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a b s t r a c t

Carbon supported Pt–Ru/C (1:1) alloy catalysts supplied by E-TEK are widely used for fuel cell research.
Heat treatments in various atmospheres are conducted for the promotion of the methanol oxidation
reaction (MOR) and the investigation of the structure–activity relationship (SAR) of the catalysts. The alloy
structures, surface compositions, surface species, and electro-catalytic activities of the alloy catalysts are
characterized by X-ray diffraction (XRD), temperature-programmed reduction (TPR), X-ray photoelectron
spectroscopy (XPS), and cyclic voltammetry (CV), respectively. The as-received Pt–Ru/C catalysts have
a Ru rich in the inner core and Pt rich on the outer shell structure. Thermal treatments on the catalysts
t–Ru/C catalysts
eat treatment
ethanol oxidation

urface segregation
egree of alloying

induce Ru surface segregation in different extents and thereby lead to their alteration of the alloying
degrees. O2 treatment results in obvious Ru segregation and formation of RuO2. Catalysts treated in H2

have the highest If/Ib value in the CV scans among all samples, indicating the catalysts have the excellent
CO de-poisoning ability as evidenced by anodic CO stripping experiments. N2 treatment may serve as an
adjustment process for the surface composition and structure of the catalysts, which can suppress the
surface Pt depletion (∼60% Pt on the surface), make the components stable and hence promote the MOR
significantly.
. Introduction

The development of the direct methanol fuel cells (DMFCs) and
odification of the electrocatalysts has attracted much attention

1–5]. Pt–Ru catalysts are well known to exhibit a superior activity
n methanol oxidation reaction (MOR) as discovered more than 30
ears ago independently by Watanabe and Petrii [6,7]. A number
f review papers summarize the development of Pt–Ru systems
1,7–10]. Up to the present, the Pt–Ru/C anode catalysts of DMFCs
till have some shortcomings and need to be improved, such as slow
inetics of MOR and poor CO de-poisoning ability. Many methods,
uch as addition of modifiers or the third elements, adjustment of
reparation parameters, use of alterative supports, and heat treat-
ents on the Pt–Ru catalysts, have been proposed comprehensively

n the literature for promotion of home-made catalysts [11–18].

owever, the structure–activity relationship (SAR) and promo-

ional effect depends on the preparation methods, alloy structures,
nd surface compositions of the catalysts significantly, and only
ome conclusive results can be obtained.
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The performance of alloy catalysts can be improved by virtue
of the post heat treatments at various temperatures and atmo-
spheres [11,12,19–22]. Moreover, the thermal annealing processes
are also extensively applied in the Pt-based alloy catalysts to fur-
ther enhance their catalytic activity [23,24]. The electro-catalytic
activity of Pt–Ru alloy catalysts can be greatly improved due to
the alterations in physical structures [25–27], surface composi-
tions [11,12,28], or degrees of Pt–Ru alloying [20,29] after the post
heat treatments. Specifically, the post-treatment may induce the
change of surface areas and phase separation of Pt and Ru that
modify the surface structures along with the intrinsic and mass-
specific activities of methanol oxidation [22]. For example, surface
Ru atoms exposed in air are easily oxidized. It is also found that
pure Ru nanoparticles (NPs) may be fully converted into amor-
phous RuOx species after stored in ambient conditions [30,31]. Most
likely, the amount of RuOx species dominated on the surface may
exceed that of PtOx. Therefore, reduction of the Ru oxide layer cov-
ered on the outer shell of Pt–Ru alloy particles should result in the
Ru-enriched surface of the Pt–Ru alloy catalysts [30]. On the other
hand, the study of oxidation treatments induced formation of RuOx
has attracted a great deal of attention. Ru atoms may segregate to
the surface of alloy crystallites and are oxidized to crystalline RuO2
at oxidation temperatures above 520 K [28,32]. The presence of
oxidized Ru species in Pt–Ru catalysts results in a promotional elec-
trochemical performance [33]. Moreover, it has also been reported
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hat the effects of cyclic heat treatment between O2 and H2 on
he catalytic activity [28]. In the as-received sample, Ru atoms dis-
olve into the f.c.c. lattice of Pt and produce the well-formed Pt–Ru
lloy. However, a non-reversible segregation of RuO2 from Pt takes
lace after the treatment [28]. On the contrary, it has been reported
hat, the Pt–Ru/C catalysts after H2 treatment at room temperature
xhibits the highest activity for MOR due to the mild conditions of
he post-treatment. The H2 and air treatment at 433 K results in the
atalysts with lower intrinsic activities due to the phase separation
22].

