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a b s t r a c t

PtRu nanocatalyst supported on mesoporous carbon thin film (TFC) with incorporation of the non-metallic
phosphorus is explored as an anodic catalytic material for direct methanol fuel cell (DMFC). The catalyst
eywords:
esoporous carbon

tRu alloy
irect methanol fuel cell
hosphorus

20 wt.% PtRuP0.1/TFC gives a very high current density in the electrochemical oxidation of methanol,
which is much enhanced than that of the PtRu/TFC without P loading and two times higher compared to
a commercial PtRu/XC-72 catalyst. XPS and EXAFS analysis of the catalysts show that phosphorus helps
to reduce the size of PtRu nanoalloy by acting as a surface protecting agent to the nanoparticles and it
does not alter the electronic structure of PtRu. The PtRuP nanocatalyst with a particle size of 3 nm was

activi
XAFS
ize effect

found to have the best re

. Introduction

Anodic catalytic material for direct methanol fuel cell (DMFC)
as been receiving increasing attention in its detailed nanostruc-
ure [1–3]. One needs to have precise manipulation in structure and
omposition of the electrocatalyst in order to achieve substantial
mprovement in its performance. In most of the new developments,
ne mainly worked on Pt-based nanoparticles supported on con-
uctive porous carbon which is in turn deposited on the electrode.
here are many factors affecting the performance of the anode: (1)
ore structure of the carbon materials to facilitate good transport
f electrons and fuel molecules, (2) the second and other elements
n alloying with Pt to avoid CO poisoning, (3) the size of the metal
anoparticle, and (4) the surface composition of the Pt-based alloy
anoparticles. It is necessary to combine and optimize all the above

actors to achieve good performance of the anodic material for
MFC.

For the carbon support materials in anode, ordered mesoporous
arbon (OMC) has the advantages of high surface area, tunable pore

ize, interconnected pore network, and tailorable surface proper-
ies [4]. Various designing features for electrode materials have
een emphasized in recent reports [5–8]. Recently, we have pre-
ented a novel OMC of CMK-3 type thin film of high surface area to
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increase dispersion of metal nanocatalysts and with very short per-
pendicular (to electrode) nanochannels to facilitate the transport
of reactants and products [9]. The thin film morphology simultane-
ously improved its electric contact with electrode surface and the
mass transport of the reactants in and out of the short channels
where metal nanoparticles are confined.

The Pt-based bimetallic catalyst (often with Ru) is considered
the best strategy to give catalytic synergy in enhancing both reac-
tivity and stability for electrooxidation of methanol. However, the
bifunctionality can be lost from the electrochemical dissolution of
the less noble component of the alloy [10]. For long-term opera-
tion of the anodic material in acidic medium of DMFC, the second
metal is gradually lost and accompanied by extensive aggregation
and CO poisoning on Pt. This decreases the efficiency of catalytic
current density of the nanosized particles. Liang et al. studied the
stabilization of PtRu by gold and found that the dissolution of Ru
can be reduced substantially [11]. Wang et al. incorporated nickel in
the PtRu bimetallic nanoparticle and obtained much enhanced cat-
alytic performance and CO tolerance [12]. The third incorporated
transition metal elements include RhNi [13], Ir [14] and Co [15,16].
Their effects are most probably in altering the electronic structure
of Pt-based nanoparticle in effecting catalytic synergy.

The other approach to have PtRu alloy with high activity
and well-preserved bifunctionality is to decrease the size of the
bimetallic PtRu nanoparticle [17–19]. For example, nanosized PtRu

particles were synthesized by colloid method using ethylene gly-
col as the stabilizer [20,21]. However, before carrying out the
catalysis reaction, the stabilizer needs to be removed and it often
leads to sintering in the process. In another approach, the addi-
tion of a non-metallic element, such as N, S or P, for the dispersion

dx.doi.org/10.1016/j.cattod.2010.05.018
http://www.sciencedirect.com/science/journal/09205861
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f Pt-based nanoparticle has been found to be effective [22–25].
he element phosphorus is found to reduce the size of Pt par-
icle notably better by generating Pt–P and Ru–P interactions in

stable way [22]. It has been shown that the growth of PtRu
s suppressed by the incorporation of P. However, the pertur-
ation on the electronic structure of PtRu by phosphorus is not
lear. Detailed microscopic understanding of the effect of P on
he catalytic nanoparticle is still lacking. Herein, we report a PtRu
anocatalyst supported on mesoporous carbon thin film with the

