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Active CoOy-on-Pt structure was prepared differently in comparison with CoOx-on-Au structure
due to the different interaction of Co (CoOy) with Pt and Au.
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Comparative studies in redox behaviors of Pt-Co/SiO,
and Au-Co/Si0O, catalysts and their activities in CO
oxidation
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Silica supported Pt-Co and Au-Co nanoparticles (NPs) were treated by various redox processes and
characterized by X-ray diffraction, X-ray absorption near edge structure, and X-ray photoelectron
spectroscopy. We found that most of Co oxide (CoO,) species on Pt NPs can be reduced within 100 °C

Received ooth Marth 2014, and form alloy structure with Pt at elevated temperatures. Oxidation of Co in the reduced sample takes
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place gradually with increasing temperatures. In contrast, temperatures higher than 400 °C are needed to

reduce CoOy on Au NPs and Co atoms hardly form alloy with Au even at 600 °C. The Co species in the
reduced Au-Co/SiO, sample were quickly oxidized in O, atmosphere at room temperature. High CO
oxidation activity was observed in the Pt-Co/SiO, catalysts reduced below 300 °C, but this necessitates a
reduction at 600 °C for the Au-Co/SiO, catalysts. All the results illustrate a stronger interaction of Co
(CoO,) with Pt than Au. In both systems, the optimum treatment condition is to produce the similar
CoO-on-noble metal (NM) active structure and maximize the density of interface sites between surface
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CoO structure and NM support.

Introduction

Co-based catalysts have been used in many important energy-related
processes. For example, supported Co nanoparticles (NPs) are
considered as one of the most promising catalysts for Fischer—
Tropsch (FT) processes.! The catalytic activity and stability are
strongly dependent on the reducibility and dispersion of Co NPs. >
Noble metals (NMs) including Pt, Re, Ru and Au were often added
to the Co catalysts to enhance their overall catalytic performance.®'°
Co oxides (CoOy) exhibit excellent catalytic performances in CO
oxidation at low temperatures'''* and oxygen reduction reaction
(ORR)/oxygen evolution reaction (OER).'*!° It has been found that
the combination with NMs can further increase their performances.
For instance, catalysts consisting of Co3;0, and Au NPs can catalyze
CO oxidation at temperatures below 0 °C.'” Pt NPs decorated with
CoOy are highly active for CO oxidation in excess of H,, which
completely remove CO from H, at room ternperature.lg' In OER
reactions, the activity of 0.4 monolayer (ML) CoOy deposited on Au
surface is ~40 times higher than the pure Co oxides.”® The
synergetic effect between the two components is attributed to the
improved performance, which is strongly dependent on the
interaction between NM and Co (CoO,). The NM-Co interaction is
of great importance for the FT and hydrogenation reactions, and the
interaction between NM and CoQj is critical for these O,-containing
reactions such as CO oxidation and ORR. Thus, understanding the
nature of the NM-Co (CoQ,) interaction is highly important for the
Co-catalyzed reactions.

In the present work, we made a comparative study in the
reduction and oxidation behaviors of Pt-Co/SiO, and Au-Co/SiO, bi-
component catalysts as well as their activity in the CO oxidation
reactions. Our results show that Pt exhibits a much stronger effect on
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the redox process of Co (CoO,) than Au due to the stronger
interaction of Co (CoOy) with Pt. The different interaction between
NMs and transition metal (TMs) or TM oxides should be considered
for rational design of bimetallic catalysts and oxide/NM inverse
catalysts.?"?

Experimental section

Pt-Co/SiO, and Au-Co/SiO, catalysts were prepared using a two-step
synthetic method, similar to that for the preparation of Pt-Fe/SiO,
catalysts.”® Briefly, 1 g commercial silica (Qingdao Ocean Chemical
Company) was functionalized with APTES (H,N(CH,);Si(OEt)5).
Then, 8.4 ml HAuCl, solution (2.5 x 102 mol/L) was added to the
functionalized SiO, support, followed by reduction with NaBH, (6.3
x 107" mol/L). After filtration and washing, 4.1 mL Co(NO;),
solution (5.0 x 102 mol/L) was added to the resulted Au/SiO,
powders and reduced onto the Au NPs surfaces using hydrazine
hydrate at 75 °C.?” The Pt-Co/SiO, catalysts were also prepared by a
similar process, in which 10.6 mL H,PtClg solution (1.9x 102
mol/L) was firstly reduced onto the functionalized SiO, support by
NaBH, In the subsequent step, 4.1 mL Co(NOs3), solution (5.0 x 107
mol/L) was added and reduced using hydrazine hydrate at 50 °C. The
nominal loading of Au and Pt is fixed at 4%, and the atomic ratio of
Au (Pt) and Co is about 1/1.

