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Abstract

Ceria (CeO2)-modified PtRu/C catalysts with different compositions of Ru and CeO2, viz. PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C and
PtRu0.5(CeO2)0.5/C and unmodified PtRu/C catalyst were synthesized by the sodium borohydride reduction method. Transmission electron
microscopic results indicated that the lower concentrated CeO2-modified PtRu/C catalysts had almost a similar morphological structure
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well-dispersed particles with size around 2.3–2.5 nm) with that of the unmodified PtRu/C catalyst. X-ray diffraction and X-ray photoelectron
pectroscopy analyses indicated the formation of PtRu alloy and presence of CeO2 in an amorphous form with a mixed oxidation states
Ce3+–Ce4+). Electro-catalytic activity of these catalysts for methanol oxidation was investigated by linear sweep voltammetry and chronoam-
erometry and it was found that the PtRu0.7(CeO2)0.3/C catalyst yielded the higher methanol oxidation current than did the unmodified PtRu/C
atalysts.

2005 Elsevier B.V. All rights reserved.
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. Introduction

There has been a growing interest in the development of
irect methanol fuel cells (DMFCs) because when compared
ith hydrogen-feed polymer electrolyte fuel cells (PEMFCs),
MFCs offer many advantages, such as higher energy den-

ity and much more compact system and lower weight [1–7].
owever, the poor kinetics of the methanol oxidation reac-

ion on the anode and the oxygen reduction reaction on the
athode remains as one of the most challenging problems
or the wide-spread commercialization of DMFCs. On the
node, it is well known that the formation of CO intermediate
pecies on the Pt sites during the methanol oxidation reac-
ion creates an overpotential, which reduces the efficiency of
he cell. According to the bi-functional mechanism, the CO
ntermediate species formed on the Pt sites can be oxidized
y active oxygen atoms formed on the second metal of the

∗ Corresponding author. Tel.: +852 2358 8647; fax: +852 2358 1543.
E-mail address: metzhao@ust.hk (T.S. Zhao).

bimetallic catalysts, such as PtRu [8–10], PtSn [10–12] and
PtMo [13]. Among these bimetallic catalysts, PtRu exhibits
the best performance. However, the use of the PtRu catalyst
still cannot completely eliminate the CO species, which pre-
vents complete oxidation of methanol to CO2. Therefore, the
improvement in the electro-catalytic activity of the PtRu cat-
alyst is required to reduce or completely eliminate the CO
intermediate species. To this end, some previous investiga-
tors, for example Lasch et al. [14] and Jusys et al. [15], mod-
ified unsupported PtRu catalysts by adding some transition
metal oxides, such as MoOx, VOx and WOx for the methanol
oxidation; they demonstrated that these modified catalysts
yielded a higher methanol oxidation current than did con-
ventional PtRu catalysts. Similarly, Yang et al. [16] prepared
a high surface area PtRuWOx/C catalyst for the methanol
oxidation reaction. They observed that the PtRuWOx/C cat-
alyst exhibited a higher activity than did the PtRu/C catalyst.
In an another approach, Park et al. [17] fabricated sputtered
PtRu and PtRu-WOx nanocomposite thin film electrodes for
the methanol oxidation reaction; their electrochemical testing
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.05.093
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results indicated that the PtRu-WOx nanocomposite electrode
had a higher activity than did the PtRu thin film electrode.
From the above-mentioned studies, it is clear that an addition
of transition metal oxides (MoOx, VOx and WOx) to PtRu
enhanced methanol oxidation reaction. Further, it is interest-
ing to mention that recently, Xu and Shen [18] showed higher
ethanol oxidation current by using the CeO2-modified Pt/C
catalyst when compared with the Pt/C catalyst in alkaline
medium.

In the present investigation, we employed CeO2 as a co-
catalytic material along with the PtRu bimetallic catalyst
based on the fact that CeO2 has the higher oxygen storage
capacity (OSC) [19]. The oxygen atoms present in the lattice
of CeO2 can either be directly or indirectly involved in pro-
moting the bi-functional mechanism of methanol oxidation
reaction on the PtRu/C catalyst. Accordingly, we synthesized
PtRu-CeO2/C nanocatalysts with different compositions of
Ru and CeO2, viz. PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C
and PtRu0.5(CeO2)0.5/C. The electro-catalytic activity of the
CeO2-modified PtRu/C catalysts towards the methanol oxi-
dation reaction was examined by using the linear sweep
voltammetry (LSV) and chronoamperometry. We found that
the PtRu0.7(CeO2)0.3/C catalyst exhibited a higher activity
for the methanol oxidation reaction than did conventional
PtRu/C catalysts.

