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Abstract

X-ray absorption spectroscopy (XAS) was employed to characterize carbon black supported Pt-Ru catalysts, which are commercially
available to be utilized as the anode of polymeric-electrolyte-membrane fuel cells. Both Pt and Ru were found partially oxidized in the
as-received form. Upon exposure to hydrogen at room temperature, the catalysts were completely reduced to the metallic state. The bimetallic
nanoparticles on the Pt-Ru/C catalysts possess an inner core enriched in Pt, which is surrounded by a Ru-rich outer shell. Such a core—shel
structure retained even at an elevated reduction temperature of 623 K. Temperature-programmed surface reaction (TPSR) was carried out tc
explore the reactivity of adsorbed CO toward hydrogen on various catalysts. Both the peak temperature of the TPSR profile and the amount
of methane generated during the course of TPSR were sensitive to the surface composition of Pt—Ru nanoparticles. In combination of XAS
and TPSR results, a slight difference in the nanostructure between two Pt-Ru/C catalysts was manifested.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and are widely adopted for this purpof&=-5]. It is gener-
ally accepted that high activity of Pt-Ru bimetallic catalysts
Fuel cell is a device, which can convert chemical energy mainly comes from the bifunctional character of the alloy
directly into electric energy with high efficiency. In com- surface: adsorption of CO on Pt atoms and oxidative removal
pliance with more and more strict environmental regu- of CO by oxygen-like species adsorbed on adjacent Ru atoms
lations, fuel cells have attracted extensive attention due [6,7].
to low emission of pollutants. Among various types of The structure of bimetallic catalysts can be significantly
fuel cells, the polymeric-electrolyte-membrane fuel cell influenced by the degree of alloying between two constituent
(PEMFC) is a promising candidate for portable and mobile elements. Particularly, the surface composition always plays
power sourcefl]. For PEMFC, however, either reformate or a crucial role in determining the catalytic properties. In the
direct methanol feed (such as in DMEZ]) usually causesa  present work, X-ray absorption spectroscopy (XAS) was
serious problem of CO poisoning on the anode consisting of employed to investigate the structure of two commercial Pt-
Pt-based catalysts. Removal of strongly absorbed CO fromRu/C catalysts. XAS has been proved a powerful technique
the Pt surface is relatively slow so that many efforts were for characterization of bimetallic catalysf8—11] X-ray
devoted to the development of binary or ternary alloy cata- absorption near edge structure (XANES) can reveal the oxi-
lysts to facilitate this rate-determining step. Pt-Ru bimetallic dation state and d-band occupancy of specific atom, while the
catalysts have been found to exhibit satisfactory performancelocal atomic structure can be obtained from the analysis of
extended X-ray absorption fine structure (EXAES)]. All
* Corresponding author. Tel.: +886 35780281x7117; fax: +886 35783813. the spectral information helps to correlate the electrochem-
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when the Pt-Ru/C catalysts are utilized as the anode materialedge measurements) across the beam was used. A standard
of PEMFCs. In addition to XAS, temperature-programmed compound, Pt foil or Ru powder, was measured simultane-
surface reaction (TPSR) was carried out to probe the surfaceously by using the third ionization chamber so that energy
composition of Pt—Ru nanoparticles. A detailed review on the calibration could be performed scan by scan.
related theory and techniques of TPSR was given by Falconer Raw X-ray absorption data were analyzed following stan-
and Schwarf13]. Basically, the peak temperature ofa TPSR dard procedures, including pre-edge and post-edge back-
profile can be regarded as a criterion to evaluate the specificground subtractions, normalization with respect to the edge
rate or turnover frequency on the basis of single active site. jump, Fourier transformation and non-linear least-squares
Fujimoto et al. employed TPSR to study the alumina and curve fitting. Detailed description of the procedure was given
silica supported platinum group metdfsA]. It was found elsewhere[18]. All the computer programs were imple-
that the lower TPSR peak usually implied the higher specific mented in the software package UWXAFS 31®]. The
rate. This correlation applies not only to various metals on backscattering amplitude and phase shift for specific atom
the same support but also to the same metal on different suppairs were ab initio calculated by using the FEFF6 code
ports[15,16] Here, we successfully utilize the TPSR results [20,21]
to reflect the chemical composition of the outermost surface
layer of the carbon supported Pt—Ru bimetallic nanopatrticles. 2.3. CO chemisorption and temperature-programmed
surface reaction (TPSR)