The heat treatment in N2 on the catalysts has many advantages,
ncluding removal of residual surfactants [20,34] and promotion of
he alloying degrees [12,20]. The degrees of alloying of Pt–Ru cat-
lysts depending on the proximity between the Pt and Ru atoms
re generally considered as an important structural parameter for
OR efficiency. The alloying effect of Ru atoms into Pt lattice is

elieved to weaken the adsorption of CO absorbed on the Pt sites
ue to the modification of the electronic structure [35–37]. How-
ver, some researchers still debate on whether the alloyed Pt–Ru
r RuO2 (RuOxHy) species is crucial for the enhancement of the
OR activity. Long et al. suggest that the bimetallic alloy is not

he most desired form of the catalyst. A mixed-phase electrocata-
ysts containing Pt metal and hydrous ruthenium oxides (RuOxHy)
s required to achieve high MOR activity [38]. Ru-decorated Pt cat-
lysts have displayed excellent CO oxidation [39]. Besides, the NPs
f Pt deposition on Ru show high activity toward CO and H2 oxida-
ion [40]. Moreover, Lu et al. show that both increasing the content
f hydrous RuO2 and decreasing the particle size would result in
n improved catalytic activity, whereas the effect of the degree of
t–Ru alloying turn out to be unremarkable [19]. Recently, RuO2
s used as the support to replace active C in the electrocatalysts
5]. It is found that the RuO2 (RuSnO2) supported catalysts show
n excellent catalytic activity and stability in comparison with Vul-
an XC-72 supported catalyst [5], implying RuO2 may have positive
ffect on the MOR activity.

Those diverse results may be due to various physical properties
f the alloy catalysts, such as alloy structures, surface compositions,
nd surface species, are not taken into account. Previously, a com-
arison of surface species from N2-treated and O2-treated Pt–Ru
lloy catalysts measured by temperature programmed reduction
TPR) has been reported [12]. The results suggest that an alloy with
Pt surface species resulted from N2 treatment, rather than RuO2

oming from O2 treatment, is essential for obtaining a high MOR
ctivity [12].

In this study, a simple procedure of thermal treatment is carried
ut on the commercial Pt–Ru/C catalysts, which are well known for
heir long term stability and generally regarded as standard sam-
les in many studies. The alloy catalysts of Pt–Ru/C are purchased
rom E-TEK Inc. and then subjected to thermal treatments in var-
ous environments to modify their electrochemical performance.
he MOR activity affected by the alterations of the alloying extents,
urface species, and surface segregation has been studied system-
tically to reveal the SAR of the heat treated catalysts. In terms of
urface characterization, X-ray photoelectron spectroscopy (XPS)
s applied to estimate the surface composition of NPs with parti-
le size of approximately or large than 3.0 nm [41]. Moreover, TPR
an be applied to qualitatively provide the view-point of surface
pecies on the near surface regions of the alloy catalysts [42–48].

. Experimental
.1. Modification of catalysts

The carbon black (Cabot Vulcan XC-72R) supported Pt–Ru alloy catalysts were
btained from E-TEK Inc. The catalysts have the nominal loading of 20 wt% and the
t to Ru atomic ratio was 1 to 1. The as-received catalysts were heated for 1 h at
70 K under flowing air, N2, or H2/N2 (10/90 vol%) at a flow rate of 50 mL/min. The
ompounds 509 (2011) 535–541

as-received catalysts heated in air, N2 or H2/N2 at 570 K were designated as O570,
N570, or H570, respectively. Some H570 and O570 samples were separated into
different portions for further heat treatment for 1 h at 570 K under flowing N2 and
were designated as HN and ON, respectively.

