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Abstract

SiO,-supported Pt—Ru bimetallic catalysts subjected to two different types of pretreatment protocols (i.e., subsequent oxidation—reduction treat-
ments at 300 °C and direct reduction in Hy at 300 °C) were characterized by extended X-ray absorption fine structure spectroscopy (EXAFS),
scanning transmission electron microscopy (STEM), Fourier transform infrared spectroscopy (FTIR) of adsorbed CO, and catalytic activity mea-
surements for the preferential oxidation of CO in the presence of excess Hy (PROX). The EXAFS data show that both treatments led to the
formation of dispersed bimetallic structures, with an average Pt—Ru bond distance of 2.68 A. The close proximity between Pt and Ru helped stabi-
lize Ru in a highly dispersed form and prevented its sintering after oxidation treatments. The FTIR results indicate that the adsorption of CO was
substantially weaker on bimetallic samples than on the corresponding monometallic ones. Interparticle segregation (i.e., segregation of the two
metals into individual particles) was observed with the Pt—-Ru/SiO, sample exposed to direct Hp treatment; in contrast, intraparticle segregation
(i.e., segregation of the two metals within the same particle), with Pt preferentially occupying more surface sites, was observed when consequent
O,/H; treatments were used. As a result, the direct Hy treatment yielded samples with PROX activity almost identical to that of monometallic Ru

catalysts, whereas the Oy/H, treatment yielded samples with PROX activity intermediate to those of monometallic Pt and Ru catalysts.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The activity of supported monometallic Pt and Ru catalysts
for the preferential oxidation of CO in the presence of ex-
cess Hy (PROX) has been extensively investigated [1-3]. The
high activity and selectivity of these monometallic catalysts in
PROX is often related to the saturation of metal surfaces by
CO, which prevents Hy adsorption and oxidation [4,5]. Under
similar experimental conditions, the light-off temperature for Pt
is approximately 200 °C, whereas Ru is known to be active in
a lower temperature range (i.e., below 150 °C) [1,6-12]. Fur-
thermore, Ru is known to have a slightly higher selectivity un-
der limiting O; conditions (i.e., twofold stoichiometric amount,
0,/CO = 1). Therefore, it can be suggested that when both
Ru and Pt are present in the catalyst formulation, the formed
bimetallic catalyst could have a wider operation window and
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higher activity and/or selectivity for PROX than its monometal-
lic counterparts. However, the number of reports describing the
catalytic properties of Pt—Ru bimetallics for PROX is very lim-
ited [13].

Nevertheless, Pt—Ru/SiO; catalysts have been investigated
for other reactions, such as CO methanation, hydrogenolysis
of methylcyclopentane, and isomerization of 2-methylpentane
[14,15], but these reports have not yielded an undisputed model
for the structure of the supported bimetallic species. For ex-
ample, whereas some authors have reported the formation of
bimetallic Pt—Ru particles following reduction in Hy [16,17],
others have reported partial phase segregation under similar
conditions [18]. There have also been reports of a core—shell-
type model with a Ru-rich core and a Pt-rich outer shell [19-
21]. Finally, there has been disagreement on whether an oxida-
tion treatment before reduction could result in increased inter-
actions between Pt and Ru [19,20,22].

More recent reports on the Pt—Ru bimetallic system have
focused on the electrocatalytic application of this system for
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hydrogen oxidation due to its high activity [23-25] and high
resistance to CO poisoning [26] compared with conventional
Pt electrocatalysts. However, it is a common practice in elec-
trochemical applications to use high loadings of the precious
metals (i.e., 20-40%) to achieve the desired performance char-
acteristics. Therefore, the structures of these catalysts are not
representative of those encountered in heterogeneous cataly-
sis applications, which normally use much lower loadings (i.e.,
1-2 wt%) of the noble metals.

In this paper, we report the results of the oxidation of CO in
the presence of excess Hy over SiO»-supported bimetallic Pt—
Ru catalysts prepared by incipient wetness impregnation and
subjected to different pretreatment protocols. EXAFS, STEM,
and FTIR measurements of adsorbed CO were used to charac-
terize the samples and allowed us to develop a structural model
for the bimetallic structures present.

2. Experimental
2.1. Sample preparation

Pt-Ru/SiO, samples were prepared by incipient wetness
co-impregnation of the silica support (Grace Davison, XPO-
2301, 300 m?/g) with a mixture of aqueous solutions of
Ru(NO)(NO3)3 and H,PtClg-6H,O (both from Alfa Aesar),
followed by drying in air at 120 °C for 12 h. For comparison,
Ru/Si0; and Pt/SiO, samples were also prepared by incipient
wetness impregnation of the support with an aqueous solution
of the corresponding individual precursors and were dried in air
at 120 °C for 12 h. The SiO; support was calcined overnight at
500 °C before use. In all cases, the amount of each precursor
was chosen to yield samples containing 1.0 wt% of Pt and/or
1.0 wt% of Ru after ligand removal. These Pt and Ru weight
loadings were verified in each sample by inductively coupled
plasma—mass spectroscopy (ICP-MS) analysis. Due to differ-
ences in atomic weight, these 1 wt% loadings for Pt and Ru
correspond to a Ru:Pt atomic ratio of approximately 2:1.

