% Hy0, for 1h followed by boiling again in 0.5M H;SO4 for
1 h. The single-cell test fixture comprised of two steel end plates
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Fig. 4. The XRD patterns of 40 wt% Pt—-Ru/VC catalysts synthesized using HD-H, at
various pH values and Pt-Ru/VC-NaBH4 catalyst.

and two graphite plates with rib-channel patterns allowing the
passage of hydrogen gas to the anode and oxygen gas to the cath-
ode. Measurements for fuel cell power test of each sample were
repeated thrice for reproducibility at the same experimental con-
ditions.

For evaluation of electrochemical stability of the Pt-Ru catalysts,
the chronoamperometric tests were conducted at 0.75V for 4 h.

3. Results and discussion

Fig. 1 shows the representative HR-SEM and HR-TEM images
for 40 wt% Pt-Ru/VC-U catalysts prepared under various initial pH
conditions and for the Pt-Ru/VC-NaBH,4 catalyst prepared at pH
of 7-8. On the whole, all of the Pt-Ru/VC-U catalysts show uni-
form Pt-Ru dispersion on the carbon support with narrow particle
size distribution. The average metal particle sizes were determined
by measuring the diameters of near 100 nanoparticles found in
an arbitrarily chosen area in enlarged photographs. The average
metal particle size was found to be 3.6 nm (standard deviation (SD):
0.31), 3.2nm (SD: 0.25), 3.0nm (SD: 0.21), and 2.7 nm (SD: 0.19)
in diameter for the Pt-Ru/VC-U1, Pt-Ru/VC-U2, Pt-Ru/VC-U3, and
Pt-Ru/VC-U4, respectively. The Pt-Ru/VC-U1 catalyst shows spo-
radically larger metal particles probably due to agglomeration. The
most uniform and well-dispersed metal nanoparticles were found
for the Pt-Ru/VC-U4 catalyst, which was synthesized in relatively
basic condition (i.e., pH of 9-10). In contrast, inferior particle size
distribution is observed in Fig. 1 for the Pt-Ru (40 wt%)/VC-NaBH,
along with larger mean particle size and some metal agglomeration.
The supported Pt-Ru nanoparticles have a wider particle size distri-
bution of ca. 2.3-4.7 nm, and the mean particle size was estimated
to be around ca. 3.5nm.

HR-SEM/TEM images shown in Fig. 2 reveal that through the
HD-H, synthesis strategy Pt-Ru catalysts can be prepared with
relatively low metal loading (i.e., 20 wt%) but with smaller metal
particle size along with more uniform particle distribution com-
pared with Pt-Ru (40 wt%)/VC catalyst. Particularly important and
interestingly, with a higher metal loading, i.e., 60 wt%, the Pt-Ru
catalyst still exhibits uniform particle distribution except very few
and light particle agglomeration observed somewhere, implying
the effectiveness of HD-H; synthesis strategy.

TGA data shown in Fig. 3 reveal that the metal loadings in
all the catalysts are close to their nominal values, implying the
Pt and Ru complex ions in the initial metal salt solutions have
been successfully reduced to metallic Pt and Ru. Interestingly, for
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Fig. 5. CO stripping voltammograms for the various Pt-Ru (40 wt%)/VC catalysts ((a) NaBHg4, (b) U1 (pH 3-4), (c) U2 (pH 5-6), (d) U3 (pH 7-8) and (e) U4 (pH 9-10))in 0.5 M

H,S04 at 25mV/s.

PtRu/VC-U1, the metal loading was found to be 35 wt%, slightly
less than the nominal 40 wt%, which indicates that hydroxide ions
generated only by urea hydrolysis may not be sufficient to form
stable PtRu hydroxide precipitation in this initial low pH condi-
tion.