2

2

0
r
p
t
a
(
a
u
5
i
e
w
r
t
e
F
c
a
t
h
w
c
p
a

of cerium nitrate/CA was maintained at 1:1). Finally, all the
catalysts were annealed at 400 ◦C under N2 for 2 h to remove
the CA stabilizer from the catalytic particles.

2.2. Physico-chemical characterization

High and low magnification transmission electron micro-
scope (HMTEM and LMTEM) images were obtained by
using a high-resolution JEOL 2010 TEM system operated
with a LaB6 filament at 200 kV. The X-ray diffraction (XRD)
patterns of the CeO2/C, PtCeO2/C, PtRu/C and PtRuCeO2/C
nanocatalysts loaded on carbon were obtained with a Philips
Powder Diffraction System (model PW 1830) using a Cu
K� source operated at 40 keV at a scan rate of 0.025◦ s−1.
The X-ray photoelectron spectroscopy (XPS) measurements
of the PtCeO2/C, PtRu/C and PtRuCeO2/C nanocatalysts
were carried out with a Physical Electronics PHI 5600 multi-
technique system using an Al monochromatic X-ray at a
power of 350 W. The regional spectra were obtained by pass-
ing energies of 187.85 and 23.5 eV. The regional XPS of Pt4f
and Ru3p3/2 spectra were deconvoluted by using the multi-
pak software to identify different oxidation states of Pt and
Ru on carbon.

2.3. Electrochemical characterization
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. Experimental

.1. Preparation of PtRux(CeO2)(1−x)/C nanocatalysts

20 wt.% PtRux(CeO2)(1−x)/C nanocatalysts (x = 0, 0.5,
.7 and 0.9) were prepared according to the procedure
eported elsewhere [20,21]. Briefly, these catalysts were pre-
ared by maintaining the molar ratio of citric acid (CA)
o platinum, ruthenium and cerium metal salts (PtCe:CA
nd PtRuCe:CA) at 1:1 in ammonium hydroxide solution
28–30 wt.%, Fisher). To these mixtures, an appropriate
mount of Vulcan XC-72 carbon (E-TEK) was added and
ltrasonicated for 30 min. Then, these mixtures were stirred at
0 ◦C for 10 h by constantly adding the ammonium hydroxide
n order to maintain its volume in the mixtures. Subsequently,
xcess quantities of 0.1 M NaBH4 (Merk) reducing agent
ere added, drop by drop, to the mixtures with vigorous stir-

ing. After that, the mixtures were stirred for 3 h at room
emperature. Then, the mixtures were filtered, washed with
xcess DI water and dried in a vacuum oven at 75 ◦C for 2 h.
or comparison, 20 wt.% PtRu(1:1)/C and 20 wt.% CeO2/C
atalysts were also prepared. The 20 wt.% PtRu(1:1)/C cat-
lyst was prepared by maintaining the molar ratio of CA
o platinum and ruthenium (PtRu:CA) at 1:1 in ammonium
ydroxide solution. The subsequent preparative procedures
ere maintained similar to that of the PtRux(CeO2)(1−x)/C

atalysts as mentioned above. The 20 wt.% CeO2/C was pre-
ared by mixing an appropriate amount of cerium nitrate, CA
nd carbon in an ammonium hydroxide solution (molar ratio
Electrochemical measurements were carried out by
oltammetry using a potentiostat (EG&G Princeton, Model
73A). A conventional, three-electrode cell, consisting of
lassy carbon (GC) with an area 0.125 cm2 as the work-
ng electrode, Pt wire as the counter electrode and saturated
alomel electrode (SCE) as the reference electrode, was used.

quantity of 40 �L catalyst ink was dispersed on the top
urface of the GC over which 10 �L of 0.1 wt.% Nafion was
dded. Subsequently, the electrode was dried at 80 ◦C to yield
catalyst loading of 160 �g cm−2. The voltammetry exper-

ments were performed in 0.5 M H2SO4 solution containing
ethanol and without methanol at a scan rate of 50 mV s−1.
ll the solutions were prepared by using ultrapure water (Mil-

ipore, 18 M�). N2 gas was purged for nearly 30 min before
tarting the experiment. In all the experiments, stable voltam-
ogram curves were recorded after scanning for 10 cycles.
he chronoamperometry (current versus time response) tests
ere conducted using a three-electrode cell in 0.5 M H2SO4

olution containing 2 M CH3OH at 0.4 V for the period of
000 s.