Two sets of activation protocols were used to treat samples
before further characterization. According to the first set, the
dried catalyst was first oxidized in a 5% O,/N; mixture at
300°C for 2 h and then reduced in a 5% Hj/N, mixture at
300 °C for 2 h. Alternatively, the catalyst was directly reduced
in the 5% Hy/N; mixture at 300 °C for 2 h. The temperature
ramp used was 3 °C/min in all cases.

2.2. FTIR spectroscopy

FTIR spectra were collected with a Nicolet Nexus 470 spec-
trometer equipped with a MCT-B detector cooled by liquid
nitrogen. Powder samples were pressed into self-supported
wafers with a density of approximately 20 mg/cm” and
mounted in the IR cell connected to a gas distribution system.
Samples were pretreated in situ according to the various ac-
tivation protocols described above and then cooled to room
temperature in flowing He before each measurement. Spectra
were recorded at a spectral resolution of 2 cm~!, with 64 scans
accumulated per spectrum.

2.3. STEM measurements

STEM images were obtained with a Hitachi HD-2000 instru-
ment with a SEI resolution of 2.4 A at the operating voltage of
200 keV. Surface-averaged sizes of the metal particles observed
were calculated as

3
>_inid;
=
2_inid;
where n; is the number of particles with diameter d;, after

measurement of approximately 200 particles from at least 5 dif-
ferent micrographs for each sample [27].

2.4. EXAFS measurements

EXAFS spectra were collected at beamline X-18B at the
National Synchrotron Light Source (NSLS), Brookhaven Na-
tional Laboratory, Upton, NY, and at beamline 2-3 at the Stan-
ford Synchrotron Radiation Laboratory (SSRL), Stanford Lin-
ear Accelerator Center, Menlo Park, CA. The storage ring elec-
tron energy was 2.8 GeV at NSLS and 3 GeV at SSRL. The ring
current was 110-250 mA at NSLS and 80-100 mA at SSRL.

The Pt—Ru/SiO; samples in wafer form were loaded into an
EXAFS cell [28] connected to a gas manifold, allowing pre-
treatment of samples according to the procedures described
above. After pretreatment, the cell was cooled to room temper-
ature and evacuated to 10~ Torr. The EXAFS data were col-
lected in the transmission mode after the cell had been cooled to
nearly liquid nitrogen temperature. Data were collected with a
Si(111) double-crystal monochromator detuned by 40% to min-
imize the effects of higher harmonics in the X-ray beam.

The EXAFS data were analyzed with experimentally and
theoretically determined reference files, the former obtained
from EXAFS data for materials of known structure. The Pt—
Pt, Pt—Ogupport, and Ru—Ogyppore interactions were analyzed
with phase shifts and backscattering amplitudes obtained from
EXAFS data for Pt foil, NayPt(OH)e, and RuO3, respectively.
The Ru-Ru, Pt-Ru, and Ru-Pt interactions were analyzed
with phase shifts and backscattering amplitudes calculated on
the basis of the crystallographic data reported for metallic
Ru and [PtRu(CO)g(1,2-bis(diphenylphosphino)ethane)] us-
ing the FEFF software [29]. The EXAFS parameters were ex-
tracted from the raw data with the aid of the XDAP software
[30]. The methods used to extract the EXAFS function from
the raw data are essentially the same as those reported else-
where [31]. Data reported for each sample are the averages of
five scans.

The raw EXAFS data obtained for the Pt L3 and Ru K
edges were analyzed with a maximum of 16 free parameters
over the ranges of 3.50 < k < 15.50 A~! (where & is the wave
vector) and 0.0 < r < 4.0 A (where r is the distance from the
absorber atom). The statistically justified number of free para-
meters, n, was found to be 31, as estimated on the basis of the
Nyquist theorem [32,33]: n = (2AkAr/m) + 1, where Ak and
Ar are the k and r ranges used to fit the data. The data analysis
was performed with a difference file technique with phase- and
amplitude-corrected Fourier transforms of the data [34,35].
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The approach used to analyze the data at the Pt L3 and Ru K
edges was similar to that described previously [36]. The Pt-Pt
contributions in each sample, the largest in the EXAFS spec-
tra, were estimated first and then subtracted from the raw data.
The difference file was expected to represent Pt—Ogypport con-
tributions. After optimizing the parameters for the Pt—Ogupport
contributions, the first-guess Pt—Pt and Pt—Ogypport contribu-
tions were added and compared with the raw data. The overall
fit with the sum of the Pt—Pt and Pt—Ogypport contributions was
not satisfactory. The difference files obtained after subtraction
of the Pt—Pt and Pt—Ogyppor contributions from the raw data in-
dicated the presence of additional high-Z backscatters, which
in this case appeared to be Pt—Ru. Therefore, a good fit was ob-
tained when Pt-Pt, Pt—Ru, and Pt—Ogypport contributions were
accounted for. The difference files in this case indicated only
the presence of noise, showing that no other contributions had
to be included in the fit. A similar approach was used to ana-
lyze the EXAFS data at the Ru K edge and the best fits were
obtained when Ru-Ru, Ru-Pt, and Ru—Ogypport contributions
were used for the data analysis. The reliable parameters for the
high-Z (Pt, Ru) and low-Z contributions (Osupport) Were deter-
mined by multiple-shell fitting in r space with application of
k' and k* weightings in the Fourier transformations [31]. Be-
cause the EXAFS data were obtained at both the Pt L3 edge and
the Ru K edge, there were opportunities to evaluate the internal
consistency of the fitting results. The reliability of the parame-
ters obtained at each edge for Pt—Ru (Ru—Pt) interactions was
evaluated on the basis of constraints reported earlier [37] and
applied to analysis of bimetallic samples [38].