2. Experimental Catalyst powder of 0.1 g was packed between two plugs of
quartz wool on the outlet side of a Pyrex U-shaped tube and
2.1. Catalysts purged with a hydrogen stream of 30 mL/min. Temperature

was raised to 623 K at a rate of 10 K/min. After treatment at
The carbon black (Cabot Vulcan XC-72R) supported Pt- 623K for 2 h, the catalyst was cooled in hydrogen to room
Ru bimetallic catalysts were obtained either from Johnson temperature. Subsequently, CO pluses of 0.1 mL were repeat-
Matthey Co. (called J-M sample hereafter) or from E-TEK edly injected into the carrier gas gHstream flowing through
Inc. (the E-T sample). Both catalysts have the same nominalthe catalyst bed until the breakthrough was observed. Two
loading of 20 wt% Pt and 10wt% Ru (in an atomic ratio of consecutive pulses were separated by an interval of 2 min.
1:1). For the purpose of comparison, two monometallic cat- Typically, 5-15 pulses were required before the thermal con-
alysts, 20wt% Pt/C and 10 wt% Ru/C, were obtained from ductivity detector (TCD) signal reached a constant value.

E-TEK. With the saturated uptake of CO, the catalyst was heated in
hydrogen again at 10 K/min to perform the TPSR. The efflu-
2.2. X-ray absorption spectroscopy ent gas from the catalyst bed during the course of TPSR was

continuously monitored by both TCD and flame ionization

X-ray absorption spectra at Pgledge and Ru K-edge detector (FID).
were, respectively, recorded at beamlines 17C1 and 01C1 of
National Synchrotron Radiation Research Center, Hsinchu,
Taiwan. The electron storage ring is operated at an energy3. Results and discussion
of 1.5GeV and a beam current of 120-200mA. BL17C1
is based on a multi-pole wiggler source with a critical 3.1. X-ray absorption spectroscopy
energy Ec) of 2.7keV, and BLO1C1 utilizes the radiation
from a superconducting wavelength shiftéi; € 7.5 keV). The XANES spectra for various monometallic and
Both beamlines employ a double Si(1 1 1)-crystal monochro- bimetallic catalysts in the as-received state are shown in
mator for energy selection with a resoluticxE/E better Fig. 1 Reference spectra of some standard compounds are
than 2x 10~4. High-order harmonics are rejected by Rh over-plotted for comparison. In general, the intensity of
or Pt-coated mirrors. These mirrors also serve to collimate “white line” at Pt Lg-edge can reveal the degree of occu-
(upstream) and refocus (downstream) the X-ray beam. All pancy of 5d-electron states of the Pt atoms, which is in turn
spectra were recorded at room temperature in a transmissioraffected by the oxidation staf22]. The more intense white
mode in which the intensities of incident and transmitted X- line implies the higher degree of oxidation. Accordingly,
ray beams were measured by gas-filled ionization chambersthe Pt atoms on all catalysts were found partially oxidized
Energy was scanned from 200 eV below the edge to 1000 eVbecause the white line intensities are between those of Pt foil
above the edge. The catalyst powder was pressed into a slot ond PtQ (the white line peak of Pt& not shown here, is
the stainless-steel holder and then placed in an in situ cell for slightly higher than 2.0 in the normalized absorption scale).
treatment at desired conditi¢h7]. To achieve the optimum It is interesting to note that the degree of oxidation of the Pt
thickness, i.e., spectral edge jumfoi(X) approaching unity, = atoms on the Pt/C catalyst is higher than that on bimetallic
the pressed powder sample containing either 8.5mg Pt/cm catalysts, and that the J-M sample, as compared to the E-
or 17 mg Ru/crA (respectively, for Pt b-edge and Ru K- T sample, has more oxidized Pt. One possibility is that the
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Fig. 1. XANES spectra at Pt3-edge (left panel) and Ru K-edge (right panel) for various samples in the as-received form.