2.2. Characterization of catalysts

Physical properties of the as-received and heat-treated catalysts were character-
ized by X-ray diffraction (XRD). A Guinier powder diffractometer (Huber, Germany),
set at 45◦ transmission angle, was used in this work. A Johansson-type Ge monochro-
mator produced a focused high-intensity monochromatic CuK�1 primary beam
(� = 1.54 Å) at 40 kV and 20 mA. In the preparation of each sample, a small amount
of catalyst (ca. 30 mg) was slightly pressed to a thin pellet of 0.3 mm thickness. This
pellet was then fixed between two 3 �m polyethylene foil into the sample holder
under ambient conditions. The XRD was operated at a scan rate of 1◦/min.

An XPS (Thermo VG Scientific Sigma Probe) using an Al K� radiation was used
to study the surface compositions of the alloy catalysts. The surface compositions of
the samples were calculated from the peak areas of the corresponding lines, using
a Shirley-type background.

TPR analysis was used to examine the surface species of the heat treated cat-
alysts. In each TPR analysis, a sample of ca. 20 mg was inserted into a tube reactor
and pre-oxidized at ambient temperature (300 K) for 1 h. The pre-oxidized catalysts
were reduced by a flow of 20% H2 in N2 at a flow rate of 30 mL min−1 while increas-
ing the temperature from 200 to 500 K at a heating rate of 7 K min−1. Temperature
profiles and the hydrogen consumption were measured by a thermal conductivity
detector (TCD).

2.3. Electrochemical measurements

Cyclic voltammograms (CV): electrochemical measurements (using a CH Instru-
ments Model 600B device) were conducted in a standard three-compartment
electrochemical cell with reference and counter electrodes in separate compart-
ments from the working electrode. The preparation of working electrode was
described in detail as follows: Typically, 5 mg of the alloy catalysts (including a com-
mercial catalyst of 20 wt% Pt–Ru/C purchased from E-TEK) in 0.5 mL of 2-propanol
and 0.5 mL DI water were dispersed in ultrasonic bath for 30 min, obtaining a well-
dispersed catalyst ink. Afterwards, a specific amount of 10 �l slurry was spread
on the surface of the glassy carbon electrode (area = 0.393 cm2) and dried at room
temperature. After the evaporation of the catalysts ink, the electrode was then trans-
ferred to the electrochemical experiments carried out in N2-saturated electrolyte
consisting of 0.5 M H2SO4 + 1.0 M methanol. A saturated calomel electrode (SCE)
electrode and a Pt plate were served as reference and counter electrode, respectively.
The reference electrode was separated from the working electrode compartment by
a closed electrolyte bridge in order to avoid chloride contamination. Cyclic poten-
tials were swept between −0.24 and 1.2 V (vs. SCE) in a rate of 20 mVs−1 at room
temperature. All of the reported CV profiles were recorded in the 16th cycle at 298 K.
Furthermore, the potentials in this study all referred to that of the NHE.

CO stripping experiments: the preparation route of working electrode for the CO
electro-oxidation measurements was similar to that of the CV tests as described
above. In brief, a CO voltammetric stripping experiment was performed as follows:
CO was adsorbed onto the electrode surface at −0.14 V (vs. SCE) by bubbling the high
purity CO gas through 0.1 M HClO4 for 30 min. The CO adsorption time was found to
be sufficient to reach the steady state. After the adsorption process, the N2–saturated
0.1 M HClO4 was used for the CO stripping study. Two CVs were collected between
−0.2 and 0.9 V (vs. SCE) at a scan rate of 50 mVs−1. The first potential sweep was
carried out to electro-oxidize the adsorbed CO species and the second one to ensure
the complete oxidation of the adsorbed species.

