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a b s t r a c t

Platinum decorated Ru/C catalysts are prepared by successive reduction of a platinum precursor on pre-
formed Ru/C. Pt:Ru atomic ratios are varied from 0.13:1 to 0.81:1 to investigate the platinum decoration
effects on the catalyst’s structure and electrochemical performance towards the methanol oxidation
reaction (MOR) at room temperature. The catalysts are extensively characterized by X-ray diffraction
eywords:
atalysts
latinum decoration
uthenium
ethanol oxidation

(XRD), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). Ru@Pt/C
catalysts show enhanced mass-normalized activity and specific activity for the MOR relative to Pt/C. For
the anodic oxidation of methanol, the ratio of forward to reverse oxidation peak current R (If/Ib) varies
considerably: R decreases from 5.8 to 0.8 when the Pt:Ru ratio increases from 0.13:1 to 0.81:1. When the
ratio of Pt:Ru is 0.42:1, R reaches 0.99 (close to that of Pt/C), and further increase of the Pt:Ru ratio leads
to almost no decrease in R. Coincidentally, maximum mass-normalized activity is also obtained when

Pt:Ru is 0.42:1.

. Introduction

Owing to the easy fuel handling/storage, high energy effi-
iency, and environmental friendliness of direct methanol fuel cells
DMFCs), great attention has been paid to their development over
he past decade [1].

DMFCs have great potential applications in small portable
lectronic devices, such as third-generation mobile telephones,
aptops, and personal digital assistants. The ever-growing mar-
ets for portable devices has in turn prompted and advanced the
apid development of DMFCs. Unfortunately, the performance of
he anode electrocatalysts is still unsatisfactory. Pt or Pt-based
anoparticles have been the targeted electrocatalysts, and inten-
ive studies have been made to enhance their catalytic activities
2–5]. Aside from its use in electrocatalysts, Pt is in demand for
umerous other applications, including catalytic converters for air
ollution control in vehicles, a growing jewellery market, catalysts
or various purposes (especially petroleum and chemicals process-
ng). Therefore, Pt-only catalysts are very costly, especially those

ith high loadings.

In order to promote the commercialization of DMFCs, further

mprovements are still required to enhance catalytic activity for the
ethanol oxidation reaction and to significantly lower Pt content.
n efficient way to decrease the loadings of Pt and other precious

∗ Corresponding author. Tel.: +86 20 8711 3586; fax: +86 20 8711 3586.
E-mail address: cejhzeng@scut.edu.cn (J. Zeng).
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© 2010 Elsevier B.V. All rights reserved.

metals and thereby make the most efficient use of them is by better
dispersion of the metal either through the use of high surface area
supports or the construction of special structures [6]. Core–shell
construction has been proven to be an effective mean to increase
the utilization efficiency of precious metal electrocatalysts (as the
shell) and to enhance electrocatalytic activity accordingly [7,8].
Over the past few years, a number of investigations into core–shell
structured nanoparticles as fuel cell catalysts have been conducted
and encouraging results obtained [9–11].

It has been generally recognized that Pt–Ru bimetallic catalysts
are the most promising anode materials for DMFCs, since ruthe-
nium is favorable for removing the adsorbed CO intermediates from
Pt, which are formed during methanol oxidation and thus poison
the catalysts, reducing their activity for the MOR [3,12].

In addition, the price of Ru is about one-seventh that of plat-
inum, according to current online prices for noble metals, and Ru is
more stable than other base metals (e.g., Fe, Co, and Ni). Based on
these understandings, preparation of Ru@Pt/C catalysts has been
receiving ever-increasing attention. Sasaki et al. [13] developed
electrocatalysts with monolayer-level Pt content by depositing Pt
on the surfaces of Ru nanoparticles through galvanic replacement of
Cu adlayers. Compared with a commercial PtRu/C alloy catalyst, the
electrocatalyst with a monolayer of Pt (PtML/Ru/C) showed three

times higher Pt mass activity, as well as improved durability for
methanol oxidation. Alayoglu et al. [14] prepared Ru@Pt/C electro-
catalyst and their extensive experimental results showed that the
electrocatalyst has high performance for oxidizing CO in H2. Chen et
al. [15] prepared Pt decorated Ru nanoparticles with low Pt content

dx.doi.org/10.1016/j.jpowsour.2010.07.040
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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y a redox–transmetalation process and found that the catalyst had
igher activity toward methanol oxidation than commercial Pt–Ru
lack catalyst. Therefore, it can be concluded that Ru@Pt electrocat-
lysts are good candidates for the MOR, and it is worth conducting
etailed experiments to determine the optimum Pt:Ru ratio and
mount of Pt.