2.5. Catalytic measurements

Steady-state catalytic activity measurements for the prefer-
ential oxidation of CO under excess H, were performed in a
quartz single-pass fixed-bed microreactor at atmospheric pres-
sure, a gas hourly space velocity (GHSV) of 120,000 ml/(gh),
and a reaction feed containing 0.5% CO, 0.5% O3, 45% H>, and
54% N. The feed and the reaction products were analyzed with
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on-line single-beam NDIR CO (Ultramat 23, Siemens) and O»
(Model 201, AMI) analyzers capable of detecting CO and O;
in the 0-250 ppm and 0—1000 ppm ranges, respectively. The re-
action selectivity toward the formation of CO, was calculated
as the amount of O, consumed in the CO oxidation reaction
(calculated from the CO balance) over the total amount of O,
consumed. Additional details of these experiments have been
reported elsewhere [39].

3. Results and discussion
3.1. Metal dispersion

Histograms showing the distribution of metal particle sizes
for the Ru/SiO; and Pt—Ru/SiO; samples pretreated in H, or
in O2/H» at 300 °C are shown in Figs. 1 and 2, and the aver-
age particle sizes are summarized in Table 1. The results show
a substantial effect of the pretreatment procedure on the disper-
sion of the monometallic Ru/SiO, catalysts. More specifically,
when the Ru/SiO, sample was pretreated in Hp at 300 °C, all
observed metal particles were in the size range of 1-4.5 nm
and the surface-averaged size of the Ru particles in this sam-
ple was found to be approximately 2.8 nm. However, when an
oxidation treatment was used before the reduction step, all par-
ticles observed in the STEM images were in the size range of
9-56 nm, and the surface-averaged size was found to be ap-
proximately 42 nm, indicating that substantial sintering of Ru
took place under these conditions. A similar sintering of Ru
after oxidation/reduction treatments was observed earlier for
y-AlpO3-supported samples [7], and has been attributed to a
weak interaction between Ru and the support, leading to the
formation of mobile bulk Ru oxide species under oxidizing
conditions that can rapidly sinter upon subsequent reduction
[40-42].

When the Pt-Ru/SiO; sample was exposed to the oxida-
tion/reduction treatment at 300 °C, approximately 99% of the
observed metal particles were in the size range of 1-5 nm with
the highest occurrence centered at 2.5 nm. In contrast, when the
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Fig. 1. Particle size distributions characterizing the Ru/SiO; sample pretreated in Hy (M) and in O»/H, (OJ) at 300 °C.
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Fig. 2. Particle size distributions characterizing the Pt—-Ru/SiO, sample pretreated in H, (M) and in O/H, (O) at 300 °C.

Table 1
Average particle sizes estimated from STEM images for Ru/SiO, and Pt-Ru/
SiO; after Hy and O5/Hj treatments at 300 °C

Pretreatment Sample Average part-
conditions composition icle size (nm)
5% Hy /Ny at 300°C 1% Ru/SiOy 2.8
1% Pt—1% Ru/SiO, 4.1
5% O,/N; at 300 °C followed 1% Ru/SiOy 42
by 5% H,/N; at 300 °C 1% Pt—1% Ru/SiOy 3.6

H treatment at 300 °C was used to pretreat the sample, more
metal particles of larger sizes were formed. In this case, the
majority of observed metal particles were in the size range of
2-5.5 nm, and the highest occurrence was centered at 3.0 nm
(Fig. 2). Taking into account only the metal particles located in
the size range of 1-5 nm, we may infer that the combination of
oxidation/reduction treatments led to a slightly more dispersed
bimetallic catalyst than the direct treatment in Hy. However,
a further analysis of STEM images indicates that a few parti-
cles in the size range of 7-9 nm were also observed after both
treatments (Fig. 2). These larger particles account for no more
than 1% of the observed particles in both cases, which never-
theless substantially affect the surface-averaged particle sizes
shown in Table 1. It is also possible that some very small parti-
cles could not be identified in the STEM images and thus were
undercounted. However, this should not have a significant effect
on the calculated surface-averaged sizes, which are influenced
to a much greater extent by larger particles. Because the accu-
racy in the determination of the surface-averaged sizes can be as
high as £15%, we can conclude that within the margin of error,
both treatments resulted in an average particle size of approxi-
mately 4.0 nm, indicating that the surface-averaged particle size
of the bimetallic Pt—Ru catalysts appears to be rather insensi-
tive to the activation protocol. However, a comparison of the
STEM data collected for the Ru/SiO, and Pt—Ru/Si0; samples
clearly shows that the presence of Pt in the catalyst formula-

tion stabilizes the dispersion of Ru in an oxidizing environment.
This effect can be attributed to the strong interactions of Pt not
only with the support [20], but also with Ru as described below.
These strong interactions appear to prevent subsequent sinter-
ing of Ru.

