Journal of Power Sources 196 (2011) 10570-10575

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at SciVerse ScienceDirect

Journal of Power Sources

Pt"Ru/C catalysts synthesized by a two-stage polyol reduction process for

methanol oxidation reaction

Yuexia Li®P, Liping Zheng®P, Shijun Liao®P, Jianhuang Zeng®":*

aSchool of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510641, China
b Guangdong Provincial Key Lab for Fuel Cell Technology & Key Lab of Enhanced Heat Transfer and Energy Conservation, Ministry of Education, China

ARTICLE INFO ABSTRACT

Article history:

Received 10 August 2011

Received in revised form 24 August 2011
Accepted 24 August 2011

Available online 31 August 2011

Keywords:

Pt"Ru/C

Methanol oxidation reaction
Catalyst

Highly dispersed Ru/C catalysts are prepared using high viscosity glycerol as a reducing agent and are
treated in H, atmosphere to ensure stability. A Pt*Ru/C catalyst is prepared by an ethylene glycol process
based on the pre-formed Ru/C. The catalyst is tested for methanol oxidation reaction at room temperature
and is compared with the activity of the as-prepared PtRu/C alloyed catalyst (prepared by co-reduction of
Pt and Ru precursors) and commercial PtRu/C from E-TEK. The catalysts are extensively characterized by
Transmission electron microscope (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). Electrochemical measurements by cyclic voltammetry (CV) showed consistently high catalytic
activities and improved CO resistance for the Pt"Ru/C catalyst.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The quest for longer battery life has stimulated the fast devel-
opment of lithium ion battery and low temperature fuel cells.
The specific energy density of direct methanol fuel cells (DMFCs)
can be 10 times higher than that of lithium ion batteries. At first
sight, DMFCs seem to be the most suitable power candidates for
portable electronic devices in the replacement of batteries [1].
However, the commercialization of DMFCs largely depends on the
developments of key materials such as anode/cathode electrocat-
alysts and proton exchange membranes [2]. Research on anode
electrocatalysts has been mainly devoted to the catalytic activity
improvement of Pt based catalyst as well as reduced cost. These
include on-going development of different preparative methods
[3], investigation on optimized surface structures [4] and particle
size [5]. Unfortunately, Pt, as active electrocatalyst, is in demand
for many applications in chemical industry, such as catalytic con-
verters for exhaust gas in vehicles, catalysts for petroleum and
chemicals processing. Meanwhile, the reservation of Pt in the earth
is only hundreds of tons. Pt-only catalysts are therefore very costly.
Investigation on non-platinum catalysts or Pt catalysts with lower
platinum content without sacrificing catalytic activity is of much
significance to promote the commercialization of DMFCs.
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Addition to Pt catalysts a second or even a third metal is cer-
tainly one of solutions to lower Pt content and the added metals
studied so far include Ru, Rh, Sn, W, Se and Mo [6-8], etc. It has
been generally accepted that Pt-Ru bimetallic or alloyed catalysts
are the most promising anode materials for DMFCs since ruthenium
is favorable for removal of the adsorbed CO poisoning interme-
diates on Pt, which are formed during dehydrogenation steps of
methanol oxidation [8-11]. Furthermore, the price of ruthenium
is about one-seventh that of platinum, according to current online
prices for noble metals.

Another efficient way to decrease the Pt loading, thereby mak-
ing the most efficient use of noble metal, is to improve dispersions
either by using the high surface area supports [5,12,13] or the con-
struction of special structures. These special structures span from
alloys [9,11], core-shell [8,10,14,15] and monometallic mixtures
[16]. The formation of core-shell structure is probably the most
efficient way to improve dispersion [17,18].