3. Results and discussion

Fig. 1 shows the XRD patterns of the as-received and heat-
treated Pt–Ru/C catalysts. For the as-received catalysts, peaks
located at 2� ∼40.0◦, 46.5◦, and 69.5◦ may represent the (1 1 1),
(2 0 0), and (2 2 0) patterns of Pt–Ru alloys, respectively. No
monometallic Pt, Ru, or RuO2 diffractions are observed, indicat-
ing the as-received sample forms Pt–Ru alloy structure completely.
The samples treated at 570 K in N2, O2, and H2 were named as
N570, O570, and H570, respectively. Some O570 and H570 sam-
ples further treated at 570 K in N2 were designated as ON and HN,
respectively. For N570, H570, and H–N, the patterns display sim-
ilar reflections of alloyed f.c.c. crystal structure, with some shifts

in the position of each reflection peak. The shifts in 2� are related
to the changes of the lattice constant due to the incorporation or
segregation of Ru atoms into or from the f.c.c. alloy phase, respec-
tively. In terms of O2 treatment, the peaks located at about 35.07
and 54.27◦ are attributed to the (1 0 1) and (2 1 1) diffractions of
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Fig. 1. XRD patterns of the as-received and heat treated Pt–Ru/C catalysts.

uO2 (JCPDS 43-1027). The diffraction peaks of RuO2 are found in
ll oxidized samples, indicating a portion of Ru atoms segregate
ut of the alloy phase and aggregate as RuO2 during the oxida-
ion treatment. Therefore, the Pt core/Ru shell like structure may
e observed in the O570 sample, because oxidation of metallic Ru
lement on its surface is easier than that of the Pt component [49].
he particle size of Pt–Ru alloys (DPtRu) in the as-received sample
ccording to the Scherrer’s equation is about 2.0 nm, as listed in
able 1. Heat treatments at 570 K result in the sintering and aggre-
ation of the deposited alloy NPs, especially for the ON sample. The
PtRu of ON and other heat treated samples is about 9.2 and 3.0 nm,

espectively.
The third column of Table 1 compares the lattice parameters

f various catalysts calculated from (2 2 0) and (2 0 0) reflections
hown in Fig. 1. As listed in Table 1, the lattice parameters of the
s-received Pt–Ru/C increase through all kinds of heat-treatments,
uggesting that the replacement of the Ru atoms in the alloy phase
y Pt atoms and the occurrence of the dealloying processes. The

attice constant values for all catalysts should be lower than that
f Pt/C (3.9155 Å), and higher than that of Pt–Ru alloy (3.8535 Å)
50]. For the O570 and O–N samples, the lattice parameters are
ignificantly extended, especially for O–N. The lattice parameter of

–N sample is larger than that of Pt/C and close to the metallic one,

ndicating the Pt–Ru alloy NPs separate from the C support during
eat treatment. Furthermore, the Ru atomic fractions, XRu in the

able 1
he XRD analysis of the as-received and various heat treated Pt–Ru/C catalysts.

PtRu/C DPtRu (nm) Lattice
constant
(Å)

XRu (%) Alloying
degree (%)

As-received 2.0 3.855 48.8 97.6
N570 2.6 3.887 23.1 46.1
O570 2.9 3.893 18.6 37.1
H570 3.4 3.875 33.0 66.0
ON 9.2 3.923 – –
HN 3.4 3.859 45.5 91.0
Binding energy / eV

Fig. 2. XPS spectra of the as-received and heat treated Pt–Ru/C catalysts.