. Results and discussion

.1. TEM analysis

Fig. 1 presents the TEM images of the PtRu/C, CeO2-
odified PtRu/C and Pt/C nanocatalysts. For the PtRu/C

atalyst, as can be seen from the TEM image (Fig. 1a),
ell-dispersed PtRu nanoparticles around 2.5 nm in size
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Fig. 1. TEM images of: (a) PtRu/C; (b) PtRu0.9(CeO2)0.1/C; (c) PtRu0.7(CeO2)0.3/C; (d) PtRu0.5(CeO2)0.5/C; (e) Pt(CeO2)/C catalysts.
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were formed on the carbon support. Similarly, for the CeO2-
modified PtRu/C catalysts, the well-dispersed nanoparticles
were formed on the carbon support. For instance, in the
PtRu0.9(CeO2)0.1/C and PtRu0.7(CeO2)0.3/C catalysts, the
nanoparticles of size around 2.5 and 2.3 nm are formed,
respectively (see Fig. 1b and c). However, for the higher
concentrated CeO2-modified PtRu/C (PtRu0.5(CeO2)0.5/C)
catalyst, although the particles are well-dispersed, they
became relatively larger (around 5 nm) as shown in Fig. 1d.
In the case of CeO2-modified Pt/C catalyst, very big particles
(6–10 nm) were formed that are scarcely dispersed on the
carbon support (see Fig. 1e). From the above results, it
appears that the 1:1 molar ratio (CA/PtRuCe and CA/PtCe)
maintained for the preparation of higher concentrated CeO2-
modified PtRu/C and Pt/C nanocatalysts may not be an opti-
mal ratio in controlling the growth of the particles. This might
be due to the difference in the stabilization effect provided by
CA over the different metal particles on the carbon support.
The detailed discussion of this phenomenon is beyond
the scope of the present work and further investigation is
required.

3.2. XRD analysis

Fig. 2 shows the XRD patterns of CeO2/C, PtCeO2/C,
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FCC structure. For PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C
and PtRu0.5(CeO2)0.5/C, the broad diffraction peaks appear
in 2θ values, which is the same as that of the PtRu/C catalyst.
The formation of broad peaks in all the CeO2-modified PtRu
catalysts indicated the presence of smaller PtRu particles.
Moreover, in the XRD patterns of the CeO2-modified Pt
and PtRu catalysts, the peaks associated with the fluorite
structure of pure CeO2 did not appear prominently. This
might be due to the presence of amorphous nature of CeO2
particles in these catalysts. The above results show that the
smaller PtRu alloy particles were formed and they might be
sparingly covered by the amorphous CeO2 particles in the
CeO2-modified PtRu/C catalysts.

3.3. XPS analysis

The surface compositions and chemical oxidation states
of Pt, Ru and Ce in the CeO2-modified PtRu/C nanocat-
alysts were determined by XPS analysis. Figs. 3 and 4
show the regional XPS spectrums of Pt4f7/2 and
Ru3p3/2 for the PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C and
PtRu0.5(CeO2)0.5/C catalysts. These regional spectrums were
deconvoluted and the results are summarized in Table 1.
From Table 1, it is clear that the Pt is mainly present in
its metallic state (about 67–84 at.%) as indicated by the
Pt4f peaks located at binding energy (BE) values of 71.85,
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tRu/C, PtRu0.9(CeO2)0.1/C PtRu0.7(CeO2)0.3/C and
tRu0.5(CeO2)0.5/C catalysts. CeO2/C exhibits the charac-

eristic diffraction peaks of (1 1 1), (2 0 0) and (3 1 1) at 2θ

alues of 28.5◦, 46.6◦ and 55.7◦, respectively. These values
re in good agreement with the results reported in the litera-
ure [22]. The very broad nature of these peaks indicates that
he CeO2 is present in an amorphous phase. For PtCeO2/C,
he diffraction peaks responsible for the face-centered cubic
FCC) structure of Pt, that is, the (1 1 1), (2 0 0) and (2 2 0)
eaks appeared at 2θ values of 39.7◦, 46.3◦ and 67.45◦,
hich are similar to the XRD pattern of the Pt/C catalyst