In the present work, core–shell Ru@Pt/C catalysts were syn-
hesized by a two-stage route. The Pt shell amount on the
u nanoparticles was achieved by varying the molar ratios of
t:Ru. Various techniques were used to characterize the forma-
ion of Ru–Pt core–shell nanoparticles, including transmission
lectron microscopy (TEM), X-ray diffraction (XRD), and X-
ay photoelectron spectroscopy (XPS). The effects of the Pt:Ru
tomic ratio on catalytic activity for the MOR were exam-
ned by cyclic voltammetry. Catalytic activity enhancement was
nferred from the suppression of CO intermediate formation on the
atalysts.

. Experimental

.1. Catalyst preparation

Ru/C, the carbon-supported Ru core, was prepared by an
mpregnation-reduction method. 300 mg pretreated carbon black
Cabot Corp., BET: 237 m2 g−1, denoted as C) was mixed with
07 mg RuCl3·3H2O in diluted HCl solution to prepare impregnated
u/C. The mixture was ultrasonically blended for 30 min and then
agnetically stirred at 70 ◦C to allow water evaporation. The black

owder was then placed in a ceramic boat and heated in a tubular
urnace under flowing H2 at 200 ◦C for 2 h.

Ru@Pt/C catalysts (ratios of Pt:Ru = 0.13:1, 0.22:1, 0.35:1, 0.42:1;
.55:1; 0.61:1, and 0.81:1) were prepared by an organic colloid
ethod [16]. It is to be noted that the notation Ru@Pt does not nec-

ssarily mean a perfect core–shell structure hereafter. Calculated
mounts of hexachloroplatinic acid (H2PtCl6·6H2O) and sodium
itrate (with a 2.5:1 molar ratio of sodium citrate to hexachloro-
latinic acid) were dissolved in 15 ml ethylene glycol (EG) and then
tirred for 30 min to entirely dissolve the sodium citrate. After-
ards, as-prepared Ru/C was added to the mixture, followed by

djustment of the pH to greater than 10 by the drop-wise addition
f 5 wt.% KOH/EG solution under vigorous stirring. The mixture was
hen transferred into a Teflon-lined autoclave and conditioned at
20 ◦C for 6 h, followed by filtering, washing, and vacuum drying at
0 ◦C. Therefore, in addition to 20 wt.% Ru in the Ru@Pt/C catalyst,
he exact Pt content for Ru@Pt/C with Pt:Ru ratios of 0.13:1, 0.22:1,
.35:1, 0.42:1; 0.55:1; 0.61:1, and 0.81:1 was 5, 8, 13, 16, 21, 23,
nd 31 wt.%, respectively. For a fair comparison, 20 wt.% Pt/C was
repared following a similar procedure, except that XC-72 carbon
as added instead of Ru/C.

.2. Materials characterization

X-ray powder diffractions (XRD) were carried out on a Shimadzu
D-3A (Japan) using filtered Cu K� radiation. The 2� angular region
etween 20◦ and 80◦ was explored at a scan rate of 4◦ min−1. The

urface morphologies of the catalysts were studied via a trans-
ission electron microscope (JEOL JEM-2010HR, Japan) operated

t 200 kV. The X-ray photoelectron spectroscopy (XPS) measure-
ent was carried out in an ultrahigh vacuum on a PerkinElmer

HI1600 system (PerkinElmer, USA) using a single Mg K� X-ray

able 1
he average particle sizes of the catalysts calculated from XRD.

Pt/Ru atomic ratio 0.13 0.22 0.35

Particle size (nm) 2.6 2.6 2.8
Fig. 1. X-ray diffraction patterns of Ru/C, Ru@Pt/C with different atomic ratios of Pt
to Ru and Pt/C.

source operating at 300 W and 15 kV. The binding energies (BEs)
were calibrated using the C 1s peak of graphite at 284.5 eV as the
reference.