Pt–Ru alloys are calculated by the Vegard’s law [51,52]:

IPtRu = Ios − kXRu (1)

where Ios = 3.9155 ´̊A is the lattice parameter of pure Pt/C, and

k = 0.124 ´̊A is a constant. Table 1 displays the values of XRu calcu-
lated from Eq. (1) and the amount of Ru alloyed (Rual) calculated
from the equation:

Rual = XRu[
(1 − XRu)(Ru/Pt)nom

] (2)

where (Ru/Pt)nom is the nominal Ru/Pt atomic ratio, which is 1 in
this study. As shown in Table 1, the as-received sample shows an
excellent degree of alloying and the amount of Ru alloyed decreases
as the lattice constant increases after various heat treatments. It has
been reported that the as-received Pt–Ru/C catalysts are in a single
phase state of perfect alloying by in situ XRD measurement [18].
Compared with the values of alloying degrees listed in Table 1, the
oxidation treatment results in a significant decrease in the alloy-
ing degree, implying that most Ru atoms are oxidized. On the other
hand, N2 and H2 treatments may cause the structural reconstruc-
tion and reduction of RuO2 of the alloy catalysts, respectively, and
the alloying degree of the catalysts also decreases. Moreover, the
reduction of RuO2 during H2 treatment layer covered on the outer
shell results in the Ru-enriched surface [18].

The XPS spectra of the as-received and heat-treated Pt–Ru/C
catalysts are exhibited in Fig. 2. The surface compositions of the
samples calculated from the peak areas of the corresponding lines
in the original spectra (Fig. S1 of supplementary information), using
a Shirley-type background is also compared. For the Pt 4f spec-
tra, the deconvolution shows the presence of two or three pairs
of doublets. The intense doublet peaks with binding energies of
approximately 71.3 (Pt 4f7/2) and 74.6 eV (Pt 4f5/2) are attributed to
the metallic Pt. The peaks corresponding to about 72.2 and 76.4 eV
can be assigned to the Pt(II) species in the form of Pt(OH)2, and
the peak located at 74.4 and 77.9 eV can be regarded as PtO2. On
the other hand, the Ru spectra exhibit a distinctive Ru 3d5/2 peak

with the characteristic binding energy for Ru (∼280.1 eV) and RuO2
(281 eV). Apparently, different atmospheres and procedures of heat
treatments may result in different compositions and valence states
of Pt and Ru species on the catalysts. The surface compositions
of various catalysts analyzed by XPS are displayed in Table 2. The
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Table 2
Catalytic activities and surface characterizations of the as-received and various heat treated Pt–Ru/C catalysts.

PtRu/C Surface composition (at%) (Pt:Pt2+:Ru:Ru4+) I07 (A cm−2 mg (PtRu)−1) If/Ib ratio TPR surface species

As-received 38:29:8:25 0.49 2.1 PtsOx , APtOx

N570 36:22:8:34 0.61 1.8 PtsOx , APtOx
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(RuaO2) and crystalline (RucO2) RuO2, respectively [11]. Therefore,
as shown in Fig. 3, the surface of N570 catalysts consists of APtOx

mainly, and the surface of O570 is composed of RuaO2 or RucO2.
The N2 treatment results in a change of the surface species from
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urface of the as-received Pt–Ru/C catalysts is consisted of mainly
uO2, Pt, and some Pt(OH)2. Their surface Pt composition is about
7% (38% in metallic state and 29% in oxide state), deviated from
he nominal value of 50%. The Pt atoms enriched on the outer
urface and Ru atoms partially occupied in the inner core then
roceed different degrees of migration and segregation under var-

ous atmospheres. It has been reported that the bulk compositions
f Pt–Ru/C determined by in-situ extended X-ray absorption fine
tructure (EXAFS) and XRD. Both techniques show that the sur-
aces of the particles are enriched with Pt compared to the nominal
ulk composition [53]. The in situ XRD measurement suggests that
he fraction of surface oxides found is 25 wt% for Pt–Ru/C [30],
maller than the value measured by XPS in this study. In terms
f unsupported Pt–Ru catalysts, CV scans in 0.5 M H2SO4 solution
how hydrous Ru oxide, a proton and electron conductor which
avors CO and MOR, is detected as one of the constituent phases
n the electrocatalyst and XPS spectra indicate the presence of
t and Ru in different oxidation states, with larger proportion of
he metallic forms [27]. For O570 sample, surface Pt compositions
re about 39%, suggesting that 11% extra Ru atoms segregate out
rom the interior to the surface and form RuO2 during oxidation
reatment. The O2 treatment causes the significant surface Ru seg-
egation and an obvious decrease in the alloying degree. Finally,
2 treatment may turn the Pt-rich surface into RuO2-rich surface