To do so, a less noble metal or base metal/metal oxide is usually
adopted as core material and Pt is then selectively deposited on
the core as a shell to form core-shell construction [17,18]. Alayo-
glu and Eichhorn reported that Ru@Pt core-shell nanoparticles are
far superior to the PtRu alloy and monometallic mixtures in terms
of Pt utilization and catalytic activity [16]. Compared with other
core materials, the use of Ru core has added advantage since Ru
alone can be easily supported on carbon supports with high dis-
persion. In this work, we used a method to prepare highly active
Pt"Ru/C electrocatalyst and systematically evaluated the methanol
oxidation performance of the as-prepared PtRu/C alloyed catalysts,
Pt"Ru/C and commercially supplied PtRu/C catalysts from E-TEK.
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Fig. 1. Illustration for the synthesis of Pt"Ru/C catalyst.

In the preparation of Ru/C, we selected glycerol other than the con-
ventionally used ethylene glycol (EG) as a reducing agent. This step
is critical to ensure the formation of highly dispersed Ru/C with
small sizes due to the high viscosity of glycerol.

2. Experimental
2.1. Catalyst preparation

Ru/C: carbon-supported Ru was prepared by an organic colloid
method in autoclave. 50 mg ruthenium (III) chloride hydrate was
dissolved in a mixture of acetone, glycerol and de-ionized water.
Sodium citrate (with a molar ratio of 2.5:1 to Ru) was then added
with stirring until it was dissolved completely. 200 mg pretreated
carbon black (Cabot Corp., Sger: 237 m2 g1, denoted as C) were
then added to the mixture with stirring, followed by adjustment
of the pH to greater than 10 by drop-wise addition of 10 wt.% KOH
solution. This mixture was then transferred into an autoclave with
a Teflon liner and the temperature was held at 160°C for 12 h. Ru/C
was collected by neutralization with 10 wt.% nitric acid solution,
followed by filtration and washing with copious de-ionized water,
finally vacuum-dried at 90 °C over night. Then the as-prepared Ru/C
was heated for 1h at 140°C under flowing H, at a flow rate of
50mLmin~!.

Pt"Ru/C catalysts were prepared by microwave-assisted
EG process. Calculated amounts of hexachloroplatinic acid
(H,PtClg-6H;0) and sodium citrate (with a sodium citrate to hex-
achloroplatinic acid molar ratio of 2.5:1) were dissolved in 20 mL
EG under stirring for 30 min. Afterwards, as-modificated Ru/C was
added to the mixture and the pH of the solution was adjusted
to above 10 by drop-wise addition of 10wt.% KOH/EG solution.
Reduction of Pt was completed by microwave-assisted heating
with a microwave power of 400 W for 1 min. It is to be noted that
the notation Pt"Ru/C represents the likely structure of isolated Pt
and core-shelled Ru@Pt nanoparticles. The total catalyst loading in
Pt"Ru/C is kept at 20 wt.% and the atomic ratio of Pt:Ru was held at
1:1.

For a fair comparison, 20 wt.% PtRu/C (1:1) catalysts were pre-
pared by co-reduction of hexachloroplatinic acid and ruthenium
chloride following a similar procedure as that of Pt"Ru/C. Commer-
cially available 20 wt.% PtRu/C (1:1), which is sourced from E-TEK,
is also included in the work for comparison.

2.2. Catalyst characterization

The surface morphologies of the catalysts were studied via a
transmission electron microscope (TEM) (JEOLJEM-2010HR, Japan)
operated at 200 kV. X-ray powder diffraction (XRD) analyses were
carried out with a Shimadzu XD-3A (Japan), using filtered Cu Ko
radiation at 35kV and 30 mA. The 26 angular region between 20°
and 80° was explored at a scan rate of 4° per min. The X-ray photo-
electron spectroscopy (XPS) data were obtained with an Axis Ultra
DLD X-ray photoelectron spectrometer (Kratos, USA). The binding

energies (BEs) were calibrated using the C 1s peak of graphite at
284.5¢eV as the reference.