2.3. Electrochemical measurements

Electrochemical measurements were carried out on an electro-
chemical work station (Ivium, Netherlands) at room temperature,
using a standard three-electrode electrochemical cell. A platinum
wire and an Ag/AgCl (saturated KCl) electrode were used as counter
and reference electrode, respectively. The catalyst layer on the
glassy carbon electrode (5 mm diameter) was prepared as follows:
5 mg catalyst was dispersed ultrasonically in 1 ml Nafion/ethanol
(0.25 wt.% Nafion) for 30 min. Then 6 �l ink was pipetted and spread
on the glassy carbon surface, and the electrode was dried in air to
obtain a thin catalyst layer. Cyclic voltammetry (CV) was performed
in 0.50 M H2SO4 for the electrochemical surface area (ECSA) mea-
surements and in 0.50 M H2SO4 + 0.50 M CH3OH solution for the
oxidation of methanol, at a scan rate of 30 mV s−1. For ECSA mea-
surements, the solutions were purged with N2 for 20 min prior to
each experiment.

3. Results and discussion

Fig. 1 shows the XRD patterns of Ru@Pt/C catalysts with differ-
ent Pt:Ru ratios; Ru/C and Pt/C catalyst are included for comparison.
The broad reflection peak observed at ca. 25◦ in all the XRD patterns
is due to the graphitic nature of the carbon support. All the cata-
lysts show reflection peaks at 39.8◦ and 44.0◦, which correspond to
Pt(1 1 1) and Ru(1 0 1). This implies that Pt was not alloyed with Ru.
Interestingly, the reflection peak at ca. 68.0◦ shifted to lower angles
and the reflection peak intensity of Pt(1 1 1) became stronger as Pt
content increased, indicating that as the Pt:Ru ratio increased, more
Pt atoms covered the surfaces of Ru particles.
The average particle sizes of the catalysts were evaluated by Jada
software (supplied by the XRD vendor) based on the Pt(2 2 0) peak,
and presented in Table 1. It can be seen that particle size increased
with Pt content, which may serve as evidence of Pt covering Ru
nanoparticles. It should be noted that due to the poor resolution of

0.42 0.55 0.61 0.81

2.9 3.0 3.2 3.5
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he XRD patterns, the particle sizes read from the Jada software can
nly be used as a rough reference.
TEM images with different magnifications were obtained to get
ore information about Ru@Pt particle size and size distribution.

ig. 2 shows the TEM images of Ru/C (A and B), Ru@Pt/C catalysts
ith different molar ratios (C–F), Pt/C (G and H), and the corre-

ponding particle size distributions. It can be observed that the

ig. 2. TEM images of Ru/C (A and B), Ru@Pt/C with atomic ratio Pt:Ru = 0.35 (C and D), Pt
f Ru/C (I), Ru@Pt/C (Pt/Ru atomic ratio = 0.35) (J) and Ru@Pt/C (Pt/Ru atomic ratio = 0.55)
ources 196 (2011) 54–61

particles were highly dispersed on the carbon support and had
a narrow size distribution. By counting more than 100 particles

in images B, D, F, and H, the average particle sizes were deter-
mined to be 2.6, 2.9, 3.1, and 2.8 nm for Ru/C, Ru@Pt/C (Pt:Ru = 0.35),
Ru@Pt/C (Pt:Ru = 0.55), and Pt/C, respectively, which were in fairly
good agreement with the XRD observations. Due to the limited res-
olution, it is difficult to observe the core–shell structure of Ru@Pt/C.

:Ru = 0.55 (E and F), Pt/C (G and H) and the corresponding particle size distribution
(K).
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Fig. 2.

he particle growth of Ru@Pt relative to Ru nanoparticles may
e understood as follows: Pt nucleation probably occurred pref-
rentially on the pre-formed Ru nanoparticles by the reaction of
dsorbed PtCl62−anions with the reducing agent [17,18]. Forma-
ion of isolated Pt nanoparticles on the carbon support of Ru/C
rather than on the Ru nanoparticles) is certainly inevitable, but
ess likely because the creation of new nuclei is not energetically
avorable in the solution phase [19]. The increase in particle size
ould serve as indirect evidence for the growth of Pt on the Ru

urface.

X-ray photoelectron spectroscopy was further carried out on the
atalysts to obtain information about surface composition and elec-
ronic properties. The detected atomic ratio of Pt to Ru for Ru@Pt/C
atalysts with Pt:Ru ratios of 0.26:1, 0.42:1, and 0.55:1 were ca.
inued ).