60% on the surface). On the contrary, Pt and Ru oxides are reduced
o their metallic states during the H2 treatment. The reduction of
uO2 on the H570 sample also enhances the surface Ru segrega-
ion and its surface is composed of metallic Pt, Ru, and some RuO2
31, 35, and 22%, respectively). It is interesting to find that during
he H2 treatment, the amount of surface RuO2 does not decrease
ery much (25–22%), instead, the amount of surface metallic Ru
ncreases significantly from 8% to 35%. Therefore, the oxidation or
eduction process of Ru species dominates during the O2 or H2 heat
reatments, respectively. It is worthy mentioning that according to
he thermodynamics, Pt with lower surface energy than that of Ru
hould have the driving force to segregate out to the alloy surface
54]. Therefore, the Pt surface segregation driven by the surface
nergy and Ru surface segregation driven by atmospheric attrac-
ion competes with each other. As a result, surface segregation of
u induced by the atmospheric attraction is noted.

On the other hand, for the N570 sample, neither oxidation nor
eduction process dominates. Surface Ru segregation takes place to
small extent (from 33% to 42%). The N2 treatment may serve as an
djustment process for the surface composition and structure of the
lloy catalysts which not only changes the surface Pt composition
ut also slightly oxidizes surface Ru to RuO2. Even after heating to
20 K in N2, the Pt–Ru/C catalysts do not show a phase separation,

mplying N2 treatment serves as a moderate adjustment process
12,30].

The heat treatments of the catalysts in N2, O2, or H2 not only
nfluence their lattice constants and degrees of Ru alloying on the

t–Ru/C catalysts but also affect their surface compositions sub-
tantially. However, in the case of ON and HN samples (O570 and
570 sample further treated at 570 K in N2), as shown in Table 2,

heir surface compositions do not change very much after the 2nd
tage of N2 treatment. The surface Ru composition increases from
20 1.4 Ru O2, Ru O2

41 2.4 PtsOx , APtOx

43 1.2 RuaO2

47 2.2 PtsOx , APtOx

61% to 63% and 57% to 58% for the ON and HN, respectively. Only
1–2% of surface Ru segregation occurs in these processes, imply-
ing that N2 treatment serves as the reconstruction and adjustment
process during the stage. Only few changes in alloying degrees of
the catalysts and valence states of the surface species are observed
on the ON and HN samples, as evidenced in Table 1.

Fig. 3 compares the TPR traces of various catalysts. TPR analysis
is a surface sensitive technique which can probe surface species
of bimetallic Pt–Ru particles deposited on support [11,12,55]. The
analytic results from TPR may be not consistent with those from XPS
due to their different surface resolutions [40]. The sampling depth
of TPR is about several Å (the thickness of the outermost surface
layer) and that of XPS is within a few nanometers. Based on the
Tr position in TPR traces, the surface species of the alloy catalysts
can be analyzed. The surface species of all samples are listed in
the final column of Table 2. As shown in Fig. 3, the main reduction
peak for the as-received catalysts located between 230 and 250 K is
assigned to the reduction of the Pt oxide surface species (PtsOx). The
Tr located between 250 and 350 K and above 350 K are attributed to
reductions of alloy oxides (APtOx or ARuOx) and RuO2, respectively.
The Tr ∼ 360 and 450 K is assigned to the reduction of amorphous
450400350300250200

as-received

T (K)

Fig. 3. TPR traces of the as-received and heat treated Pt–Ru/C catalysts.
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ig. 4. Forward scans of CV results for the as-received and heat treated Pt–Ru/C
atalysts measured at 298 K.

tsOx to APtOx while the air treatment causes the oxidation of Ru.
n the other hand, H2 treatment results in a surface composed of
oth PtsOx and APtOx.