3.2. EXAFS evidence of bimetallic interactions

EXAFS results obtained at both the Pt L3 and Ru K edges
for the Pt—Ru/SiO; samples pretreated in Hy or O»/H» at 300 °C
are summarized in Table 2. The reported standard deviations for
the different parameters were calculated from the covariance
matrix using the XDAP software [30].

The Pt L3 edge EXAFS data characterizing the surface
species formed after the pretreatment of Pt—Ru/SiO; in H» at
300 °C indicate that each Pt atom was in close proximity to ap-
proximately 2.8 Ru and 5 Pt atoms at average distances of 2.68
and 2.75 A, respectively (Table 2). The EXAFS data collected
at the Ru K edge for this sample complement those attained
at the Pt L3 edge and show that each Ru atom was in close
proximity to approximately 1.4 Pt and 5.2 Ru atoms at average
distances of 2.68 and 2.65 10%, respectively. Thus, the EXAFS
results at both the Pt L3 and Ru K edges provide direct ev-
idence for the formation of bimetallic Pt—Ru species on the
Si0, surface after the H, treatment. The observed Pt—Ru dis-
tance is exactly the same as that reported earlier for a PtyRus/
y-Al,O3 sample of organometallic origin [43]. However, to be
reliable and consistent, parameters obtained for Pt—Ru bimetal-
lic contributions must satisfy constraints described in detail
elsewhere [37] and applied earlier for the EXAFS data analy-
sis of bimetallic samples [38,43]. We can conclude from our
data (Table 2) that within expected uncertainties, the Pt—Ru and
Ru-Pt bimetallic contributions observed from both edges have
similar bond distances and Debye—Waller factors and the ratio
of Npmru/Nrupt 1S approximately 2, corresponding to the cal-
culated atomic Ru/Pt ratio in the sample. Moreover, the fact
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Table 2
EXAFS results at the Pt L3 and Ru K edges characterizing the surface species formed after the treatment of Pt-Ru/SiO; at various conditions®
Treatment Shell N R 103Ac2 AEg
conditions (A) (A2) (eV)
5% Hy/Nj at 300 °C Pt L3 edge
Pt-Pt 5.0£0.1 2.75£0.01 0.0£0.1 72402
Pt-Ru 2.8+0.1 2.68 £0.01 22+£0.1 22+£0.1
Ptfosupport
Pt-Os 0.7£0.1 2.23+£0.01 0.0£0.5 —-132£0.6
Pt-0Oy 22+£0.1 2.82+£0.01 —29+0.2 —6.0+0.2
Ru K edge
Ru-Ru 52+£0.1 2.65£0.01 29+0.1 —-1.0£0.1
Ru-Pt 1.4£0.1 2.68£0.01 23+£02 1.9£0.5
Rufosupport
Ru—Os 1.2£0.1 1.99£0.02 10.0£1.5 —-10.6£1.9
Ru-0y 1.6+0.1 2.79£0.01 —5.8+0.1 3.7£0.2
5% O2/N7 at 300 °C followed Pt L3 edge
by 5% H3/N; at 300 °C Pt-Pt 3.7£0.1 2.75£0.01 0.0£0.1 —10.0£0.1
Pt-Ru 4.2+0.1 2.68 £0.01 47+03 —9.5+0.1
Pt*Osupport
Pt-Os 0.7+0.1 2.23+0.01 0.8+0.3 —12.0£0.2
Pt-Oy 2.6£0.1 2.82+£0.01 —3.5%0.1 —-9.5+0.1
Ru K edge
Ru-Ru 5.0£0.1 2.65£0.01 3.7£0.1 —23+04
Ru-Pt 23+£0.2 2.68 £0.01 46+0.2 1.0£0.7
RU—Osupport
Ru-Os 0.9+0.1 2.01£0.03 10.0£4.0 —145+4.1
Ru-Oy 23+£0.1 2.78 £0.01 —3.2402 25%05

2 Notation: N, coordination number; R, distance between absorber and backscatterer atom; Acz, Debye—Waller factor, which is relative to the Debye—Waller
factor of the reference compound; AE(, inner potential correction accounting for the difference in the inner potential between the sample and the reference
compound; the subscripts s and 1 refer to short and long, respectively. Standard deviations were calculated from the covariance matrix using the XDAP software [29].

that the Pt—Ru bond distance of 2.68 A is very close to the
value of 2.70 A calculated from the sum of the radii of the
observed Pt—Pt and Ru—Ru contributions is an additional argu-
ment strengthening the internal consistency of the EXAFS data
obtained [43].

When the Pt-Ru/SiO; sample was exposed to the oxida-
tion/reduction treatment at 300 °C, the EXAFS data collected at
the Pt L3 edge show that each Pt atom was in close proximity to
approximately 4.2 Ru and 3.7 Pt atoms at average distances of
2.68 and 2.75 A, respectively. Similar data obtained from the Ru
K edge for this sample indicate the presence of approximately
2.3 Pt and 5 Ru atoms at average distances of 2.68 and 2.65 A,
respectively, in close proximity to each Ru atom (Table 2). Once
again, the parameters characterizing the Pt—Ru bimetallic con-
tributions within expected uncertainties satisfy the constraints
mentioned above, demonstrating the reliability of the data ob-
tained.