0.25:1, 0.45:1, and 0.78:1, respectively. It can be seen that when
the feed Pt:Ru ratio was low (0.26:1 and 0.42:1), the detected Pt:Ru
ratio was close to the feed ratio. As the feed ratio increased to 0.55:1,
the detected ratio increased to 0.78:1, indicative of Pt-enriched
surfaces.

The Pt 4f spectra of the catalysts are shown in Fig. 3(A–D). The Pt
4f signal in all samples can be deconvoluted into two doublets. For
Pt-only catalysts (Fig. 3D), the peaks with binding energies of 71.3
and 74.5 eV are ascribed to metallic Pt [20,21], whereas the peaks

corresponding to 72.3 and 76.5 eV can be assigned to Pt(II) species
in the form of Pt(OH)2 or PtO [22].

The metallic Pt 4f7/2 lines for Ru@Pt/C (0.55:1), Ru@Pt/C (0.42:1),
and Ru@Pt/C (0.26:1) occurred at 71.5, 71.8, and 72.1 eV, respec-
tively, whereas the metallic Pt 4f5/2 lines were at 74.7, 75.0, and
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Fig. 3. XPS spectra of Pt 4f (A

5.6 eV, respectively. The Pt binding energies of all Ru@Pt/C cat-
lysts were higher than that of Pt/C. Similar results have been
eported by Alayoglu et al. [14]. The percentage of Pt in the zero
alent state for Ru@Pt/C (0.26:1), Ru@Pt/C (0.42:1), and Ru@Pt/C
0.55:1) was 75.1%, 79.0%, and 77.9%, respectively, similar to that
n Pt/C (78.0%). It can be concluded that the existence of ruthe-
ium underlay did not change the oxidation states of the decorating

latinum.

The Ru 3p spectra in Fig. 3E were laden with much noise and
oorly resolved, making it difficult to quantify the BE states of
u. However, the Ru in the Ru@Pt/C catalysts can still be clearly

dentified.
nd Ru 3p (E) of the catalysts.

Fig. 4 shows the CV results of Pt/C and Ru@Pt/C catalysts with dif-
ferent Pt:Ru ratios in 0.50 M H2SO4 solution. It can be observed that
the intensity of the H2 desorption peak increased with Pt content.
Ignoring the adsorption of hydrogen on Ru, the number of Pt surface
atoms was estimated from the charge associated with hydrogen
desorption in the region of −0.20 to 0.11 V, using the stoichiome-
try of one adsorbed H atom per Pt atom. The ECSA in m2 g−1 was

then calculated, assuming a correspondence value of 0.21 mC cm−2

Pt [23]. The ECSA of Pt/C was calculated to be 67.5 m2 g−1 Pt. From
Fig. 4K it can be observed that the ECSAs increased with the Pt:Ru
ratio, then decreased when the maximum ECSA (121.5 m2 g−1) was
reached at Pt:Ru = 0.42. This increase in ECSAs was attributed to
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he initial rise in relative Pt content when Pt:Ru was lower than
.42. It is probable that complete coverage of the Ru core was
eached when the Pt:Ru ratio was 0.42, and additional increases in
t content only led to thicker Pt shells, with consequently decreased
CSAs. That the ECSA of Ru@Pt/C was higher than that of Pt/C might
lso indicate the former’s higher Pt utilization efficiency, which
ould be further indirect evidence for the core–shell structure of
u@Pt/C.

Fig. 5 shows the CVs of Ru@Pt/C catalysts with different Pt:Ru

atios in 0.50 M H2SO4 + 0.50 M CH3OH at room temperature, by
oth the geometric electrode surface area and the Pt mass in the cat-
lysts. The onset potentials of Ru@Pt/C for methanol oxidation with
t:Ru ratios of 0.13:1, 0.26:1, 0.42:1, 0.61:1, and 0.81:1 are 0.12,

ig. 4. Cyclic voltammograms of Ru@Pt/C catalysts with different atomic ratios of Pt to R
nd Pt/C (J) in 0.50 M H2SO4 solution (room temperature, scanning rate of 30 mV s−1) and
ources 196 (2011) 54–61 59