Compared with the TPR traces of O570 and ON or H570 and
N samples, it is interesting to find that surface species does not
hange obviously during the 2nd stage of N2 treatment. As men-
ioned above, the surface compositions measured by XPS analyses
isplayed in Table 2 confirm the result. The N2 treatment may serve
s a moderate treatment process for those samples. Neither surface
ompositions nor surface species are changed significantly, sug-
esting that their surface conditions are fixed and only structural
roperties such as alloying degree or particle sizes are influenced
y the treatments slightly.

Fig. 4 displays the forward scans of CV for MOR over the
s-received and various heat-treated Pt–Ru/C catalysts at room
emperature. The methanol oxidation current at I07 (current den-
ity at an applied potential of 0.7 V) serves as an indicator for
stimating the activity of catalysts under practical conditions. In
ig. 4, the I07 of N570 is higher than that of the as-received catalysts,
uggesting that N2 treatment at 570 K is a superior process for the
romotion of the MOR for alloy catalysts [12]. On the other hand, the

07 of H570 and O570 catalysts are inferior to that of the as-received
ne. The H2 and O2 heat treatments on the Pt–Ru/C catalysts result
n some extents of structural and surface changes on the catalysts
nd therefore inactivate and deteriorate the onset potentials and

07 of the catalysts. The O2 treatment causes the significant surface
u segregation and an obvious decrease in the alloying degree. The
t-rich surface of the as-received sample turns into RuO2-rich sur-
ace (60%) after O2 treatment. As a result, O2 treatment contributes
o the passivation of the Pt–Ru/C catalysts. The I07 and If/Ib ratio (the
atio of forward to backward peak current density) of various cat-
lysts based on the CV scans are listed in Table 2. Compared to the
s-received catalyst, the I07 of N570, O570, and H570 is enhanced
4%, decreased 60%, and decreased 16%, respectively. In terms of
570, H2 treatment also results in significant Ru segregation of the

atalysts, however, the catalysts still have high degree of alloying.
here are 57% of Ru atoms on the surface and 43% of Ru atoms
nvolved in the alloy phase. As a result, H570 has the extraordinar-
ly high If/Ib ratio and H2 treatment may inhibit the accumulation of
O on Pt sites and thus make the Pt sites free significantly. However,
Fig. 5. CO stripping curves for the as-received and various heat treated Pt–Ru/C
catalysts.

H2 treatment cannot enhance the anodic current density directly.
This excellent CO resistance of H2-treated catalysts can be related to
the high metallic Ru surface composition as well as the high degree
of alloying in the H570 sample.

On the other hand, the N570 catalyst containing 58% of surface
Pt and APtOx rich surface species displays the highest electrochemi-
cal performance toward MOR among all catalysts. This observation
is consistent with Wiltshire et al.’s results that in the Pt–Ru alloy
with Pt-rich surface, surface fraction of Pt > 0.59 by XPS is the most
active [53]. N2 treatment modifies the surface Pt/Ru ratios from
2.03 to 1.38 and enhances the formation of APtOx. The segregated
surface Ru atoms are then alloyed with Pt and results in a positive
shift in the TPR profile. Moreover, after the 2nd stage of N2 treat-
ment, the observed I07 and onset potential in HN and ON samples
is both enhanced. N2 treatment results in a roughly 200% enhance-
ment on the I07 of O570 where I07 of O570 and ON is 0.20 and
0.43 A cm−2 mg (PtRu)−1, respectively. The enhancement is owing
to the changes in the alloying degrees and valence states of Pt and
Ru.

According to the electrochemical performance and the physi-
cal measurements of various catalysts, we can find that the degree
of alloying may not play a paramount role in the enhancement of
MOR activity. Instead, the surface compositions and surface species
may be considered as important parameters to obtain high catalytic
activity. Although the poor alloying extent is observed in N2-treated
sample, the surface mainly comprised of APtOx species presents the
best performance toward MOR among all samples. Therefore, N2
treatment process instead of O2 or H2 treatment on the Pt–Ru alloy
catalysts is the best way to promote the MOR activity. H2 treatment
can enhance the de-poisoning ability of the catalyst, as evidenced
by the high If/Ib values of H570 and HN samples. On the other hand,
the formation of RuO2 has negative effect both in the MOR activity

and CO resistance.