In summary, an important result clearly demonstrated by the
EXAFS data at both the Pt L3 and Ru K edges is the formation
of Pt—Ru bimetallic species on the SiO, surface after the Hj
and O,/H; treatments. Furthermore, the number of neighbor-
ing Pt and Ru atoms was higher in the sample that underwent
an O treatment first (Table 2). As a result, the calculated frac-
tion of bimetallic contributions in this sample was also higher
after such treatment (Table 3), indicating that the combina-
tion of oxidation/reduction treatments promotes the formation
of bimetallic species. These increased interactions between Pt

Table 3
Fraction of bimetallic contributions estimated for the Pt—Ru/SiO, sample after
Hj and Oy/H, treatments at 300 °C

Pretreatment Npt—Ru/ NRu-pt/

conditions (Nptpt + NptRu)  (NRu-Ru + NRu-Pt)
5% H,/Nj at 300 °C 0.36 0.20

5% O,/N; at 300 °C followed ~ 0.53 0.31

by 5% Hy/N; at 300°C

and Ru atoms likely limited the mobility of Ru after the oxida-
tion/reduction treatment, thus preventing its sintering.

3.3. EXAFS evidence of metals segregation

As mentioned in the preceding section, analysis of the
EXAFS data indicates that along with the Pt—Ru bimetallic con-
tributions, Pt—Pt and Ru-Ru contributions were also present
(Table 2). Taking into account that EXAFS provides average in-
formation throughout the bulk of the catalyst and in the absence
of detailed characterization of the composition of observed in-
dividual nanoparticles, we can only speculate regarding the
origin of the observed Pt—Pt and Ru—Ru contributions. First,
because a conventional incipient wetness co-impregnation tech-
nique was used to prepare the Pt—Ru/SiO; samples, the pres-
ence of these contributions could indicate that not all Pt and Ru
atoms are present in bimetallic particles. Therefore, it would
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be possible that some Pt and Ru atoms have formed small
monometallic clusters on the SiO, surface. In such a case, the
appearance of Pt—Pt and Ru—Ru contributions would be ex-
pected in the EXAFS data; however, Pt and Ru are miscible
in a wide range of Pt/Ru ratios, and the formation of bulk PtRu
alloys is well documented in the literature [44]. Moreover, the
synthesis of PtRu bimetallic catalysts on various supports from
molecular PtRusC(CO)g and PtyRuy(CO);g cluster precursors
has been reported [43,45-47]. Precise structural characteriza-
tion of such nearly uniform cluster-derived samples by EXAFS
revealed not only the presence of Pt—Ru and Ru-Pt interactions
in the local coordination environments of Pt and Ru, but also the
presence of Pt—Pt and Ru—Ru contributions [43,45-47]. At the
same time, the EDX analysis reported for these samples indi-
cates that all observed particles were bimetallic in nature, with
composition nearly identical to that of the bimetallic cluster
precursors, and no evidence was found to indicate segregation
of Pt and Ru into monometallic nanoparticles [45]. Therefore,
the available literature data indicate that Pt and Ru atoms in
bimetallic nanoparticles can be located not only in an atomi-
cally mixed phase that yields Pt—Ru (or Ru—Pt) contributions,
but also in partially segregated phases leading to the appearance
of Pt—Pt and Ru—Ru contributions in the EXAFS data, consis-
tent with our observations.

Our EXAFS data (Table 2) further indicate that the pretreat-
ment conditions have no substantial effect on the segregation
of Ru in the Pt—Ru/SiO, samples, because an average Ru—Ru
coordination number of approximately 5 was observed after
both the Hy and O,/H, treatments. However, the average Pt—
Pt coordination numbers were 3.7 and 5 after the O,/H, and H;
treatments, respectively, suggesting a greater tendency for Pt
to segregate during the direct Hy treatment. The EXAFS data
alone do not allow us to determine whether the segregation of
Pt and Ru occurs throughout the bulk of the bimetallic particles
or toward the surface of the particles with a preference for the
formation of Pt—Ru bonds at the interface. Analysis of the low-
Z contributions also does not clarify the picture, because the
EXAFS data clearly show that both Pt and Ru are interacting
with the support to a similar extent, as evidenced by the pres-
ence of both Pt—Ogypport and Ru—Ogypport contributions in the
spectra (Table 2). However, previous literature reports indicate
that Ru has a tendency to segregate toward the core of the parti-
cles, whereas Pt segregates toward the surface in both supported
Pt—Ru catalysts [17,19,45,46] and bulk Pt—Ru systems [48].

Finally, the average metal coordination numbers estimated
from the EXAFS data can be used to approximate the average
size of the nanoparticles formed using different models de-
scribed in the literature [49,50]. Typically, such estimates corre-
late closely with corresponding electron microscopy, hydrogen
chemisorption, or X-ray diffraction line-broadening data for
both the monometallic and bimetallic samples [51-53]. In our
case, however, the weighted average coordination numbers, cal-
culated as Ny—m = (Np—m + 2Nru—M)/3 based on the Pt/Ru
atomic ratio, were found to be 7.5 and 7 after O»/H, and Hj
treatments, respectively, slightly lower than the Ny—v coor-
dination number of approximately 10 expected for an average
particle size of 4 nm [50]. This difference can be attributed to

shape variations of the surface species. More specifically, some
of the Pt—Ru surface species formed can have a raft-like geom-
etry, resulting in a reduced total Ny coordination for the first
shell. In such a case, the average total Ny—\ coordination de-
termined experimentally by EXAFS would be lower than the
anticipated values for the three-dimensional particles due to a
larger fraction of lower coordination sites present, consistent
with our observations. In fact, the formation of bimetallic rafts
has been also suggested for RuCu/SiO; catalysts [54].