ncorporation of phosphorus. The catalyst system gave superior
lectrocatalytic activity compared to the one without P loading.
ith detailed EXAFS and XPS analysis, we can understand the elec-

ronic structure and composition of the P-modified bimetallic PtRu
anoparticle. The best bifunctional synergy and catalytic stability

or the electrooxidation of methanol is found with a PtRuP alloy
ize of 3 nm. Together with the special nanostructure of the carbon
hin film support of perpendicular nanochannel, the PtRuP/meso-C
atalyst system is found to give very high electrocatalytic activity
or DMFC.

. Experimental

.1. Preparation of TFC carbon and supported PtRuP catalyst

In the first step, ordered mesoporous carbon thin film with
erpendicular channels (TFC) was synthesized according to our
reviously reported method [9]. Repeated loading of sucrose, dehy-
ration by concentrated sulfuric acid, and complete carbonization
t 900 ◦C were performed. The silica content was then dissolved
ith 10 wt.% hydrogen fluoride solution to recover the TFC carbon
roduct.

The bimetallic PtRu with the non-metallic additive of phos-
horus was synthesized and deposited on carbon support using
wet-chemical reduction method. 0.1 g of TFC material was added

o a solution containing desired amount of 0.01 M H2PtCl6 (Acrôs),
.01 M RuCl3 (Aldrich), and 0.01 M NaH2PO2 (Acrôs). The mixture
as stirred for 0.5 h, and an excess of 0.1 M NaBH4(aq) solution was

dded into the mixture drop by drop. After stirring for another hour,
he solid suspension was recovered by centrifugation, washing with
ater twice, and drying in air at 60 ◦C. The product was denoted as

tRu/TFC or PtRuPX/TFC (with nominal P content of X = 0.05, 0.1,
nd 0.2).

.2. Electrochemical activity tests

The electrochemical activity measurements were carried out by
yclic voltammetry (CV) using an Autolab PGSTAT 30 potentiostat
quipped with a rotatory disk electrode (RDE) [26]. A conven-
ional three-compartment electrochemical cell consisting of glassy
arbon (GC) electrode with an area of 0.196 cm2 as the working
lectrode, Pt as the counter electrode, and reference hydrogen elec-
rode (RHE) as the reference electrode was used. The GC electrode
as polished to a mirror finish with a 0.05 �m alumina suspension

efore each experiment. The catalyst ink was prepared by adding
mg of the catalyst in 2.5 ml water and ultrasonically dispersed for
.5 h. Then, 20 �L of suspension was pipetted onto the top surface
f a GC electrode, followed by drying at 60 ◦C for 1 h in air. A metal
oading at 0.04 mg/cm2 on the working electrode was obtained.
fter the electrode was cooled down to room temperature, 20 �L of

wt.% Nafion® solution was pipetted onto the ink surface. CV study
f methanol oxidation was measured in 0.5 M H2SO4 and 1.0 M
H3OH solution at 60 ◦C with a scan rate of 10 mV/s and working
lectrode rotating at 1600 rpm. The electrochemical activity was
haracterized by the steady-state current density at 0.5 V.
y 160 (2011) 109–115

2.3. Structure and elemental characterization

The powder XRD patterns were collected on a PANalytical
X’Pert PRO instrument operating at 45 kV and 40 mA with Cu
K� (� = 1.5406 Å) radiation. Nitrogen adsorption characterizations
were conducted at −196 ◦C on a Micromeritics ASAP 2010 appa-
ratus. The specific surface area of the sample was calculated
according to the Brunauer–Emmett–Teller (BET) method, and the
Barrett–Joyner–Halenda (BJH) method for estimating pore size
distribution. TEM images were obtained using a Hitachi H-7100
instrument with an operating voltage of 75 kV SEM images were
taken with a JSM-6700F microscope (JEOL) operating at 10 kV. Ele-
mental analysis was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a Jarrel-Ash ICAP
9000 instrument. XPS measurements were performed with a
Thermo VG Scientific, ESCALAB 250 equipped with an Al K� radia-
tion source (1486.6 eV) under a residual pressure of ∼1 × 10−9 Torr.
For analysis, the spectra were deconvoluted by a least-squares
procedure to a product of Gaussian–Lorentzian functions after
background subtraction using XPSPEAK software.