20,23]. In the case of the PtRu/C catalyst, the diffraction
eaks are slightly shifted to higher 2θ values (40.3◦, 46.7◦
nd 68.1◦), suggesting the formation of PtRu alloy with the

ig. 2. XRD patterns of: (a) CeO2/C; (b) Pt(CeO2)/C; (c) PtRu/C; (d)
tRu0.9(CeO2)0.1/C; (e) PtRu0.7(CeO2)0.3/C; (f) PtRu0.5(CeO2)0.5/C cata-

ysts.
7/2
1.78 and 71.67 eV, respectively, for the PtRu0.9(CeO2)0.1/C,
tRu0.7(CeO2)0.3/C and PtRu0.5(CeO2)0.5/C catalysts (see
ig. 3a–c). The slightly higher BE values noted for all

he Pt4f7/2 peaks of metallic Pt might be due to the
reater dispersion of smaller Pt particles on the carbon sup-
ort [24]. On considering the deconvoluted Ru3p3/2 spec-
rums, nearly about 71.0, 65.8 and 60.0 at.% of Ru is
resent in its metallic state (BE at 462.0 ± 0.2 eV), respec-
ively, for the PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C and
tRu0.5(CeO2)0.5/C catalysts (see Fig. 4a–c). Furthermore,

t should be mentioned that by incorporating the CeO2 in
he PtRu/C catalysts, the at.% of Ru in its oxidation state
ncreases when compared with that of the unmodified PtRu/C
atalysts (not shown). For instance, the at.% of Ru in its oxida-
ion states (Ru(VI) at BE of 466.0 ± 0.04 eV) [25] increased
rom 29.1 to 40.0% when the CeO2 content was increased
rom 0.1 to 0.5 at.% in the PtRu/C catalysts, which is rela-
ively higher than the at.% of Ru oxides (20.46%) present in
he unmodifeid PtRu/C catalyst (see Table 1). This is proba-
ly due to the preferable reaction of oxygen atoms released
rom the CeO2 particles with unalloyed Ru particles present
n the PtRu/C catalyst while annealing the catalyst under N2
t 400 ◦C. Therefore, from the XPS results, it is clear that by
ncreasing the at.% of CeO2, the amount of ruthenium oxides
ncreases in the PtRu/C catalyst accordingly.

Further, to see the chemical states of CeO2 in all the ceria-
ased catalysts, the regional XPS spectrum for pure CeO2/C,
eO2-modified Pt/C and PtRu/C catalysts are presented in
ig. 5. In the spectrum of pure CeO2/C, a couple of well-
esolved components, namely Ce3d5/2 and Ce3d3/2 appeared.
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Fig. 3. Regional XPS spectrum of Pt4f: (a) PtRu0.9(CeO2)0.1/C; (b) PtRu0.7(CeO2)0.3/C; (c) PtRu0.5(CeO2)0.5/C catalysts.

The component Ce3d5/2 has two individual peaks at 882.5 and
886.0 eV and another component Ce3d3/2 has three peaks at
898, 901 and 903.8 eV, which are in agreement with the data
reported in the literature [26]. The existence of the two com-
ponents with the above-mentioned peaks clearly indicates
that the ceria is present in a mixed oxidation (Ce4+–Ce3+)
states. Furthermore, an addition of CeO2 in the Pt/C and
PtRu/C catalysts did not make any shift in the binding energy
positions of Ce3d5/2 and Ce3d3/2 components as compared
with that of the pure CeO2/C. This implies that not even a
small amount of Pt or Ru was incorporated into the lattice of
the CeO2 in their ionic states.