Pt/C catalyst, in the absence of Ru atoms on the surface, posfoil, suggesting the presence of metal-support interactions.
sesses a larger number of surface Pt atoms being oxidized byror the Ru/C catalyst, the metal-support interactions seem
air. For bimetallic catalysts, a significant portion of surface much weaker in view of almost identical spectral features
might be occupied by Ru atoms. The oxidized surface layer between Ru/C and reference Ru powder.
may prevent the interior atoms from further oxidation sothat ~ The k3-weighted EXAFSy data are depicted iffig. 3
the average degree of oxidation of Pt became lower. Based orfor bimetallic catalysts either in the as-received state or after
the same inference, the percentage of Pt atoms on the surfacexposure to hydrogen at room temperature. Signal-to-noise
of the J-M sample seems higher than that on the E-T sampleratio of the data is high enough to allow a relatively large
if both samples have similar particle sizes. k-range of data (from 3 to 121—1) to be used in the subse-
From the chemical shift in threshold energy at Ru K-edge quent Fourier transformation and fitting. Structural param-
(see the right panel dfig. 1), it is revealed that the average eters derived from the EXAFS data analysis at Btedge
oxidation number of Ru atoms was close to 3+ on either and Ru K-edge are listed ifiables 1 and 2respectively.
Ru/C or Pt-Ru/C catalysts. This evidence might indicate that The EXAFS data for the two edges were fitted simultane-
most Ru atoms are located on the surface layer of bimetallic ously, with the interatomic distances of unlike paiRp{ru
nanoparticles, leading to nearly the same degree of oxidationand Rry-py) being set equal. For the Pt—Ru (1:1) bimetallic
of Ru as of the monometallic catalyst. Nevertheless, a carefulnanoparticles in the reduced state, the coordination num-
comparison between the threshold energies for two bimetallic bers of unlike atom pairsNpt-.ry and Nry-py Were further
catalysts showed that the average oxidation number of Ruconstrained to match each other. This relationship is always
atoms on the E-T sample is slightly higher than that on the physically valid and independent of the structural details.
J-M sample. This evidence implies a higher percentage of RuAccording to repeated fitting procedures with different ini-
atoms on the surface of the E-T sample than that of the J-Mtial guess values, the uncertainty of final results was found to
sample. be less than 15% in coordination number and roughly 1% in
Fig. 2 presents the XANES spectra of the catalysts after interatomic distance.
exposure to hydrogen at room temperature. Judging fromthe In the as-received state, the number of Pt—-O bonding
white line intensity at Pt g-edge and the threshold energy at (Npi—g) onthe Pt/C catalystis significantly larger than the cor-
RuK-edge, itisreadily known that two bimetallic catalysts (J- responding value for bimetallic catalysts (Seble ). This
M and E-T) are completely reduced. The spectra for the J-M evidence indicates a greater extent of oxidation of Pt atoms
and E-T samples match each other quite well; therefore, only on the Pt/C catalyst, in agreement with the observation from
the J-M spectrum is shown. The monometallic catalyst Pt/C XANES spectra. In contrast, the differenceNgy_o values
exhibits awhite line at Pti-edge even less intense thanthe Pt among various catalysts is much small&tfle 9. One might



200 D.-G. Liu et al. / Journal of Molecular Catalysis A: Chemical 240 (2005) 197-206

T 1 ! 1 I T T
14r 7 121 .
12
10
10 I
g s
S S o8t
= %
g 5
_‘2’ 0.8 - § r
<
o 3 06
8 A
= 0.6 |- g Ru powder
g s |\ g J-M
2 Z 04 e Ru/C N
0.4+
0.2 .
0.2
0.0 " | 1 [} " 0.0 L | 1 | 1 1 L
11540 11560 11580 11600 22100 22120 22140 22160 22180
Energy (eV) Energy (eV)

Fig. 2. XANES spectra at Pt3-edge (left panel) and Ru K-edge (right panel) for various samples after exposusataddm temperature.

infer that on bimetallic catalysts a large portion of Ru atoms  Upon exposure to hydrogen at room temperature, the M—O
reside on the surface of the nanoparticles. Such a speculatiorfM = Pt or Ru) bonding is no longer observable on the Ru/C
is evidenced by the relatively largélr,—o value than the  and bimetallic catalysts, indicating a complete reduction. The
Npi—o Value observed for the same bimetallic catalyst. only exception is the Pt/C catalyst on which the contribu-
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Fig. 3. k3-weighted EXAFS data at Ptzkedge (left panel) and Ru K-edge (right panel) for the J-M and E-T samples each before and after exposate to H
room temperature. Each set of oscillations is displaced vertically for clarity.
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Table 1

Curve-fitting results of the EXAFS data at Pj-edge

Sample Bond N R(A) 02 (A2 r-Factor (%)

J-M (as-received) Pt-O 11 2.01 0.0051 0.80
Pt—-Ru 21 2.73 0.0070
Pt—Pt 4.8 2.74 0.0061