X-ray absorption spectra (XAS) were recorded at beamline 01C1
of the National Synchrotron Radiation Research Center (NSRRC)
of Taiwan. The electron storage ring is operated at 1.5 GeV and
300 mA. A double Si(1 1 1) crystal monochromator was employed
for energy selection with a resolution �E/E better than 1 × 10−4 at
Pt LIII-edge and Ru K-edge. All the experiments were conducted in
a stainless steel cell with Krypton film cap in two sides for beam
path to avoid exposure of air. Before each measurement, the sample
was reduced with 10% H2 for 0.5 h to remove the surface oxygen.
All spectra were recorded at room temperature in a transmis-
sion mode, and with the double-crystal monochromator detuned
to eliminate the effect of higher harmonics in the X-ray beam. A
standard compound (Pt foil or Ru powder) was measured simulta-
neously so that energy calibration could be performed scan by scan.
Raw XAS data were analyzed following standard procedures.

The EXAFS function was obtained by subtracting the post-
edge background from the overall absorption and normalized with
respect to the edge jump step. The normalized �(E) was trans-
formed from energy space to k-space with �(k) multiplied by k3

to compensate for EXAFS oscillations in the high-k region. Sub-
sequently, k3-weighted �(k) data in k-space ranging from 3.0 to
14.3 Å−1 for the Pt LIII-edge and from 3.5 to 12.9 Å−1 for the Ru
K-edge were Fourier transformed to r-space. A nonlinear least-
squares curve fitting was carried out with regard to the data in
r-space ranging from 1.60 to 3.10 Å for Pt and from 1.69 to 3.10 Å for
Ru. Reference phase and amplitude for the Pt–Pt and Ru–Ru coor-
dination shells were each obtained from a Pt foil and a Ru powder.
All the computations were implemented in the UWXAFS software
package with the backscattering amplitude and phase shift for the
atom pairs being calculated using FEFF 7 code [27].

3. Results and discussion

3.1. Synthesis and characterization of carbon-supported
nanocatalysts

By impregnating carbon supports with platinum, ruthenium,
and phosphorus sources and reducing chemically with sodium
borohydride, PtRuP nanoparticles are homogeneously dispersed
onto the external and internal surfaces of mesoporous carbon thin

film. Fig. 1 shows the XRD patterns of 20 wt.% PtRuP/TFCs with dif-
ferent nominal ratios of phosphorus. All of the samples give similar
diffraction profiles of face-centered cubic (fcc) structure of Pt crys-
tallites, with the (2 2 0) diffraction peaks shifting from about 67.5◦

to 68.0◦, corresponding to a decrease in the lattice constant due
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Fig. 1. Wide-angle XRD patterns of (a) PtRu/TFC, (b) PtRuP0.05, (c) PtRuP0.1, and (d)
PtRuP0.2 samples with total 20 wt.% metal loadings.

Table 1
Nitrogen adsorption–desorption characteristics of selected samples.

Sample BET surface
area (m2/g)

Pore volumea

(cm3/g)
BJH pore
size (nm)

PtRu/TFC 926 0.96 4.0
PtRuP0.05/TFC 746 0.68 4.0
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PtRuP0.1/TFC 773 0.66 4.0
PtRuP0.2/TFC 768 0.64 4.0

a Total pore volume is obtained from p/p0 = 0.99.

o the incorporation of Ru atoms [28]. No recognizable Ru hexag-
nal close-packed (hcp) structure or RuO2 tetragonal phase was
bserved in all of the samples, suggesting that Ru was mostly incor-
orated into Pt fcc lattice and formed Pt–Ru bimetallic alloy [29].
esides, the (2 2 0) peaks for phosphorus-containing PtRuP/TFC
amples shifted to even higher angles with increasing P content,
hich can be attributed to enhanced alloying of the bimetallic
anoparticles. The role of P, clearly seen to broaden the diffraction
eaks, is to decrease the particle sizes with increasing addition of
. The sizes of the PtRuP nanoparticles, as determined by Scher-
er’s equation from the (2 2 0) peaks, are 3.9, 3.4, 2.9, and 2.2 nm
or the mesoporous carbon-supported PtRu, PtRuP0.05, PtRuP0.1,
nd PtRuP0.2 samples respectively. The particle sizes are reduced
ramatically with increasing phosphorus contents.