3.4. Infrared spectra of CO adsorbed on Pt—Ru/SiO;

Fig. 3 shows IR spectra collected at room temperature after
exposure of the pretreated Pt—Ru/SiO; samples to 1% CO/He.
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Fig. 3. FTIR spectra in the vco region of the Pt—Ru/SiO, sample pretreated
at 300 °C in (A) Oy/H; and (B) H» collected after adsorption of CO at room
temperature (1) and subsequent flushing in He for (2) 1 min at 25 °C, (3) 20 min
at25°C, (4) at 70°C, (5) at 110°C, (6) at 150 °C, (7) at 210 °C.
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When the sample was pretreated in O2/H; at 300 °C (Fig. 3A,
spectrum 1), the adsorption of CO at room temperature led
to the appearance of a strong band at 2069 cm™! with tail-
ing at the lower-frequency side. A weak band at 2139 cm™!
and a broad feature in the 1900-1700 cm~! region are also
visible in the spectrum. Immediately after the removal of gas-
phase CO, the strong band at 2069 cm ™! slightly downshifted to
2066 cm™1, while the other features remained intact (Fig. 3A,
spectrum 2). However, on flushing with He at room tempera-
ture for 20 min, the intensity of the strong band at 2066 cm™!
decreased substantially, whereas the band shifted further to
2055 cm~! (Fig. 3A, spectrum 3). With the diminished inten-
sity of this strong band, a shoulder at 2084 cm™! became clearly
discernible. The intensity of all bands decreased further with
increasing temperature to 110 °C, and finally, only a weak ab-
sorption band at 2070 cm™! with a tail ranging to approximately
2000 cm™! remained in the spectrum at 210 °C (Fig. 3A, spec-
trum 5).

When the Pt-Ru/SiO, sample was pretreated in Hp at
300 °C, a similar trend was observed after exposure to the 1%
CO/He mixture at room temperature. Once again, a strong band
was observed at 2071 cm_l, a weak band at 2141 cm™!, and a
broad feature in the 1900-1700 cm~! region (Fig. 3B, spec-
trum 1). In this case, however, a shoulder at approximately
2049 cm~! was also present at the lower-frequency side of
the 2071-cm~! band. In addition, the band at 2141 cm™! was
substantially stronger than the similar band observed with the
sample pretreated in Oy/H,. After flushing with He, the strong
band at 2071 cm~! downshifted slightly to 2068 cm™!, and a
shoulder at approximately 2027 cm™! became discernible. Sim-
ilar to the previous sample, the band at 2068 cm~! decreased
rapidly in intensity and almost completely disappeared from the
spectrum after 20 min of flushing with He at room temperature,
leaving three weaker bands at 2141, 2080, and 2019 cm~! in
the spectrum (Fig. 3B, spectrum 3). With increasing tempera-
ture, all three bands decreased in intensity, and eventually, at
210°C, the band at 2141 cm™~! disappeared from the spectrum
and a new band at 2043 cm~! with a tail in the 1980 cm™!
region became discernible (Fig. 3B, spectrum 7).

The strong band observed in the spectra of both samples at
approximately 2070 cm~! can be assigned to CO adsorbed lin-
early on Pt [55], whereas the shoulder at 2049 cm™! observed
with the sample pretreated in Hy can be assigned to a similar
CO species adsorbed on Ru [56]. The band at approximately
2140 cm™! can be assigned to the symmetric vibration of a
tricarbonyl species adsorbed on partially oxidized Ru"™ sites
formed via oxidative disruption of finely dispersed Ru clus-
ters with the participation of hydroxyl groups from the sup-
port [56-58]. The presence of this band is accompanied by
the corresponding asymmetric band at 2080 cm~!, which is
clearly visible in the spectra of the sample pretreated in H, af-
ter desorption of the CO from Pt (Fig. 3B, spectra 3-7), and
appears as a low-intensity shoulder in the spectra of the sam-
ple pretreated in Oo/H, (Fig. 3A, spectra 2—4). The appear-
ance of these bands suggests that the tricarbonyl species are
present on both surfaces, although the concentration of such
species was much lower when the O,/H, treatment was used.