J-M (Hz, 300K) Pt—Ru 2.8 2.70 0.0054 0.11
Pt—Pt 6.5 2.74 0.0057

J-M (Hy, 473K) Pt—Ru 3.0 2.71 0.0052 0.15
Pt—Pt 6.4 2.74 0.0057

J-M (H, 623K) Pt—-Ru 29 2.71 0.0048 0.13
Pt—Pt 6.5 2.73 0.0057

E-T (as-received) Pt-O 0.7 1.97 0.0073 0.39
Pt—Ru 1.4 2.72 0.0064
Pt—Pt 6.2 2.75 0.0063

E-T (H2, 300K) Pt—-Ru 2.0 2.70 0.0057 0.07
Pt—-Pt 7.5 2.74 0.0057

E-T (Hz, 473K) Pt—-Ru 2.1 2.68 0.0048 0.24
Pt—Pt 7.4 2.74 0.0059

E-T (Hz, 623K) Pt—Ru 2.3 2.70 0.0055 0.14
Pt—Pt 7.1 2.74 0.0057

Pt/C (as-received) Pt-O 2.0 2.01 0.0047 0.48
Pt—Pt 4.8 2.76 0.0070

Pt/C (H, 300K) Pt-O 1.0 2.21 0.0034 0.07
Pt—-Pt 8.3 2.75 0.0062

Pt/C (H, 473K) Pt-O 0.9 2.22 0.0032 0.06
Pt—Pt 8.4 2.75 0.0060

Pt/C (H, 623K) Pt-O 0.6 2.19 0.0030 0.09
Pt—Pt 8.7 2.75 0.0061

Notation N, coordinationR, interatomic distancer2, Debye—Walller factor.

tion from Pt—O bonding is not negligible in the EXAFS data k3 for various catalysts afterf+eduction at room tempera-
fitting. This type of bonding might originate from the inter- ture. The numerical fittings are carried out with regard to the
actions between Pt atoms and oxygen-containing groups ondata in r-space ranging from 1.5 to A0For the H-reduced
the surface of carbon black. J-M sample, Pt atoms show a clear preference for the selec-
Sinfelt et al. conducted a series of EXAFS investigations tion of homometallic bondingNpt.pi= 6.5) over heterometal-
on bimetallic catalyst systems with various bulk miscibilities lic bonding (Npi.ry=2.8). At the same time, the number
between two constituent elemerig-10]. In their studies, of homometallic bonding between Ru atonidg(-ry=4.1)
segregation of like atoms commonly occurred in which one is also larger than the number of heterometallic bonding
element showed a preference at the surface while the other af{Nry-pt=2.8). In view of the fact that Pt atoms exhibit a
the core of the nanoparticles. Generally, the first-shell coor- stronger preference of homometallic bonding and there are
dination number (counting both like and unlike atom pairs) more nearest neighboring atoms around Pt center, the Pt—-Ru
would be larger for the element enriched in the core. Besides,nanoparticles were thought to possess an inner core enriched
the element which is enriched in the core, always exhibits a in Pt and an outer shell enriched in Ru. The number of near-
stronger preference for the selection of homometallic bond- est neighbors around Pt atom and Ru atom are 9.3 and 6.9,
ing (a higher degree of segregation) than the other elementrespectively, giving an averaged first-shell coordination num-
Such a core-shell structure becomes more distinct as the bulkber of 8.1. This value corresponds to an average particle size
miscibility gets lower. Furthermore, the metal with lower of about 208 on the assumption of close-packed structure
surface energy tends to segregate on the surface in the thermd24,25] For the E-T sample after exposure tpdt room tem-
dynamically stable phase. In the case of partial miscibility, as perature, EXAFS parameters show an even higher preference
in the Pt—Ru systerf23], the core—shell boundary would be for the homometallic bonging, suggesting the segregation
relaxed to some extent so that the formation of heterometallic of like atoms to a greater extent. In other words, the E-T
bonding becomes increasingly preferable. sample has a surface with higher percentage of Ru atoms
Fig. 4 displays the radial distribution functions obtained than does the J-M sample. The average size of E-T bimetal-
by taking Fourier transform (without phase correction) of lic particles is comparable to that of the J-M sample, since
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Table 2

Curve-fitting results of the EXAFS data at Ru K-edge

Sample Bond N R(A) o2 (A2 r-Factor (%)