The nitrogen adsorption–desorption isotherms of PtRuP/TFCs
isplay a type IV isotherm curve with a H2-type hysteresis loop, as
imilar to those of TFC carbon and PtRu/TFC without P [9]. The tex-
ural properties as BET surface area, BJH pore size, and pore volume
f the supported catalysts determined from the adsorption branch
f corresponding isotherms are listed in Table 1. The surface areas
nd pore volumes of the PtRu/TFC with P addition, though all lower
han that of PtRu/TFC without P, were nearly the same as in the
evel of ∼770 m2/g and ∼0.66 cm3/g, respectively. It is shown that
igh surface area and mesoporous structure of the carbon support
an be retained after depositing 20 wt.% PtRuP nanoparticles. The
ispersions of PtRuP nanoparticles with diverse amounts of P were
imilar.

In Fig. 2(a) TEM image of the mesoporous carbon TFC is
isplayed. The thin film morphology composed of well-ordered
exagonal carbon-rod arrays with pore size of 4.0 nm can be seen

vidently. The thickness of perpendicular channel structure of the
FC as directly estimated from SEM image (Fig. 2(f)) is 70 nm on
verage. We should note that most of the platelets are stacked
at on the surface. The PtRu(P) nanocatalysts were thus homo-
eneously dispersed in the pore structure of TFC, as shown in
y 160 (2011) 109–115 111

Fig. 2(b)–(e). From the TEM images in Fig. 2 and our previously
published cross-sectioned image [9], we know most of the metal
particles are inside the nanochannels. The average particle size as
directly determined from TEM images of the PtRuP0.1/TFC sample is
3.6 nm, which is smaller than the one without P (4.3 nm). It is shown
that the size of PtRu alloy nanoparticle can be effectively reduced
by the incorporation of trace amount of non-metal phosphorus. The
mesoporous carbon we made was replicated from SBA-15 silica and
gave a structure mainly composed of solid carbon rods (see Fig. 2(a))
and side-supports (from the micropores of SBA-15) between the
rods. The mesopore of the TFC material is the space in between the
solid carbon rods. The pore structure is not of cylinder shape as the
pores of SBA-15. The BJH pore size, as determined from nitrogen
adsorption assuming a cylindrical pore shape, is only a rough esti-
mation. Moreover, the BJH method is known to under-estimate the
pore size. The particle size would not lead to much blockage of the
channels. The pores between the carbon rods are very much open
(interconnected).

3.2. Electrochemical property

The electrochemical activities of carbon-supported PtRuP cat-
alyst as an anodic material in DMFC were examined by cyclic
voltammetry (CV). All of the CV curves show voltammetric char-
acteristics as typical electrooxidation of methanol on Pt-based
bimetallics [30] (Fig. 3). All of the samples with P incorporation give
enhanced anodic peak currents compared to that of the PtRu/TFC
without phosphorus. In addition, the PtRuP/TFCs give superior cur-
rent densities than a commercial Johnson-Matthey (JM) catalyst
similar PtRu content (20 wt.% PtRu/XC-72 with a Pt:Ru = 1:1 atomic
ratio and an average particle size of 2.2 nm). Various data derived
from the CV results for the electrochemical oxidation of methanol
are summarized in Table 2. The supported nanocatalyst with
Pt:Ru:P = 1:1:0.1 gives a mass current density of 385.0 mA/mgPtRu
at 0.5 V which are the highest current density and the lowest onset
potential. This shows that phosphorus promotes very well the cat-
alytic efficiency for methanol oxidation and for Pt–Ru alloy. The
PtRuP/TFCs reveal lower If/Ib values than that of the PtRu/TFC with
no P incorporation. It may be because of metal nanocatalyst with
smaller particle size to give more the accumulation of intermedi-
ate carbonaceous species on the metal surface in the reaction, thus
showing a little weaker CO tolerance [30] (Fig. 3 and Table 2).

The long-term stability of supported PtRuP nanocatalysts evalu-
ated by repeated CV scans is shown in Fig. 4. The PtRuP0.2/TFC gives
the highest activity in few initial scans but decreased gradually. For
the smallest nanoparticle of PtRuP0.2 (2.2 nm) provides high initial
active surface area in reacting with methanol but suffers more CO
poisoning effect in the meantime. The activity decay may be also
due to unfavorable dispersion of the bimetal and gradual deforma-
tion of alloy nanoparticles during the reaction [31]. It is said that
the bimetallic PtRu may (a) lose of active surface by the CO poison-
ing or particle aggregation, and (b) lose of Ru by the Ru dissolution.
These problems can be more serious in small size nanoparticles
such as PtRuP0.2/TFC. On the other hand, PtRuP0.1/TFC gives fairly
stable high reactivity in the repeated CV runs. The mesocarbon-
supported PtRuP0.1 nanocatalyst with particle size of 2.9 nm gives
superior catalytic performance and at the same time good stability
in the acidic cell environment.