3.4. Voltammetry

Fig. 6 shows the CV curves for the Pt(CeO2)/C,
PtRu/C, PtRu0.9(CeO2)0.1/C, PtRu0.7(CeO2)0.3/C and
PtRu0.5(CeO2)0.5/C catalysts in 0.5 M H2SO4 solution. For
the PtRu/C catalyst, a single hydrogen desorption peak
(curve b) is observed in the potential range from −0.25 to
0.05 V, which is consistent with the data reported in the

literature [27]. On the other hand, for the PtRu0.9(CeO2)0.1/C
and PtRu0.7(CeO2)0.3/C catalysts, a very broad hydrogen
desorption peaks (curves c and d) are found in the potential
range from −0.25 to 0.06 V. The formation of broad
hydrogen desorption peaks can be attributed to the effect
of enrichment of the Pt atoms in the PtRu0.7(CeO2)0.3/C
and PtRu0.9(CeO2)0.1/C catalysts. The relatively higher
Pt character than Ru in the PtRu0.7(CeO2)0.3/C and
PtRu0.9(CeO2)0.1/C catalysts can be due to the effect
of introduction of CeO2 (0.1–0.3 at. wt.%) by replacing
the Ru atoms in these catalysts. In addition, for the
PtRu0.7(CeO2)0.3/C and PtRu0.9(CeO2)0.1/C catalysts, the
double-layer charging current in the potential range from
0.05 to 0.4 V is found to be higher than that of the PtRu/C
catalyst. This might be due to the formation of relatively
higher amount of ruthenium hydroxide species (Ru(OH)x)
in the CeO2-modified PtRu/C than that of PtRu/C catalysts.
In the case of higher concentrated CeO2-modified PtRu/C
(PtRu0.5(CeO2)0.5/C) and Pt catalysts, a very small hydrogen
desorption peaks and double-layer charging current (see
curves e and a) are observed. This can be attributed to the
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Fig. 4. Regional XPS spectrum of Ru3p3/2: (a) PtRu0.9(CeO2)0.1/C; (b) PtRu0.7(CeO2)0.3/C; (c) PtRu0.5(CeO2)0.5/C catalysts.

agglomeration of PtRu and Pt particles in these catalysts as
shown in the TEM images (see Fig. 1d and e).

Further, the electrochemical surface area (ESA) for the
PtRu/C and CeO2-modified Pt/C and PtRu/C catalysts was
determined by integrating the charge of the hydrogen des-
orption region (QH) in the CV of Fig. 6 [28]. Assuming that
the polycrystalline Pt electrode gives the hydrogen desorp-
tion charge of 0.21 mC cm−2, we can obtain the ESA from
[29]:

ESA (m2 g−1 catalyst) = QH

0.21 × 10−3 C × g catalyst
(1)

The calculated ESA values are given in Table 2. From
Table 2, it is clear that the ESA values are very high for
the PtRu0.7(CeO2)0.3/C, PtRu0.9(CeO2)0.1/C and PtRu/C cat-
alysts because of the presence of relatively smaller size of
Pt and Ru particles, in which hydrogen atoms can easily

adsorb/desorb especially, on the surface of the Pt particles.
On the other hand, the PtCeO2/C and PtRu0.5(CeO2)0.5/C
catalysts exhibited very low ESA values because of the poor
morphological structure of Pt particles in these catalysts as
shown in Fig. 1d and e. It is interesting to note that for the
PtRu0.9(CeO2)0.1/C and PtRu0.7(CeO2)0.3/C catalysts, the
ESA values are not differed to a greater extent when com-
pared with the PtRu/C catalyst, suggesting that the Pt particles
were not oxidized/affected by the incorporation of CeO2 in
the PtRu/C catalysts as discussed in Sections 3.2 and 3.3.

Furthermore, we compared the methanol oxidation
reactivity of the CeO2-modified PtRu/C with that of
the PtRu/C (both in-house and commercial) catalysts in
0.5 M H2SO4 solution. Fig. 7 shows the LSV curves for
the in-house PtRu/C, E-TEK PtRu/C, PtRu0.9(CeO2)0.1/C,
PtRu0.7(CeO2)0.3/C and PtRu0.5(CeO2)0.5/C catalysts in
0.5 M H2SO4+2 M CH3OH. For the in-house PtRu/C and
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Table 1
Binding energies and atomic surface concentrations of different species obtained from XPS spectrum for the PtRu/C and CeO2-modified PtRu/C catalysts

Catalyst Peak Binding energy (eV) Species Concentration (%)