J-M (as-received) Ru-O 4.9 1.98 0.0106 1.10
Ru-Ru 1.6 2.67 0.0071
Ru-Pt 1.6 2.73 0.0059

J-M (Hz, 300 K) Ru-Ru 4.1 2.65 0.0062 0.73
Ru-Pt 2.8 2.70 0.0058

J-M (Hz, 473K) Ru-Ru 4.2 2.65 0.0053 0.60
Ru-Pt 3.0 271 0.0057

J-M (Hz, 623K) Ru-Ru 5.1 2.66 0.0058 0.81
Ru-Pt 2.9 271 0.0052

E-T (as-received) Ru-O 3.8 2.00 0.0088 0.42
Ru-Ru 1.8 2.66 0.0086
Ru-Pt 15 2.72 0.0072

E-T (Hz, 300K) Ru-Ru 5.0 2.65 0.0062 0.59
Ru-Pt 2.0 2.70 0.0057

E-T (Hp, 473K) Ru-Ru 5.2 2.66 0.0058 0.77
Ru-Pt 21 2.68 0.0039

E-T (Hg, 623K) Ru-Ru 5.7 2.66 0.0060 0.91
Ru-Pt 2.3 2.70 0.0053

Ru/C (as-received) Ru-O 4.3 1.99 0.0077 1.05
Ru-Ru 2.0 2.68 0.0088

Ru/C (H, 300K) Ru-Ru 10.0 2.67 0.0060 0.23

Ru/C (H;, 473K) Ru-Ru 10.0 2.67 0.0059 0.31

Ru/C (H, 623K) Ru-Ru 9.9 2.67 0.0059 0.63

Notation as inTable 1
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both catalysts have roughly the same first-shell coordination atoms. This state may be regarded as an intermediate state
number. before final core—shell inversion. However, for the Pt—Ru
Nashner et al. utilized molecular cluster precursor nanoparticles of an average size nearly&Z'@n this work,
PtRyuC(CO)s to prepare the carbon-supported Pt—Ru complete core—shell inversion requires either higher temper-
nanoparticles via reductive condensat[@6,27] Pt atoms ature or longer period.
were found preferentially at the core of the incipient Pt—Ru
nanoparticles. After further high-temperature treatmentinH 3.2. CO chemisorption and temperature-programmed
to 673K, the nanoparticles adopted an inverted structure insurface reaction
which Pt atoms appeared preferentially at the surface. In fact,
such a core—shell inversion is expectable because the surface The CO uptake was measured by means of the flow method
energy of Ptis slightly lower than that of R28]. For equili- in which hydrogen was selected as the carrier gas. In contrast
brated Pt—Ru nanopatrticles, the surface should be enriched ino the static (volumetric) method, the flow method usually
Pt atomdq29]. It is interesting to find that both J-M and E-T  gives the amount of strongly adsorbed CO. One advantage
samples possess Pt—Ru nanoparticles with a Pt-rich core an@f using hydrogen instead of other inert gases as the carrier
a Ru-rich shellin this work. Such a nanostructure is obviously gas is to prevent the catalyst surface from being oxidized by
non-equilibrated. Attempts were made to raise the tempera-any oxygen-containing impurities in the stream. In view of
ture of H, treatment progressively to 473 and 623 K, but no the fact that subsequent TPSR would be carried out in hydro-
core—shellinversion eventually occurred (see the correspond-gen, the choice of hydrogen carrier gas for CO chemisorption
ing structural parameters ifables 1 and 2 The average  also eliminated the need of switching between different gas
particle size of bimetallic catalysts becomes slightly larger streams. It was reported that the CO uptake measured in
after high-temperature treatment, as reflected by the first-hydrogen is sometimes larger than that measured in helium
shell coordination number particularly from the viewpoint of [30]. In those cases, hydrogen acted as a promoter rather than
Ru centerFig. 5shows the radial distribution functions for a competitor for CO adsorption on metal surfaces.
the catalysts after being subjected tg-tleatment at 623 K The amounts of CO chemisorption on various samples are
for 2h. Intraparticle atomic rearrangement can be clearly listed inTable 3 It is interesting to note that the Ru/C catalyst
identified by comparind-ig. 5 with Fig. 4. Relative to the exhibited a capacity for CO adsorption four times larger than
room-temperature ptreated catalysts, the structural param- the Pt/C catalyst although the former has a slightly larger
eters for high-temperature treated bimetallic catalysts show particle size than the latter (as reflected by the EXAFS data).
a slightly higher preference for heterometallic bonding, indi- Accordingly, large discrepancy in CO uptake between these
cating a higher degree of intermixing between Pt and Ru two monometallic catalysts is attributable to the substantial
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Table 3