3.3. Composition and structure of the supported PtRuP
nanocatalyst
The structures of supported PtRuP ternary nanocatalysts were
characterized by XPS, ICP-AES, and EXAFS analyses to understand
the chemical state, composition, and alloying degree. The XPS
results are summarized in Table 3, with Pt 4f7/2 region deconvo-
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Fig. 2. The TEM images of (a) TFC carbon, (b) PtRu/TFC, (c) PtRuP0.05/TFC, (d) PtRuP0.1/TFC, (e) PtRuP0.2/TFC, and (f) SEM image of TFC carbon.

Table 2
Methanol electrochemical oxidation activities over selected samples.

Samplea Onset potential (V) If/Ib value Current density
(mA/mgPtRu) at
0.5 V

PtRu(P) particle
sizeb (nm)

PtRu/TFC 0.350 3.01 242.5 3.9
PtRuP0.05/TFC 0.344 2.38 348.8 3.4
PtRuP0.1/TFC 0.328 2.29 385.0 2.9
PtRuP0.2/TFC 0.337 1.66 362.5 2.2
JM PtRu/C 0.356 1.33 178.8 2.2

a All the samples are 20 wt.% PtRu(P) loading amounts.
b The PtRu(P) nanoparticle sizes are calculated by Scherrer’s equation from the (2 2 0) diffraction peak of XRD results.
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Table 3
XPS analyses for selected samples.

Sample C 1s Pt 4f7/2 Ru 3d5/2 Ru 3p3/2 Pt/Ru XPS Pt/P XPS

PtRuP0.2/TFC
284.5 (78) 71.3 (67)

280.9
461.9 (38)

1.64 1.51285.7 (19) 72.6 (22) 463.2 (39)
287.3 (03) 73.9 (11) 465.0 (23)

PtRuP0.1/TFC
284.5 (77) 71.6 (62)

281.3
461.6 (40)

1.61 6.68285.4 (18) 72.7 (25) 463.2 (36)
286.8 (05) 73.9 (13) 465.9 (24)

PtRuP0.05/TFC
284.4 (77) 71.2 (64)

281.2
462.1 (26)

1.65 —a285.4 (16) 72.4 (22) 463.5 (56)
286.8 (07) 73.6 (14) 466.3 (18)

PtRu/TFC
284.5 (75) 71.3 (71)

281.4
462.1 (39)

1.71 —285.5 (21) 72.5 (21) 463.6 (39)
287.3 (04) 73.8 (08) 465.5 (22)

a P 2p is at noise level.

F
i

l
a
a
P
s
p
t
t
l
T
p
t
c
f
(
P
t
c
o

T
I

ig. 3. Cyclic voltammogram curves over selected samples. The curves are collected
n 0.5 M H2SO4 and 1.0 M CH3OH solution with scan rate 10 mV/s at 60 ◦C.

uted into corresponding Pt metal, PtO or Pt(OH)2, and PtO2 species,
nd Ru 3p3/2 region into Ru metal, anhydrous RuO2, and hydrous
morphous RuOxHy species. All of the PtRu(P)/TFC samples exhibit
t metal and Ru oxide as the dominant states and a Pt-rich surface
egregation of the alloy nanoparticles. The result is similar to our
revious work on PtRu catalysts on mesoporous carbon with ozone
reatment and wet-chemical reduction approach [32]. There is lit-
le alteration in the ratios of Pt/Ru of surface PtRu structure upon
oading of P showing no obvious change with increased P contents.
he XPS spectra for the P 2p peaks for all of the PtRuP/TFC sam-
les (figure not shown) give rather weak and noisy signals due to
he small phosphorus content, however, a main peak at ∼133.0 eV
ould be identified and implied that most of P existed in oxidized
orm. No recognizable element state (130 eV) or metal phosphide

129 eV) could be identified [22]. For the small Pt/P values of 1.51 for
tRuP0.2/TFC and 6.68 for PtRuP0.1/TFC, phosphorus is thus most on
he exterior surface of PtRu alloy particle. It is then considered that P
oexists with PtRu nanoparticle as capping agent and most of P is in
xidized state without forming interstitial compounds. The quan-

able 4
CP-AES elemental analyses for selected samples.