Fig. 5 shows the CO stripping scans recorded on the glassy
carbon electrode of various PtRu/C catalysts in 0.1 M HClO4. It is
generally accepted the fact that the activity for electrochemically
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Table 3
Comparative CO oxidation results of the as-received and various heat treated
Pt–Ru/C catalysts.

Sample Eonset (V) Epeak (V) EASA (m2/gPt)

As-received 0.46 0.58 158.7
N570 0.46 0.63 156.3
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[41] D. Briggs, M.P. Seah, Practical Surface Analysis, vol. 1, Wiley, New York, 1990.
O570 0.46 0.57 68.0
H570 0.42 0.55 194.1

xidizing adsorbed CO on the catalysts and the real electrochemi-
al active surface area (EASA) of the catalysts can be probed by CO
tripping technique [54–57]. The clearly difference in EASA for as-
eceived and heat-treated samples is found and provided in Table 3.
bviously, it should be noted that the high EASA value of H570
ay be attributed to the appearance of metallic Pt, Ru or PtOx

pecies on the surface of the catalysts as evidenced by XPS and
PR results. This phenomenon is in agreement with the experimen-
al results stated by Hwang et al. that the enhanced CO oxidation
urrent density of H2-treated catalysts is owing to the increased
opulation of Pt on the surface revealed by XAS results [58]. For
he O570 sample, the dramatically decreased EASA is observed due
o a large amount of RuO2 species occupied on the surface and a
ecrease in the number of Pt active sites accordingly. On the con-
rary, it can be unambiguously perceived that the H570 displays
he lower onset potential for CO electro-oxidation compared to
hat of the others, indicating that numerous metallic Ru on the
urface (ca. 66%) may assist the CO oxidation through a bifunc-
ional mechanism [53]. Herein, we can summarize that the H570
as high If/Ib value, high EASA, and low onset potential for anodic
O stripping is probably assigned to the metallic Pt and Ru or
tOx species on the surface [42,58]. Nevertheless, the H570 cannot
xhibit a comparative catalytic activity toward methanol decompo-
ition at I07, suggesting that the surface amount of active sites for
OR is not sufficient. Instead, the N570 produces approximately

4% improvement of MOR performance, implying that the alloy
atalysts surface mainly comprised of the APtOx and 60% surface
t species plays a crucial role in presenting extraordinary catalytic
erformance.

. Conclusions

The importance of degrees of Pt–Ru alloying, surface Ru oxide
pecies, and surface compositions of the Pt–Ru/C catalysts toward
he MOR activity has been elucidated. A commercial Pt–Ru/C alloy
atalysts have been heat treated in various atmospheres to inves-
igate their SAR. The physical properties of various alloy catalysts
ave been characterized by CV, XRD, XPS, and TPR. The as-received
t–Ru/C catalysts have a Ru rich in the inner core and Pt rich on
he outer shell structure. O2 treatment results in obvious Ru seg-
egation and formation of RuO2, which does not benefit to the
OR electro-activity and CO resistance. Reduction of RuO2 of cata-

ysts during H2 treatment also causes metallic Ru segregation with
he retained alloy degree. These may be the reasons that catalysts
reated by H2 have high If/Ib values in the CV scans and an excellent
O de-poisoning ability during the CO stripping measurement. N2
reatment may serve as an adjustment process for surface compo-
ition and structure of the alloy catalysts. For the N570 sample, the
urface Pt composition is about 60% and APtOx is the dominant sur-
ace species, thus the MOR is enhanced. For the HN and ON samples,
heir Pt/Ru ratios and surface species are fixed. The enhancement

f MOR is attributed to the adjustment of the alloying degrees and
urface valence states of Pt and Ru by N2 treatment. N2 treatment
nstead of O2 or H2 treatment is the best way to promote the MOR
ctivity.
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