Summary of CO chemisorption and TPSR results

Sample CO uptakgumol/g) TPSR peak temperature (K) Glgenerated during TPSRunol/g)
Pt/C 92 - -

Ru/C 390 481 269

Physical mixturd 211 483 150

E-T 276 546 149

J-M 219 >623 25

@ Pt/C and Ru/C catalysts in a ratio of 1:1 by weight.

difference in the stoichiometry of adsorbed CO on surface respect to surface-adsorbed CO during the TPSR, the FID
atom. signal should mostly result from the generation of methane
As expected, the physical mixture of 10% Ru/C and 20% (the formation of other long-chain hydrocarbons would be
Pt/C catalysts (in aratio of 1:1 by weight) has a saturated CO negligible). In other words, the TPSR profile recorded from
uptake being roughly half the sum of CO uptakes on indi- the FID signal is the curve of methane generation rate versus
vidual catalysts. With regard to the two bimetallic Pt-Ru/C processtemperature. Atthe sametime, the TCD signal served
catalysts, the E-T sample exhibits a significantly larger CO to be complementary to the FID signal. Thermal desorption
uptake than the J-M sample does. Because the Pt—Ru particlef CO molecules can be easily detected by TCD.
size of the E-T sample is comparable to that of the J-M sam-  The Ru/C catalyst exhibits a very sharp peak at 481K
ple, as discussed above, it is speculated that the E-T sample@n the TPSR profile. The asymmetric shape (in which the
possesses a surface of a higher Ru percentage, compared fower-temperature side is less steep) of this peak might be an

the J-M sample. indication of first-order kineticEL3]. A little bump appeared
Following CO chemisorption, the catalyst was heated in at temperatures higher than 600 K. A blank test confirmed
hydrogen at a rate of 10 K/min to perform the TP$Ry. 6 that decomposition of surface organic groups on the carbon

presents the TPSR profiles recorded from the FID and TCD black is responsible for this bump. In addition, a small portion
signals. FID is well known to be very sensitive to organic (<5%) of CO directly escaping from the surface at the initial
molecules, whereas inorganic compounds produce negligiblestage of the temperature program can be seen from the TCD
FID signals. Since hydrogen was always in large excess with signal (the right panel dfig. 6).
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Fig. 6. TPSR profiles recorded from the FID signal (left panel) and TCD signal (right panel) for (a) Ru/C, (b) physical mixture of Pt/C and Ru/Cgd(c) E-T, (
J-M and (e) Pt/C. Temperature was raised at 10 K/min to 623 K and then kept constant. The number following each label denotes the relative amplificatior

factor for plotting the corresponding profile.
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The TPSR profile of the Pt/C catalyst showed no methane 4. Conclusions
formation at all. The TCD signal indicates that almost all
surface-adsorbed CO undergoes thermal desorption rather X-ray absorption spectroscopy and temperature-
than hydrogenation. Molecule balance based on TCD sig- programmed surface reaction have been employed to
nals on CO adsorption and desorption is quite good (lesscharacterize two commercial Pt-Ru/C catalysts. Once
than 10% mismatch). Moreover, CO desorption peak is rela- reduced by hydrogen at room temperature, the Pt—Ru
tively broad. A significant portion of CO molecules seemed bimetallic nanoparticles on both samples possess a Pt-rich
strongly stuck onto the Pt surface and can only be removed atcore surrounded by a shell enriched in Ru. Such a structure
temperatures higher than 500 K. Such an observation that nas quite stable: no core—shell inversion occurs even after
methane was formed during the TPSR is completely beyondbeing treated at 623 K. Both peak temperature and peak area
expectation, because Pt has long been known as a good cawbf the TPSR profile are sensitive to the surface composition
alyst for CO hydrogenatiofi5,16] Furthermore, the TPSR  of Pt—Ru nanopatrticles. The percentage of Pt atoms on
result for the Pt/C catalyst in this study is different from the surface of the J-M sample is found to be higher than
the results obtained on 403 or SiO; supported Pt catalysts  that of the E-T sample, which is in good agreement with
where a TPSR peak clearly appeaj®d]. This peculiar phe-  the XAS evidence. The different surface composition
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lysts form a basis for comparisons among various Pt-Ru/C
catalysts.
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