0.13, 0.12, 0.14, and 0.16 V, which are negatively shifted compared
with that of Pt/C (0.17 V). It can be observed that as the Pt:Ru ratio
increased, the activities normalized by the geometric electrode sur-
face area for the MOR also increased (Fig. 5A); this trend is most
clearly evident in Fig. 5C. These results are undoubtedly due to the
MOR taking place at the active sites of Pt, and the increasing Pt/Ru
ratio providing more of these active sites. The mass-normalized
activity in Fig. 5B initially increased with Pt loading, then grad-
ually decreased, an indication of optimum Pt utilization efficiency

when the Pt:Ru ratio reached 0.42. A similar phenomenon has been
observed by Li et al. [24] and Zhu et al. [25] during electrocatalytic
reduction of oxygen on Au@Pt and ethanol oxidation on Au@Pd/C
catalysts, respectively. In addition to mass activity (in terms of

u: (A) 0.13, (B) 0.22, (C) 0.26, (D) 0.35, (E) 0.42, (F) 0.49, (G) 0.55, (H) 0.61, (I) 0.81
ECSAs calculated from the hydrogen desorption area (K).
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Fig. 4. (Continued ).

Fig. 5. Cyclic voltammograms of Ru@Pt/C catalysts with different atomic ratios of Pt to Ru (0.13, 0.26, 0.42, 0.61 and 0.81) in 0.50 M H2SO4 + 0.50 M CH3OH (room temperature,
scanning rate of 30 mV s−1): (A) normalized by the geometric electrode surface, (B) normalized by the Pt mass in the catalysts and (C) changes of geometric surface area
normalized activity with varying Pt/Ru atomic ratio.
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Fig. 6. Changes of Pt/Ru atomic ratio with If/Ib value.

ctivity normalized by geometric surface area and Pt mass load-
ngs), specific activity, which is normalized by ECSA, refers to the
ntrinsic activity of the catalysts. The specific activity of Ru@Pt/C

ith ratios of 0.26:1, 0.42:1, 0.61:1, and 0.81:1 was 4.9, 7.6, 7.4,
nd 8.3 A cm−2, respectively, significantly higher than that of Pt/C
2.6 A cm−2).

The change in If/Ib value (defined as the ratio between the for-
ard and backward current densities) with the change in Pt:Ru

atio is given in Fig. 6. The forward peak current density (If) is gen-
rally regarded as methanol oxidation on non-poisoned catalysts,
hile the backward peak current density (Ib) is associated with
ethanol oxidation on regenerated catalysts (after the removal of

he carbonaceous intermediate) [26]. The ratio of forward to back-
ard peak current can be used to evaluate the CO tolerance of

atalysts [27,28]. Generally, a higher If/Ib ratio implies higher CO
olerance. From Fig. 6 it can be seen that If/Ib decreased sharply as
he Pt:Ru atomic ratio increased at the beginning, and reached a
lateau when Pt:Ru was 0.42:1. When the Pt:Ru atomic ratio was
.13, the If/Ib value was as high as 5.75, indicating the highest CO
olerance. The If/Ib value decreased as fewer Ru particles became
vailable when the Pt:Ru ratio increased. When Pt:Ru reached 0.42
he If/Ib value was 0.99, very close to that of Pt/C (0.81), indicat-
ng an Ru surface almost fully covered by Pt. Coincidentally, the

ass-normalized activity of Ru@Pt/C with Pt:Ru = 0.42:1 was also
he highest amongst the catalysts.
. Conclusions

A series of Ru@Pt/C catalysts have been successfully prepared
y a two-step method based on pre-formed Ru/C. XRD and TEM
bservations clearly showed the particle growth of Ru@Pt/C rela-

[
[
[
[
[

ources 196 (2011) 54–61 61

tive to Ru/C, which may indicate the successful decoration of Ru
with Pt. While the Pt oxidation states of Ru@Pt/C were unchanged,
the binding energy of Pt(0) shifted to high values compared with
that of Pt/C. Electrochemical measurements using cyclic voltamme-
try showed that the Ru@Pt/C displayed enhanced mass-normalized
and specific activity relative to Pt/C. The If/Ib value of Ru@Pt/C was
also higher than that of Pt/C, indicating enhanced CO tolerance. This
study’s decoration of pre-formed Ru/C by a Pt shell has thus proven
to be an effective way for constructing highly active DMFC anode
catalysts.
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