2.3. Electrochemical measurement

The catalysts were electrochemically evaluated by cyclic
voltammetry (CV) using an IM6/IM6e electrochemical work station
(Zhaner, Germany) at room temperature. A common three-
electrode electrochemical cell was used for the measurements. A
platinum wire and a saturated Ag/AgCl electrode were used as
counter and reference electrode, respectively. 5 mg catalyst was
dispersed ultrasonically in 1 mL Nafion/ethanol (0.25 wt.% Nafion)
for 30 min to form homogeneous catalyst ink. The catalyst layer
on the 5 mm glassy carbon electrode (served as working electrode)
was prepared by pip petting 5 L ink followed by air drying.

For the electrochemical surface area (ECSA) measurements,
0.5 mol L~ sulfuric acid (H,SO4) solutions was used as electrolyte,
whereas a 0.5molL~! H,SO4 plus 0.5molL~! methanol (CH30H)
solution was employed for the evaluation of methanol oxidation
activity. For the anodic stripping of CO, 10% CO in Ar was used
to saturate the 0.5molL~! H,S04 electrolyte for 10 min while the
working electrode was held at —0.1V. The passage of CO was
then stopped and the electrolyte was thoroughly purged with high
purity N, to remove dissolved CO. CO stripping voltammetry then
commenced in the potential window of —0.2V to 0.8V starting
from —0.1V. The high potential limit was selected at 0.8V to avoid
possible dissolution of ruthenium.

3. Results and discussion

In the present work, Pt"Ru/C catalysts were synthesized by a
two-stage route and this is illustrated in Fig. 1. It is understood that
ruthenium nanoparticles would selectively supported on carbon
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Fig. 2. Energy-dispersive analysis of Pt"Ru/C.
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Fig. 3. TEM images of Ru/C (A), Pt"Ru/C (B) and the corresponding particle size distribution of Ru/C (I), Pt*Ru/C (II).

support since the existed carbon supported served as nuclei cen-
ter for ruthenium nanoparticles to grow. In the synthesis of Ru/C,
we used high viscosity glycerol (viscosity at 20°C: 1412 mPas)
as reducing agent and this procedure is critical for the formation
of highly dispersed ruthenium nanoparticles. In comparison, the
ruthenium nanoparticles formed in conventionally used ethylene
glycol is less dispersed. In glycerol, the mobility of Ru nanoparti-
cles is less flexible than that in ethylene glycol, consequently high
dispersion. The dispersion of Ru nanoparticles affects the disper-
sion of catalyst due to the support effect (supports with high active
surface area are generally conducive to the formation of highly dis-
persed active components). The consequent reduction of Pt would
preferably occur on pre-formed Ru/C but the possibility of isolated
Pt formation is inevitable. As is shown in Fig. 2, Energy dispersive
X-ray (EDX) analyzer attached to a JEOL JEM-2010HR confirmed
the existence of Pt and Ru in the catalysts. The PtRu loading of the
as-prepared Pt"Ru/C and PtRu/C is 20 wt.% and the atomic ratio of
PttoRuis 1:1.

Fig. 3A and B shows TEM images of Ru/C and Pt"Ru/C catalyst
with different magnifications. It can be seen that the active compo-
nents (Ru or Pt"Ru) are uniformly dispersed on the carbon support
with a narrow size distribution. There are two observable differ-
ences between Fig. 3A and B. One is the growth of particle sizes

in Fig. 3B relative to A. This feature possibly inferred the forma-
tion of Pt on the pre-formed Ru nanoparticles (core-shell structure
formation). Another one is the difference in the particle density,
which is defined by number of particles per geometric carbon sur-
face area. The particle density of Fig. 3B is higher than that of
Fig. 3A, which indicates the possibility of isolated Pt nanoparticles.
By counting more than 100 particles in the insert of Fig. 3A and
B, the average particle size for Ru/C (I) and Pt"Ru/C (II) is 2.4 nm
and 2.0nm, respectively. It should be noted that the decreased
average particle size of Pt"Ru/C is due to the much smaller (rel-
ative to Ru nanoparticle) and isolated Pt nanoparticles. From the
particle size distribution diagram, it can be seen that Ru/C (I)
showed a mono-disperse distribution, whereas Pt"Ru/C (II) showed
a bimodal particle size distribution.