Several other CO species adsorbed on metallic Ru, such as
different types of tricarbonyls and dicarbonyls, together with
a monocarbonyl species adsorbed on partially oxidized Ru”**
sites also have been known to contribute to IR features in
the 2080 cm™! region [56]. Among these species, dicarbonyls
would also have symmetric and asymmetric stretching bands at
approximately 2080 and 2020 cm™! [56]. The presence of the
band at 2020 cm™! in the spectrum of the sample pretreated in
H; suggests that such species were also present on this surface,
although this does not appear to be the case with the sample
that underwent O/H, treatment. Furthermore, all three bands
at 2141, 2080, and 2019 cm~! did not experience significant
shifts with increasing temperature (i.e., decreasing surface cov-
erage), suggesting that the corresponding CO species are iso-
lated, in agreement with the above assignments. These results
also suggest that the band at 2080 cm™! most likely did not in-
clude a contribution from multi-carbonyls adsorbed on metallic
Ru, because the nonisolated nature of such species would lead
to frequency shifts with surface coverage due to dipole—dipole
coupling [56]. The band at 2043 cm™! observed in the spectrum
of the sample pretreated only in Hy (Fig. 3B, spectrum 7) can
result from a conversion of tricarbonyl to dicarbonyl species at
higher temperatures. Nevertheless, this band can also arise from
rearrangements of terminal carbonyls at higher temperatures on
the less-densely populated Ru® to a more stable form of dicar-
bonyl adsorption, as evidenced by its asymmetric component
in the 1980 cm™! region [56]. Finally, the band in the lower-
frequency region (i.e., 1900-1700 cm~"!) can be assigned to
bridged-bonded CO species [55,56]. In this case, it is not possi-
ble to distinguish whether these species are bonded only to Ru,
only to Pt, or to both Ru and Pt.

CO adsorbed on SiO;- and Al,Os-supported Pt is known
to be highly stable and to remain on the Pt surface at temper-
atures above 300 °C [55,59]. Similarly, CO species adsorbed
on monometallic Ru samples have moderate stability and are
known to remain on the Ru surface at temperatures up to 200-
250 °C [56]. Our results indicate that regardless of the pretreat-
ment conditions, the CO adsorbed on the Pt sites of the Pt—
Ru/SiO; samples (band at approximately 2070 cm™!) is weakly
bound to the surface. Most of it desorbs with flushing in He at
room temperature, with the remaining amount completely re-
moved from the surface at approximately 70—100 °C. A similar
effect was also observed with the CO species bonded linearly
on Ru sites as the shoulder at approximately 2040 cm™! was
removed from the spectrum upon flushing in He even at room
temperature. These results indicate that the surface properties
of both metals, particularly the strength of the CO-M bond,
have been modified by the presence of the other metal (i.e., the
CO-M bond has been weakened in both cases), which is consis-
tent with literature reports demonstrating a substantial decrease
in the CO adsorption energy on bimetallic Pt/Ru surfaces [60].
In addition, the characteristic vco band for the monometallic
Pt/SiO, sample has been observed at approximately 2078 cm ™!
[61], whereas in the case of Pt—Ru/SiO», this band was located
at approximately 2069-2071 cm~! (Fig. 3). Such a red shift
may also suggest the presence of electronic interactions be-
tween Pt and Ru in the bimetallic sample, leading to a possible
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redistribution of the electron density in the two metals. Such a
suggestion is also consistent with the EXAFS results demon-
strating the presence of a strong bimetallic Pt—Ru character in
the Pt—Ru/Si0, samples treated at different conditions.

The CO adsorption results further suggest a greater extent of
interparticle segregation (i.e., segregation of the two metals into
individual particles) for the sample pretreated only in Hy. The
appearance of the bands at 2140, 2080, and 2019 cm~! in this
case indicates the presence of isolated Ru sites that allow the
formation of multicarbonyl species. Moreover, the stability of
these species appears to remain unmodified from monometallic
Ru [56], suggesting that these sites are not interacting with Pt.

Interparticle segregation was observed to a much lesser ex-
tent with the sample treated in O,/H», as evidenced by the
much lower intensity of the Ru tricarbonyl band at 2140 cm™".
This indicates that the oxidation treatment before the reduction
treatment promoted interactions between Pt and Ru in this sam-
ple, consistent with the EXAFS findings. Previous reports have
shown contradicting results, claiming that an O; treatment leads
to increased segregation in Pt—Ru systems [17,22]. However,
such conclusions were based on EDX results collected from
fewer than 30 individual particles and hence may not be suf-
ficiently representative of the entire sample.

Finally, it appears that the segregation of Pt toward the sur-
face of the nanoparticles formed was more pronounced for the
Pt—Ru/SiO, sample treated in O2/H>. It is possible that a small
fraction of Ru remained on the surface after such treatment, but
the characteristic absorption band of CO on Ru, which is ex-
pected to be observed in the 2040-2050 cm™! region, was not
apparent in the spectra. It has been reported previously that the
surface of supported Pt—Ru catalysts is enriched with Pt even
after reduction in Hp, and that previous oxidation treatment re-
sults in further surface enrichment of Pt [19]. Our results appear
to be consistent with these earlier findings.

3.5. Activity measurements

CO conversion versus temperature curves obtained for the
PROX reaction over Pt—Ru/SiO,, Pt/SiO,, and Ru/SiO; cata-
lysts pretreated in O2/H; and Hj are shown in Fig. 4. When the
Ru/SiO, sample was pretreated in Hy, complete elimination of
CO (i.e., outlet CO concentration <1 ppm) was observed in the
temperature range of 120-160 °C under the conditions exam-
ined. In this case, the O, conversion curve proceeded in parallel
to that of CO, with both curves reaching 100% conversion si-
multaneously. A further increase in temperature beyond 160 °C
resulted in decreased CO conversion due to the increased rate of
the competing H, oxidation reaction at elevated temperatures
and the possible onset of the reverse water—gas shift reaction,
which generates CO. However, it has been reported that in the
absence of O, the reverse water—gas shift reaction proceeds
with appreciable rates only at temperatures above 300 °C on
Pt [62,63] and above 200 °C on Ru [64]. When the Ru/SiO;
sample was exposed to the Oy/H; treatment, the O, and CO
conversion curves were no longer parallel to each other. In this
case, the consumption of O, was faster than that of CO, with
100% O conversion reached at approximately 170 °C but only