Fig. 4 demonstrates characteristic XRD patterns for the Pt-Ru
(40 wt%)/VC catalysts synthesized at various pH values using urea
and for Pt-Ru (40 wt%)/VC catalyst synthesized using NaBHy4 as a
reducing agent. The broad signal located at ca. 24.5° in the XRD
patterns is associated with the VC support. Pt shows character-
istic peaks of face-centered cubic (FCC) crystallinity (JCPDS-ICDD,
card no. 04-802) with the planes (111), (220) and (311) at 20
values of ca. 39.8°, 67.8°, and 81.2°, respectively. All the XRD pat-
terns indicate that the Pt-Ru/VC alloy catalysts reveal principally
single-phase disordered structures of Pt. Compared to the reflec-
tions in pure Pt, the diffraction peaks for the Pt-Ru alloy catalysts
have slightly shifted to higher 20 values of ca. 41.0°,68.9°, and 83.6°
for (111),(220) and (311), respectively, as shown in Fig. 4, indi-
cating the formation of an alloy involving the incorporation of Ru
atom into the FCC structure of Pt. The average particle sizes cal-
culated from a (220) X-ray diffraction peak of Pt FCC lattice by
using the Scherrer equation [29] are in good agreement with the

values estimated from HR-TEM images. The data obtained from
the XRD analysis are summarized in Table 1. It was observed that
the particle size in the Pt-Ru/VC catalyst (HP-H, ) decreases with
the increase in the pH of the starting solution, which suggests
that the pH of the solution has significant effect on the metal par-
ticle size and the particle distribution in agreement of previous
works [14,30-35]. Salgado et al. [35] reported that the mean par-
ticle size of the Pt-Co/C prepared in acid medium is larger than
that of the catalyst prepared in basic medium. The decrease in

Table 1
Particle size and fuel cell performance for the Pt-Ru (40 wt%)/VC catalysts prepared
by the HD-H, under various pH values or by NaBH; method.

Sample pH Pt-Ru particle Maximum ESA (m?/g)
size (nm)? power (W)P

Pt-Ru/VC-NaBH;  7-8 3.5 2.17 35

Pt-Ru/VC-U1 3-4 3.6 213 36

Pt-Ru/VC-U2 5-6 3.1 2.58 43

Pt-Ru/VC-U3 7-8 3.0 2.63 45

Pt-Ru/VC-U4 9-10 2.6 2.81 55

2 Average particle size (calculated from XRD patterns).
b Average maximum power of single-cell tests (cathode: Oy, anode: H,, 60°C).
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size of the metal particle with increasing pH value is probably
attributable to the following reasons. (i) In a solution with higher
pH, more OH™ ions are provided, and in this situation, more Cl~
[PtClg]?~ complex ions can be replaced by OH- through a chem-
ical reaction like that [PtClg]2~ +XOH~ — [Pt(OH)xClg_x]2~ +xCl-.
Apparently, the size of [Pt(OH)xClg_x]?~ should be smaller than
[PtClg]?~ due to the smaller ionic radius of OH~ compared with
Cl~. The smaller the size of deposited Pt(IV) complex on the VC, the
smaller the size of metal Pt atom and Pt-Ru alloy during the H,
reduction. (ii) In a solution with lower pH particularly in an acidic
aqueous medium, due to insufficient supply of OH™ even after the
urea hydrolysis, part of Pt and Ru hydroxide colloids might be
involved in a so-called precipitation-dissolution process, resulting
in uneven growth and larger particulate size of Pt and Ru hydrox-
ide colloids. While in a solution with higher pH value, less or no Pt
and Ru hydroxide colloids undergo such precipitation-dissolution
process, ensuring the even growth of the Pt and Ru hydroxide
particulate on their nucleation sites. In this case, in situ gener-
ation of OH~ through hydrolysis of urea not only provides more
OH~, which favors and stabilizes the formation of metal hydroxide
on the carbon support, but also protects the metal hydrox-
ide particulates from agglomeration in the precipitation process
due to the presence of excess amount of hydroxide ions in the
solution.

Efficient removal of the poisoning species such as CO from the
catalyst is an important measure for evaluating the catalyst prop-
erty and determining ESA for Pt-Ru catalyst. The CO stripping
voltammograms for the various Pt-Ru/VC catalysts are shown in
Fig. 5. In all the cases, the broad anodic peak observed during
the first potential-positively going scan disappears in the second
scan, indicating that the adsorbed CO has been completely oxi-
dized during the first forward scan. For most of Pt—-Ru/VC catalysts
prepared by HD-H, method (i.e., pH greater than 5-6), the peak
intensity of CO electro-oxidation is larger than that observed for
the Pt-Ru/VC (NaBHy), implying the larger ESAs for the HD-H,
catalysts. With the assumption of 420 wC/cm? as the oxidation
charge for one monolayer of CO on a smooth Pt surface and
after the subtraction of the background current of the second
scan, ESAs were determined using the CO oxidation charge to
be 36, 43, 45, 55 and 35m?2/g for Pt in the Pt-Ru/VC-U1, U2,
U3, U4 and NaBHy, respectively. Compared with NaBH, catalyst,
higher ESAs for the HD-H, catalysts suggest better utilization
efficiency due to smaller Pt-Ru nanoparticles and better particle
distribution.