The as-prepared Pt-Co/SiO, and Au-Co/SiO, samples were
calcined at 400 °C in air in a muffle furnace. Then, the calcined
samples were treated in O, or H, gas with a flow rate of 30 ml/min
and heated at a specific temperature for 2 h. After cooling down to
room temperature, the gas stream was switched to the reaction
atmosphere, i.e., CO oxidation in excess O, (COOX): 1% CO and
20% O, balanced with He, or CO oxidation in stoichiometric O,: 1%
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CO and 0.5% O, balanced with He, with a flow rate of 50 ml/min.
The gas hourly space velocity (GHSV) is equal to 75000 ml-g™"-h™', if
not specified. The catalytic performance was investigated from 30 °C
to 200 °C (Pt-Co/SiO,) or 300 °C (Au-Co/Si0,) with the heating rate
of 1 °C/min. Gas products were analyzed by a micro gas
chromatograph (Agilent Micro GC-490) equipped with a 5 A
molecular sieve column and a thermal conductivity detector.

X-ray diffraction (XRD) patterns were collected on a Rigaku
D/Max 2500 diffractometer using a Cu Ko (A = 1.5406 A) radiation
source. Transmission electron microscopy (TEM) studies were
carried out on FEI Tecnai G2 microscope operated at an acceleration
voltage of 120 kV and JEM-2100F equipped with oxford EDS X-
Max80 (HR-TEM). X-ray photoelectron spectroscopy (XPS)
measurements were performed using Thermo Scientific ESCALAB
250Xi spectrometer. The XP spectra were obtained with an Al Ka
X-ray source, and the passing energy was fixed at 20 eV. The Si 2p
peak located at 103.9 eV from the SiO, support was used for
calibration of binding energies. The total metal loadings were
determined by leaching the samples in an aqua regia solution, and
the metal ion concentrations in the leached solutions were measured
by inductively coupled plasma atomic emission spectrometry (ICP-
AES) (ICPS-8100, Shimadzu). Co species outside of NM particles
were selectively leached in a dilute nitric acid solution (5.0 x 1072
mol/L) and the Co contents were also determined by ICP-AES. X-
ray absorption near edge structure (XANES) was measured at the
BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF). In-situ Co K-edge XANES spectra of the catalysts were
collected in fluorescence mode. For comparison, those of Co foil and
standard CoO and Co3;0, sample were recorded in transmission
mode.

Results

The as-prepared Pt-Co/SiO, and Au-Co/SiO, samples were calcined
at 400 °C in air to remove the organic groups on the silica surfaces.
ICP-AES results show that the actual loadings of Au and Pt are ca.
4.6% and 4.5%, and the atomic ratios of Au/Co and Pt/Co are 1.09/1
and 1.07/1, respectively (Table S1). The calcined samples were then
subjected to further reduction and/or oxidation treatments. Firstly,
XRD was applied to investigate the structural changes of the Pt-
Co/Si0O, and Au-Co/SiO, samples, which were either reduced in H,
or oxidized in O, at various temperatures. For the as-calcined Pt-
Co/Si0O, samples, the diffraction peak of face-centered cubic (fcc)
Pt(111) is located at 39.8°, which is the same as that of pure Pt NPs.
The peak position slightly shifts to a higher angle upon reduction at
200 °C, and reaches to 40.3° after reduction at 600 °C (Figure 1A).
The results indicate that Co species on Pt NPs can be reduced at low
temperatures, which gradually diffuse into Pt NPs to form Pt;Co
alloys after reduction at 600 °C. Subsequently, the sample reduced at
600 °C was subjected to oxidation in O, between 100 and 400 °C.
When exposed to the oxidative atmosphere, the Pt(111) diffraction
peak shifts gradually to lower angles and changes back to its original
position (39.8°) at 400 °C (Figure 2A). The present XRD data show
that oxidation treatment can drive the outward diffusion of alloyed
Co atoms from the cores of Pt NPs at elevated temperature, '8 % 283
The XRD patterns acquired from the Au-Co/SiO, sample show
that there is no significant change when reducing the sample in H,
between 100 and 600 °C (Figure 1B). The formation of AuCo alloy
has been shown to be difficult, which needs annealing at high
temperatures e.g. 996.5 °C according to the Au-Co phase diagram.’'
Under the present reduction conditions, we infer that the inward
diffusion of Co atoms into Au NPs has not occurred. It is also
expected that the subsequent oxidation treatments of the reduced Au-
Co/Si0, sample did not produce any change in the XRD patterns,
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and the main peak is still located at 38.2°, characteristic for the
Au(111) peak (Figure 2B).
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Figure 1. XRD patterns acquired from the as-calcined Pt-Co/SiO; (A) and
Au-Co/SiO, (B) samples as well as these samples subjected to reduction in H,
at different temperatures.
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Figure 2. XRD patterns acquired from the reduced Pt-Co/SiO, (A) and Au-
Co/Si0, (B) samples subjected to oxidation in O, at different temperatures.

TEM images show that as-prepared Pt and Au NPs are
uniformly dispersed on SiO, surface, and average diameter of the
Pt and Au NPs is 3.2 and 2.0 nm, respectively. With additional
Co deposition, the formed Pt-Co and Au-Co NPs are little bigger,
which have the sizes of 3.8 and 2.5 nm, respectively (Figure S1).
After reduction at 600 °C, the particle sizes just increases slightly,
reaching to 4.2 and 4.0 nm. For comparison, the average diameter
of Pt and Au NPs reduced under the same condition is 3.5 and 5.8
nm (Figure S2). The addition of Co species can effectively
prevent the sintering of Au NPs upon high temperature reduction
while it has little influence on the sintering of Pt NPs (Figure 3a,
3b).