Fig. 4 shows the XRD patterns of the catalysts. The graphitic
nature of the carbon support in all the catalysts is reflected by the
(200) diffraction peak at 24.8°. Due to the small particle effect,
the characteristic Pt-Ru peaks are all poorly resolved. A volume-
averaged particle size can be estimated from the Scherrer equation
based on the Pt (110) peak at around 40°, from the line broadening
it can be found that the particle sizes decreased in the order: PtRu/C
(E-TEK) > as-prepared PtRu/C>Pt"Ru/C. The smaller particle sizes
of Pt"Ru/C relative to PtRu/C prepared in our work is possibly due
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Fig. 5. XPS spectra of Pt"Ru/C catalyst.

to the use of glycerol for the formation of Ru/C. Compared with the
conventionally used EG, the viscosity of glycerol is much higher
and this is conducive to the formation of very small ruthenium
nanoparticles.

It is to be noted that there is a weak but appreciable Ru (101)
diffraction peak at 44.0° for Pt"Ru/C. This character confirmed its
preparative procedure since it was synthesized via deposition on
pre-formed Ru/C. There is no metallic Ru diffraction peaks in as-
prepared PtRu/C and E-TEK PtRu/C and this is an indication of
alloyed PtRu as was reported in the literature [15].

XPS was further carried out on the catalysts to obtain
information about surface composition and electronic proper-
ties. Fig. 5 shows the wide scan XPS spectra of Pt"Ru/C. It
can be seen that the detected atomic ratio of Pt to Ru for
Pt"Ru/C catalysts was 1.56:1, which was demonstrated that the
surface of Pt"Ru/C catalysts enriched by Pt. Since the feed-
ing atomic ratio of Pt"Ru/C is 1:1, the surface-enriched Pt
to Ru is a possible indication of Pt covering on pre-formed
Ru nanoparticles.

For nano-structured materials, available material character-
ization techniques are usually insufficient to obtain the exact
structure since the material sizes are, sometimes, less than 2 nm.
The electrochemical properties of materials are very sensitive to
their surface composition and structure and usually used to assist
in the identification of material structure [19]. The presence of
thin Pt shell over nano-sized Ru particles could be manifested
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by the electrochemical responses of the core-shell structured
particles [20].

Fig. 6 shows the CV results of Pt"Ru/C, as-prepared PtRu/C and E-
TEK PtRu/C catalysts in the electrolyte of 0.5 mol L~! H,SO4 solution
under N, atmosphere at room temperature. The current densities
of CV plots in this work are both normalized to the geometric sur-
face area and metal loading. The ECSA of the catalysts is calculated
according to the literature [5]. The as-prepared PtRu/C and E-TEK
PtRu/C showed a dome-shaped hydrogen adsorption/desorption
region, which is a characteristics of typical PtRu alloy. In compari-
son, Pt"Ru/C showed a combined feature of PtRu alloy and Pt alone
catalysts: appreciable hydrogen adsorption/desorption peaks can
be found in the region of —0.2V to 0V and a weak Pt reduction
peak can be found at 0.64V in the backward scan. The double
layer of Pt"Ru/C is also thinner than that of E-TEK PtRu/C and
as-prepared PtRu/C indicating of less oxides in the catalysts. The
electrochemical response of Pt"Ru/C is well reflected by the mate-
rials structure since Pt"Ru/Cis possibly composed of isolated Pt and
Pt-on-Ru core-shell nanoparticles. The ECSA of Pt"Ru/C catalyst is
116.6m2 g~ (per unit weight of Pt), which is 2.5 times and 1.2
times than that of E-TEK PtRu/C (46.5m2 g~! Pt) and as-prepared
PtRu/C (97.2 m2 g1 Pt) catalysts, respectively.