The fuel cell polarization performance plots for the various
Pt-Ru (40 wt%)/VC catalysts are shown in Fig. 6a. Evidently, most
Pt-Ru (40 wt%)/VC-U catalysts prepared at relatively high pH val-
ues (i.e., greater than 5) reveal a higher open circuit voltage
than that for the Pt-Ru (40 wt%)/VC-NaBHy, which is probably
related to the characteristics of the catalysts such as smaller
metal particle size and more uniform particle distribution of the
former. Furthermore, they also exhibit higher anodic catalytic activ-
ities, which can be clearly observed at low polarization current
density of smaller than 0.05A/cm?. At the identical current den-
sity, smaller polarization voltage losses observed for the Pt-Ru
(40 wt%)/VC-U catalysts are mainly attributable to the faster anodic
polarization reaction taken place on the catalyst electrodes. The
maximum power measured is 2.17 W for Pt-Ru/VC-NaBHyg4, 2.13W
for Pt-Ru/VC-U1, 2.58 W for Pt-Ru/VC-U2, 2.63 W for Pt-Ru/VC-U3,
and 2.81W for Pt-Ru/VC-U4. Particle sizes, ESAs and the maxi-
mum power delivered for the various VC-supported Pt—-Ru (40 wt%)
catalysts are summarized in Table 1, and shown in Fig. 6b. Appar-
ently, in most cases (i.e., for the catalysts prepared at pH values
of higher than 5-6), the Pt-Ru (40 wt%)/VC-U catalysts demon-
strate higher power than the one prepared by the conventional
impregnation-NaBH, reduction under the identical test condi-
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Fig. 6. (a) The polarization and power curves for PEMFC using 40 wt% Pt-Ru/VC
catalysts as anode and a commercial E-TEK Pt (20 wt%)/VC catalyst as cathode. (b)
Average particle sizes with standard deviation given by length of vertical line (W)
of the Pt—-Ru/VC-U catalysts and fuel cell power with error bar (a) shown against
pH value. (c) Chronoamperograms obtained at 0.75V for the various Pt-Ru (40 wt%)
catalysts.

tion. The Pt-Ru/VC-U4 synthesized at pH 9-10 shows the highest
power, which is 30% higher than the one prepared by NaBH,4
reduction. As shown in Fig. 6b for the Pt-Ru/VC-U catalysts, the
fuel cell power delivery illustrates an increasing trend with the
increasing pH, which mainly results from the decrease in metal
particles size along with the improved particle dispersion on the
VC support. Fig. 6¢c shows the chronoamperometry data recorded
at a constant voltage of 0.75V for the various Pt-Ru (40 wt%)
anode catalysts. It was found that most Pt-Ru/VC (HD-H,) cata-
lysts exhibit both higher initial and higher final current response
than the Pt-Ru/VC (NaBHy4), suggesting that these catalysts are
more active towards H, oxidation than Pt-Ru/VC (NaBHy), result-
ing from the smaller Pt-Ru particle size and more uniform particle
distribution.
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4. Conclusions

In the present work, a simple, reliable and inexpensive pro-
cedure based on a modified HD method using urea has been
described for the synthesis of 40 wt% metal loading of Pt-Ru/VC
catalysts. It was found that the pH of the starting solution
significantly influences the Pt-Ru metal particle size and the
particle dispersion on the carbon support, which are critically
related to the PEMFC performance as well. The metal parti-
cle size decreased with the increasing pH, which results in the
increase in the fuel cell power delivery. At most of the cases
especially at high pH values, the in-house Pt-Ru (40 wt%)/VC-U
catalysts have demonstrated greatly enhanced catalytic activity
and fuel cell performance compared with the one prepared by
the conventional impregnation-NaBH, reduction. Further work
on synthesis and electrochemical activity of Pt-based catalysts
is under progress with different support and various metals
loadings.
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