30% CO conversion achieved at 200 °C. These results can be
attributed to the sintering of Ru in this sample after the O,/H;
treatment at 300 °C, which results in a significantly lower num-
ber of surface Ru atoms capable of activating CO molecules. In
contrast, the oxidation of Hy does not appear to be affected as
much, and complete conversion of O; is still observed below
200 °C. This suggests that the large Ru surfaces present in the
larger Ru particles formed after the O»/H; treatment favor the
oxidation of Hy over that of CO.

As indicated by the results shown in Fig. 4, Pt/SiO; can
effectively and selectively oxidize CO in the presence of hydro-
gen at much higher temperatures than Ru/SiO;. More specif-
ically, under the conditions studied a measurable conversion
of CO was observed over Pt/SiO; only at temperatures above
150°C, and complete elimination of CO was achieved at ap-
proximately 250 °C. The conversions of CO and O; increased
in parallel as the reaction temperature was increased to 250 °C,
yielding a selectivity of approximately 50%. A further increase
in the reaction temperature to 280 °C was accompanied by a de-
crease in the CO conversion to approximately 90%, while the
O, conversion remained at 100%. These results demonstrate
that Pt/SiO; has a fairly narrow temperature window of oper-
ation for CO elimination under PROX conditions, consistent
with previous literature reports [39,65].

When the bimetallic Pt—Ru/SiO; catalyst was directly re-
duced in Hy at 300°C, its catalytic behavior was similar to
that of monometallic Ru/SiO, pretreated under similar condi-
tions. This result is consistent with our IR data suggesting that
a substantial fraction of Ru atoms remains exposed on the sur-
face of the Pt—Ru/Si0; catalyst after such treatment. In contrast,
when the same bimetallic catalyst underwent O>/H; treatment
at 300 °C, a delay of approximately 30 °C was observed in the
CO light-off temperature. Such a delay, signifying decreased
CO oxidation activity, can be related to a decreased fraction
of Ru sites available on the surface of this sample, because
the FTIR data suggest that the surface of the metal nanopar-
ticles formed after such treatment is enriched with Pt. Given
the relatively small fraction of exposed Ru sites, we should also
consider that the bimetallic interaction between Pt and Ru may
have substantially enhanced the activity of Pt for PROX. Such
an enhancement can be attributed to the lower strength of CO
adsorption, as indicated by the FTIR measurements. Strong in-
teraction of CO with noble metals leads to an operating surface
predominantly saturated with CO, even in the presence of H»
or O,. Hence, the onset of CO oxidation is controlled by the
surface coverage of CO, which limits the number of vacant sites
for O, adsorption and dissociation. Such a model is established
on the assumption that competitive adsorption occurs between
CO and O, and has previously been proposed by others [66,67].
Hence, the lower strength of CO adsorption in the case of the
Pt—Ru sample could promote the oxidation of CO on Pt.

Complete conversion of CO was never achieved with the Pt—
Ru/SiO, sample that underwent O,/Hj; treatment at 300 °C. As
shown in Fig. 4, the CO conversion decreased immediately after
reaching its maximum value of approximately 95% at 140 °C.
Once again, this may be due to the decrease strength of CO
adsorption, at elevated temperatures. As a result, at the onset
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of the partial desorption of CO at relatively low temperatures,
the vacated active sites allow for H, chemisorption to proceed
more easily, and hence lead to a higher rate of H; oxidation.

4. Conclusion

The effects of pretreatment conditions (i.e., consecutive
treatments in Oy/H, and direct treatment only in Hy) on the
structural properties and activity of SiO;-supported bimetallic
Pt—Ru catalysts for the selective oxidation of CO were inves-
tigated. The results indicate that the presence of Pt stabilizes
Ru and prevents its sintering during exposure to oxidizing con-
ditions. Furthermore, the strength of the CO adsorption on the

bimetallic samples is lower than that on the monometallic coun-
terparts, presumably due to the presence of bimetallic inter-
actions between Pt and Ru. The use of an Oy/H; treatment
increases the Pt—Ru bimetallic interactions, and thus a lower de-
gree of phase segregation between Pt and Ru is observed in this
case. However, intraparticle segregation (i.e., segregation of the
two metals within the same particle) is more pronounced after
this treatment with the surface of the nanoparticles formed be-
ing substantially enriched in Pt. In contrast, significant amounts
of both Pt and Ru are present on the surface of samples pre-
treated directly in Hy. Such samples exhibit similar activity for
the PROX reaction to that of monometallic Ru, since a suffi-
cient number of Ru sites appear to be present on their surface
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to drive the reaction. No added benefit from the presence of
Pt was observed in this case. Only a very small fraction of Ru
sites was present on the surface of Pt—Ru samples treated in
0,/H», and hence, catalytic behavior similar to that of Pt would
be expected. However, the activity of such samples is substan-
tially improved over that of Pt, most probably due to the lower
strength of adsorption of CO on Pt, which can be attributed to
the Pt—Ru interactions.
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