Fig. 7 shows the methanol oxidation of Pt"Ru/C, as-prepared
PtRu/C and E-TEK PtRu/C catalysts in 0.5molL~! H,SO4 plus
0.5molL~! CH30H solution at room temperature. The hydrogen
adsorption/desorption peak in Fig. 7 differs that in Fig. 6 in the
range of —0.2 Vto 0 V due to the methanol adsorption on the catalyst
surface, consequently suppressed hydrogen adsorption/desorption
peak. The peak potential for E-TEK PtRu/C, as-prepared PtRu/C
and Pt"Ru/C catalysts is at 0.62V, 0.63V and 0.62V, respectively.
The methanol oxidation activity in terms of mass activity can
be evaluated by the forward anodic peak current density in the
CV of methanol oxidation in Fig. 7b and this is 0.15A mg!
Pt, 0.23A mg-! Pt and 0.37A mg-! Pt for E-TEK PtRu/C, as-
prepared PtRu/C and Pt"Ru/C catalysts, respectively. The mass
activity of Pt"Ru/C is thus 2.4 times and 1.6 times as high as that
of E-TEK PtRu/C and as-prepared PtRu/C catalysts, respectively.
Besides of mass activity, the specific activity, which is normal-
ized by the ECSA, reflected the intrinsic activity of the catalysts.
The specific activity of the catalysts Pt"Ru/C, as-prepared PtRu/C
and E-TEK PtRu/C is calculated to be 9.6, 6.5 and 4.1 mAcm~2,
respectively.

Fig. 8 shows the illustrative CO stripping cyclic voltammo-
grams at room temperature in 0.5molL~! H,SO4 at a scan rate
of 20mVs~! for Pt*Ru/C, as-prepared PtRu/C and E-TEK PtRu/C
catalysts. In the potential region between —0.1V and 0.3V, hydro-
gen adsorption was suppressed and CO oxidation commenced at
around 0.3V for all the catalysts. E-TEK PtRu/C and as-prepared
PtRu/C displayed only one CO oxidation peak at around 0.38V,
whereas Pt"Ru/C displayed two oxidation peaks, which is at 0.36 V
and 0.61V. This feature is well agreed with the bimodal particle
size distribution of Pt"Ru/C in Fig. 3. The peak at around 0.36V is
possibly attributed to the CO oxidation on Pt-on-Ru nanoparticles
while the peak at 0.61V is due to the CO oxidation on isolated Pt
nanoparticles.

Pt"Ru/C synthesized in this work is composed of Pt-on-Ru
nanoparticles and isolated Pt nanoparticles. This can be well
understood by the two stage reduction process where high
viscosity glycerol was used to prepare highly dispersed Ru/C
and some Pt was selectively formed on pre-formed Ru and
some was isolatedly deposited on carbon as Pt alone cata-
lysts. Consequently Pt"Ru/C showed a typical bimodal particle
size distribution and partially formed Pt-on-Ru was confirmed
by the higher Pt to Ru ratio relative to the feeding 1:1 ratio
(XPS). The composite Pt"Ru/C catalyst showed a double CO oxi-
dation peak due to co-existed Pt and Pt-on-Ru nanoparticles.
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Fig. 8. CO stripping cyclic voltammograms for the catalysts in 0.5molL~' H,SO4 solution measured at a scan rate of 20mVs~' at room temperature (a) normalized to
geometric surface area and (b) normalized to the metal loadings.

Nevertheless, the Pt"Ru/C catalysts showed enhanced methanol 4. Conclusions

oxidation activity relative to as-prepared PtRu/C and E-TEK PtRu/C

possibly due to the improved dispersion and co-existed Pt and In short summary, a two-stage polyol process was adopted to
Pt-on-Ru nanoparticles. prepare a more efficient carbon supported Pt"Ru/C catalysts for
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methanol oxidation reaction at room temperature. The catalysts are
composed of isolated Pt nanoparticles and Pt-on-Ru nanoparticles.
The mass-normalized activity for Pt"Ru/C showed 2.4 times and
1.6 times improvement over E-TEK PtRu/C and as-prepared PtRu/C,
respectively.
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