PtRu/C Pt4f7/2 71.40 Pt(0) 82.34
72.47 Pt(II) 17.66

Ru3p3/2 462.1 Ru(0) 79.54
466.0 Ru(VI) 20.46

PtRu0.9(CeO2)0.1/C Pt4f7/2 71.85 Pt(0) 83.98
73.07 Pt(II) 16.02

Ru3p3/2 462.20 Ru(0) 70.90
466.04 Ru(VI) 29.10

Ce3d5/2 885.0 Ce(IV) –
Ce3d3/2 903.0 Ce(III) –

PtRu0.7(CeO2)0.3/C Pt4f7/2 71.78 Pt(0) 67.58
72.73 Pt(II) 32.42

Ru3p3/2 462.07 Ru(0) 65.79
464.87 Ru(VI) 34.21

Ce3d5/2 882.5 – –
886.0 Ce(IV) –

Ce3d3/2 898.0 – –
901.0 Ce(III) –

PtRu0.5(CeO2)0.5/C Pt4f7/2 71.67 Pt(0) 73.88
72.73 Pt(II) 26.12

Ru3p3/2 462.20 Ru(0) 60.0
466.04 Ru(VI) 40.0

Ce3d5/2 885.0 Ce(IV) –
Ce3d3/2 903.0 Ce(III) –

E-TEK PtRu/C catalysts, the onset of methanol oxida-
tion reaction took place around at 0.31 V, whereas for the
PtRu0.9(CeO2)0.1/C and PtRu0.7(CeO2)0.3/C catalysts, the
respective onset of methanol oxidation reaction occurred
at 0.25 and 0.24 V, which is about 60 and 70 mV lower
than the PtRu/C catalysts (see Table 2). In addition, the
methanol oxidation current of the PtRu0.7(CeO2)0.3/C and

Fig. 5. Regional XPS spectrum of Ce3d: (a) CeO2/C; (b) Pt(CeO2)/C; (c)
PtRu0.9(CeO2)0.1/C; (d) PtRu0.7(CeO2)0.3/C; (e) PtRu0.5(CeO2)0.5/C cata-
l

PtRu0.9(CeO2)0.1/C catalysts is substantially higher than
the PtRu/C catalysts in the potential region from 0.3 to
0.75 V. The in-house PtRu/C catalysts exhibited relatively
a lower methanol oxidation current, despite it has compa-
rable ESA value with that of the PtRu0.7(CeO2)0.3/C and
PtRu0.9(CeO2)0.1/C catalysts. This might be due to the pres-
ence of lower amount of RuOx (mediator species for the
methanol oxidation reaction) in the PtRu/C, when compared
with that of the PtRu0.7(CeO2)0.3/C and PtRu0.9(CeO2)0.1/C
catalysts (see Table 1). The underlying mechanism for the

Fig. 6. CV curves for: (a) Pt(CeO2)/C; (b) PtRu/C; (c) PtRu0.9(CeO2)0.1/C;
(d) PtRu0.7(CeO2)0.3/C; (e) PtRu0.5(CeO2)0.5/C catalysts in 0.5 M H2SO4

s
ysts.
 olution.
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Table 2
The ESA and onset potential for methanol oxidation for the PtRu/C and
CeO2-modified Pt/C and PtRu/C catalysts

Catalyst Catalyst loading
(�g cm−2)

ESA
(m2 g−1)

Onset potential
of methanol
oxidation (V)

PtCeO2/C 160 4.02 –
In-house PtRu/C 160 15.58 0.31
PtRu0.9(CeO2)0.1/C 160 13.24 0.25
PtRu0.7(CeO2)0.3/C 160 15.67 0.24
PtRu0.5(CeO2)0.5/C 160 2.01 0.31

formation of relatively higher amount of RuOx species in the
CeO2-modified PtRu/C catalysts will be discussed in the fol-
lowing section. Contrarily, in the case of PtRu0.5(CeO2)0.5/C
catalyst, no significant improvement in the methanol oxida-
tion activity is observed as compared with that of the PtRu/C
catalysts. The PtRu0.7(CeO2)0.3/C catalyst gave the best per-
formance for the methanol oxidation reaction among the
CeO2-modified PtRu/C catalysts. The possible mechanism
leading to the lower onset potential and higher methanol oxi-
dation current by using the PtRu0.7(CeO2)0.3/C catalyst is
discussed next.