Sample Pt (wt.%) Ru (wt.%)

PtRuP0.2/TFC 14.0 5.18
PtRuP0.1/TFC 14.6 5.52
PtRuP0.05/TFC 14.5 5.35
PtRu/TFC 16.3 4.77

a Pt/Ru = (Pt (wt.%)/195.1)/(Ru (wt.%)/101.1).
b Pt/P = (Pt (wt.%)/195.1)/(P (wt.%)/31.0).
c At noise level.
Fig. 4. Stability tests with regard to repeated CV cycles for selected samples. The
specific current densities are deduced from the corresponding anodic currents at
0.5 V.

titative elemental analyses are estimated by ICP-AES in Table 4,
which show that in all of PtRu(P)/TFC samples the Pt/Ru compo-
sition are about the same. The higher Pt/P values as compared to
those measured by XPS confirm again that P mostly resides on the
surface of PtRu nanoparticles. Also the ratios of Pt/Ru are higher as
measured by XPS compared to ICP-AES values indicate the element
Pt is enriched on the surface of the PtRu nanoparticles.

The radial distribution functions at Pt LIII-edge by Fourier trans-
formation of k3-weighted EXAFS data for those PtRu(P)/TFCs are
shown in Fig. 5. All of the samples with phosphorus addition give
similar patterns to that of PtRu/TFC without phosphorus incorpo-
ration, which indicate that no change in the alloy structure of PtRu
upon loading of P [33]. Comparing to the JM PtRu/C catalyst with

a 2.2 nm-sized metal particle and high alloying extent, the 20 wt.%
PtRuP/TFCs exhibited somewhat lower degrees of alloying in the
PtRu bimetallic nanocatalysts. In Table 5, structure parameters
derived from curve-fitted EXAFS data at Pt LIII-edge and Ru K-edge

P (wt.%) Pt/Rua Pt/Pb

0.555 1.40 4.01
0.176 1.37 13.18

—c 1.40 —
— 1.77 —
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Table 5
Curve-fitting results of the EXAFS data at Pt LIII-edgea and Ru K-edgeb over selected samples.

Sample Shell Nc R (Å) �2 (Å2) r-Factor

Pt LIII-edge

PtRuP0.2/TFC
Pt–Pt 8.2 ± 0.9 2.747 ± 0.028 0.007

0.0050Pt–Ru 1.5 ± 0.7 2.684 ± 0.090 0.005

PtRuP0.1/TFC
Pt–Pt 8.4 ± 1.1 2.745 ± 0.030 0.007

0.0054Pt–Ru 1.2 ± 0.7 2.685 ± 0.090 0.004

PtRuP0.05/TFC
Pt–Pt 8.7 ± 0.8 2.749 ± 0.026 0.007

0.0033Pt–Ru 1.3 ± 0.6 2.688 ± 0.086 0.005

PtRu/TFC
Pt–Pt 8.8 ± 0.5 2.754 ± 0.021 0.009

0.0017Pt–Ru 1.2 ± 0.4 2.713 ± 0.064 0.004

Ru K-edge

PtRuP0.2/TFC
Ru–Ru 3.9 ± 0.5 2.652 ± 0.014 0.007

0.0014Ru–Pt 2.4 ± 0.5 2.697 ± 0.031 0.005

PtRuP0.1/TFC
Ru–Ru 3.9 ± 0.8 2.651 ± 0.015 0.008

0.0044Ru–Pt 2.8 ± 1.0 2.695 ± 0.029 0.007

PtRuP0.05/TFC
Ru–Ru 4.3 ± 0.7 2.658 ± 0.008 0.008

0.0024Ru–Pt 2.0 ± 0.7 2.698 ± 0.032 0.004

PtRu/TFC
Ru–Ru 4.3 ± 0.7 2.658 ± 0.008 0.008

0.0035Ru–Pt 2.2 ± 0.7 2.670 ± 0.032 0.008

a Pt LIII-edge k3�(k) data in the k-space from 3.0 to 14.3 Å−1 is Fourier transformed to r-space. Numerical fittings are carried out with regard to the data in r-space ranging
f

rom 1.69 to 3.10 Å.
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rom 1.60 to 3.10 Å.
b Ru K-edge is conducted with the k-space from 3.5 to 12.9 Å−1, and the r-space f
c N: coordination number, R: coordination distance, �2: Debye–Waller factor.

re summarized. One can notice that the coordination numbers
f Pt–Pt and Ru–Ru homometallic bondings are reduced gradually
ith the increasing of P. In other words, the size of PtRu bimetal-

ic cluster is reduced to some extent by the element P. The result
s in good agreement with size estimation from XRD which gives
educed particle sizes of PtRu bimetallics upon loading of P evi-
ently.

.4. Enhanced catalytic reactivity and stability by phosphorus
ncorporation

We have reported in this work the PtRu nanocatalysts sup-
orted on mesoporous carbon thin film with the loading of element
for electrochemical oxidation of methanol. The mesoporous

arbon TFC having unique thin film morphology (Fig. 2) in assist-
ng catalytic performance by providing abundant active metal
ites and facilitating the transport of reactants and products both
hrough the mesopores. For and much enhanced current densities
n the PtRuP/TFCs (compared to PtRu/TFC), the element P helps to
ecrease the particle sizes to give more active sites but phosphorus
oes not change appreciably the electronic structure of PtRu. The
ynergy between Pt and Ru surface atom ensemble, consisting of Pt-
ich sites for methanol adsorption and subsequent transformation
nd adjacent Ru sites for assisting the completed electrooxidation
f methanol, is well-preserved [34,35]. The incorporation of phos-
horus in the growth of PtRu bimetallics helps the reduction of size
f nanoparticle by reducing surface energy. From the XPS results
n Table 3, the distribution of P is near the surface of the PtRu
article and in mostly oxidized form. The phosphorus functions
s a surfactant in lowering surface energy of the metal nanoparti-
le to limit its size while gives very little electronic perturbation.
he r-space EXAFS data at Pt reveal little change in the structure

pon loading of P. The contribution of Pt–P or Ru–P coordination

s too little to be determined in the curve-fitting analysis. Never-
heless, some metal surface-binding of P is expected in the PtRuP
anoparticle, which is considered as the main factor in reducing the
ize of PtRu. Moreover, for a very small Pt-based nanoparticle, the
Fig. 5. Fourier-transformed k3-weighted EXAFS data at Pt LIII-edge for selected sam-
ples.

dissolution of second metal is a major problem for long-term sta-
bility. The PtRuP0.1/TFC with particle size of 2.9 nm not only shows

much enhanced current density in the electrochemical reaction
but also gives good stability comparable to PtRu/TFC. The surface-
incorporated trace amount of P may stabilize the small nanoparticle
considerably from aggregation and deformation in the acidic reac-
tion medium at 60 ◦C.
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. Conclusion

With the incorporation of the non-metallic element phospho-
us, the PtRuP nanocatalysts, highly dispersed on mesoporous
arbon thin film with perpendicular channels, are found to give
xcellent activity in the electrochemical oxidation of methanol.
he morphology of perpendicular channels of the carbon TFC
ot only benefits the dispersion of metal nanocatalyst but also

acilitates the transport of fuel and product in its mesopore. The
0 wt.% PtRuP0.1/TFC gives the highest catalytic current density of
85 mA/mgPtRu, which is 2.1 times superior to that of a commercial

M PtRu/C catalyst and 1.6 times higher than the PtRu/TFC without
hosphorus. Trace amount of the additive P acts both to increase
he active metal sites by decreasing the size of PtRu nanoparticle
nd to enhance the catalytic stability by keeping the bimetallics
rom aggregation and dissolution. The XPS characterization shows
hat the phosphorus exists in an oxidized form located in the exte-
ior surface of PtRu alloy, and the EXAFS data give little change of
he electronic state of Pt with P incorporation. The phosphorus is
esponsible for the protection of small PtRu particle form defor-
ation in the reaction, therefore the synergy in bifunctional effect

an be well-preserved for long-term catalytic stability. We con-
ider both effects, good transport and catalytically active PtRu small
articles, are important for a well-performed electrode catalyst.
he ordered mesoporous carbon-supported PtRuP nanocatalyst is
ound to give excellent catalytic reactivity and stability in the elec-
rooxidation of methanol.
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