As mentioned in discussing their XPS spectrum, when the
PtRu0.7(CeO2)0.3/C and PtRu0.9(CeO2)0.1/C catalysts were
annealed at 400 ◦C, the oxygen atoms released by the CeO2
particles can easily react with some of the unalloyed surface
Ru atoms because of their higher oxophilic character and
form RuOx species as indicated by the following reactions:

CeO2 → CeO2−x + x

2
O2 (2)

Ru +
x

2
O2 → RuOx (3)

The RuOx species are likely to be involved in the mediation
of the methanol oxidation as represented by

Pt + CH3OH → Pt-(CO)ads + 4H+ + 4e− (4)

P

F
P
a

which take place in a relatively lower potential region (0.23 V
versus SCE). In the PtRu0.7(CeO2)0.3/C catalyst, the Ru
atoms located in the adjacent Pt sites and the conversion of
some of the unalloyed surface Ru atoms into RuOx species
as per reaction (3) might provide an optimal configuration of
the catalytic particles and active oxygen atoms for the pro-
motion of higher methanol oxidation reaction. On the other
hand, in the case of PtRu0.5(CeO2)0.5/C catalyst, although
the higher amount of RuOx species are formed (see Table 1),
which is necessary for the mediation of methanol oxidation
reaction, the poor morphological structure of this catalyst as
discussed in the preceding section can mitigate the catalytic
activity. Thus, it is inferred that in the PtRu0.7(CeO2)0.3/C
catalyst, the formation of RuOx species induced by the CeO2
as per reactions (2) and (3) can be involved in the mediation
of methanol oxidation reaction, in addition to the Ru(OH)x

species formed electrochemically through the discharge of
water molecules on Ru atoms at about 0.31 V versus SCE.

Ru + H2O → Ru(OH)x + H+ + e− (6)

Therefore, from this preliminary investigation, although an
optimal amount of CeO2 could not be identified because of the
difference in the morphological structure among the CeO2-
modified PtRu/C catalysts, it is clear that an addition of small
amount of CeO2 to replace Ru atoms in the PtRu(1:1)/C cat-
a
e

3

i
P
0
t
t
t

F
T
P
2

t-(CO)ads + RuOx → Pt + Ru + CO2 + H+ + e− (5)

ig. 7. LSV curves for: (a) E-TEK PtRu/C; (b) in-house PtRu/C; (c)
tRu0.9(CeO2)0.1/C; (d) PtRu0.7(CeO2)0.3/C; (e) PtRu0.5(CeO2)0.5/C cat-
lysts in 0.5 M H2SO4 + 2 M CH3OH.
lyst can strengthen the bi-functional mechanism, thereby,
nhancing the methanol oxidation reaction.

.5. Chronoamperometry

Fig. 8 shows the chronoamperometry curves for the
n-house PtRu/C, E-TEK PtRu/C, PtRu0.9(CeO2)0.1/C,
tRu0.7(CeO2)0.3/C and PtRu0.5(CeO2)0.5/C catalysts in
.5 M H2SO4 solution containing 2 M CH3OH at the poten-
ial of 0.4 V for 2000 s. For the PtRu0.7(CeO2)0.3/C catalyst,
he initial methanol oxidation current is relatively higher than
he other catalysts, which is consistent with that of the LSV

ig. 8. Chronoamperometry curves for: (a) in-house PtRu/C; (b) E-
EK PtRu/C; (c) PtRu0.9(CeO2)0.1/C; (d) PtRu0.7(CeO2)0.3/C; (e)
tRu0.5(CeO2)0.5/C catalysts in 0.5 M H2SO4 + 2 M CH3OH at 0.4 V for
000 s.
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Table 3
The long-term poisoning rate for the CeO2-modified PtRu/C and PtRu/C
catalysts

Catalyst Poisoning rate (δ % per s)

In-house PtRu/C 0.0044
E-TEK PtRu/C 0.0056
PtRu0.9(CeO2)0.1/C 0.0101
PtRu0.7(CeO2)0.3/C 0.0113
PtRu0.5(CeO2)0.5/C 0.0093

results. As can be seen from Fig. 7, for all the catalysts,
the methanol oxidation current gradually decayed with time,
which was caused by the formation of intermediate species,
such as COads, CHOads and CH3OHads species during the
methanol oxidation reaction [30]. We calculated the long-
term poisoning rate (δ) by measuring the linear decay of the
current at times greater than 500 s from Fig. 8 [31]:

δ = 100

I0
×

(
dI

dt

)
t>500 s

(% per s), (7)

where
(

dI
dt

)
t>500 s

is the slope of the linear portion of the

current decay and I0 is the current at the start of polariza-
tion back extrapolated from the linear current decay. The
calculated δ values are given in Table 3. Although the ini-
tial methanol oxidation current for the PtRu0.9(CeO2)0.1/C
and PtRu0.7(CeO2)0.3/C catalysts is relatively higher than the
PtRu/C catalysts, the long-term poisoning rate of the CeO2-
based PtRu/C catalysts is found to be almost double the value
of the PtRu/C catalysts. This can be explained that in the
Pt-enriched PtRu0.7(CeO2)0.3/C and PtRu0.9(CeO2)0.1/C cat-
alysts, the RuOx formed via the reaction (2) can remain as
the source for the supply of active oxygen atoms, in addi-
tion to Ru(OH)x species (reaction (6)) for the oxidation of
methanol species; due to that, the initial methanol oxidation
current of PtRu (CeO ) /C and PtRu (CeO ) /C cata-
l
m
e
o
s
t
p
a
o
t
H
d
c
r
t
v
s
a
a
a

4. Conclusions

In the present investigation, PtRu0.9(CeO2)0.1/C,
PtRu0.7(CeO2)0.3/C and PtRu0.5(CeO2)0.5/C catalysts were
synthesized for the first time by using sodium borohydride
as a reducing agent. The TEM images indicated that in
the lower concentrated (0.1 and 0.3 at.%) CeO2-modified
PtRu/C catalysts, well-dispersed nanoparticles of size
around 2.3–2.5 nm were formed on the carbon support.
The XRD and XPS results indicated the formation of PtRu
alloy and presence of ceria in an amorphous phase with
Ce3+–Ce4+ oxidation states. The LSV results demonstrated
that the PtRu0.7(CeO2)0.3/C catalyst exhibited a higher
electro-catalytic activity for the methanol oxidation reac-
tion than did the conventional PtRu/C catalysts. In the
Pt-enriched PtRu0.7(CeO2)0.3/C catalyst, the conversion of
some of the unalloyed surface Ru atoms into RuOx species,
which can be induced by the CeO2 particles, might provide
an optimal configuration of the catalytic particles and active
oxygen atoms for the higher methanol oxidation reaction.
The PtRu0.5(CeO2)0.5/C catalyst did not show a higher
activity than did the other modified CeO2 catalysts and this
can be attributed to the poor morphological structure of
this catalyst. The chronoamperometry results revealed that
although the PtRu0.7(CeO2)0.3/C and PtRu0.9(CeO2)0.1/C
catalysts yielded a higher methanol oxidation current, the
l
h
m
a
c
R
a
t
m
p

A

a
H
n
K

R

0.9 2 0.1 0.7 2 0.3
ysts is found to be very high. After some time, although the

ethanol oxidation reaction is continuously mediated by the
lectrochemically formed Ru(OH)x species at the potential
f 0.4 V, the supply of active oxygen atoms from the RuOx

pecies for the oxidation of methanol might be depleted due to
he consumption of these oxygen atoms during the continuous
rocess of the methanol oxidation reaction. This can lead to
n accumulation of some intermediate species on the Pt atoms
f the PtRu0.9(CeO2)0.1/C and PtRu0.7(CeO2)0.3/C catalysts,
hereby, causing a decline in the methanol oxidation current.
owever, although the methanol oxidation current is rapidly
eclined for the PtRu0.9(CeO2)0.1/C and PtRu0.7(CeO2)0.3/C
atalysts over the time, the overall methanol oxidation cur-
ent on these catalysts is maintained at a higher level than
he PtRu/C catalysts. For the PtRu0.5(CeO2)0.5/C catalyst, a
ery low initial methanol oxidation current and more or less
ame level of poisoning rate as that of the PtRu0.9(CeO2)0.1/C
nd PtRu0.7(CeO2)0.3/C catalysts has been noted. This can be
ttributed to the poor morphological structure of this catalyst
s discussed in the preceding sections.
ong-term poisoning rate of these catalysts is found to be
igher than the PtRu/C catalysts. During the long-term
ethanol oxidation reaction on the PtRu0.7(CeO2)0.3/C

nd PtRu0.9(CeO2)0.1/C catalysts, although the reaction is
ontinuously mediated by the electrochemically formed
u(OH)x species, the additional supply of active oxygen
toms from the RuOx species might be depleted due to
he continuous consumption of these oxygen atoms for the

ethanol oxidation reaction, which resulted in an increased
oisoning rate on these catalysts.
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