High resolution TEM (HR-TEM) images of the reduced Pt-
Co/SiO, sample show that the d-spacing of (110) and (020)
planes are ~2.92 and ~2.05 A, respectively. The angle between
the (110) and (020) planes is 46.57° (Figure 3c). The structural
features are consistent with that of primitive cubic Pt;Co alloy
(JCPDS 29-0499). In the reduced Au-Co/SiO, catalyst, the d-
spacing of the (111) and (200) planes are ~2.20 and ~2.00 A,
respectively. The angle between the (111) and (200) planes is
52.59° (Figure 3d), which is consistent with that of fcc Au
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(JCPDS 04-0784). Thus, high temperature reduction did not
produce any AuCo alloys.

Figure 3. TEM and HR-TEM images from Pt-Co/SiO, and Au-Co/SiO,
samples: a) and c), Pt-Co/SiO; reduced at 600 °C; b) and d), Au-Co/SiO,
reduced at 600 °C; The size distribution of the NPs are shown in the insets of
a) and b). The corresponding FFT analysis of the selected image is shown in
the insets of ¢) and d).

Figures 4 and 5 show in-situ Co K-edge XANES spectra
acquired from the Pt-Co/SiO, and Au-Co/SiO, samples treated in H,
and O, environments at elevated temperature. For the as-calcined Pt-
Co/SiO, and Au-Co/SiO, samples, the features of the absorption
edge and white line peak resemble those of CoQO, indicating that the
cobalt species are resent as oxide (CoO,), probably in the form of
C00.*? Reduction of the as-calcined Pt-Co/SiO, sample in H, at 100
°C causes a big change in the Co K-edge spectrum. The absorption
edge shifts to a lower energy position and the white line intensity
decreases a lot, both of which are more like those of the Co foil
(Figure 4A). With the reduction temperature increased from 100 to
600 °C, only slight change has been observed in the spectra. The
results indicate that most of the CoO, component in the Pt-Co/SiO,
sample has been reduced within 100 °C. For the Au-Co/SiO, sample,
the reduction at 100 °C only produces a small change in the Co K-
edge spectrum (Figure 4B). Both the absorption edge and the white
line peak gradually approach those of the Co foil with the increasing
reduction temperatures. The Co K-edge of the sample reduced at 600
°C indicates the full reduction of the Co species. The results
demonstrate that the presence of Au in the Au-Co/SiO, system did
not facilitate the reduction of Co oxides significantly, in contrast
with Pt-Co/SiO, system.

The reduced Pt-Co/SiO, and Au-Co/SiO, samples were
undergoing oxidation treatments at various temperatures, which were
also monitored by in-situ XANES. The main features of the Co K-
edge spectra of the Pt-Co/SiO, sample show a gradual transition
from the metallic Co to the oxidized Co when exposed to O, from
room temperature to 400 °C (Figure 5A). However, the Co K-edge
spectrum of the Au-Co/SiO, sample exposed to O, at room
temperature already resembles that of CoO, and no big changes were
observed when further oxidizing from 100 to 400 °C (Figure 5B). In
the reduced Au-Co/SiO, sample, most of Co atoms are located
outside of Au NPs and they can be fully oxidized upon exposure to

This journal is © The Royal Society of Chemistry 2014
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O, at room temperature. In contrast, most of Co atoms are in the
subsurface regions of Pt NPs in the reduced Pt-Co/SiO, sample.'®
Oxidation of the alloyed Co atoms can be kinetically limited at low
temperatures, e.g. room temperature, and thus the full oxidation of
Co species in the reduced Pt-Co/SiO, sample necessitates high
temperatures.
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Figure 4. Co K-edge XANES spectra recorded from the as-calcined Pt-
Co/SiO; (A) and Au-Co/SiO; (B) samples as well as these samples subjected
to reduction in H, at different temperatures. The vertical lines show the
positions of shoulder feature for Co foil, serving as a guide for tracing the
absorption edge shift of Co upon redox treatments.
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Figure 5. Co K-edge XANES spectra recorded from the reduced Pt-Co/SiO,
(A) and Au-Co/SiO, (B) samples subjected to oxidation in O, at different
temperatures.

Ex-situ XPS measurements were performed over the Pt-
Co/SiO, and Au-Co/SiO, samples, which were treated under
different redox conditions (Figures 6). The as-calcined Pt-Co/SiO,
and Au-Co/SiO, samples present similar Co 2p;;, spectra, both of
which consist of a main peak at 782.1 eV and a strong satellite peak
at 787.9 eV, and the 2p3,-2py,, spin-orbit splitting energy is 15.8 eV.
It has been shown that the satellite peak at the high energy side of Co
2psp is due to a shake-up process, which can be observed only in the
high-spin Co®*ion.** ** Moreover, the 2ps;»-2p;,» spin-orbit splitting
energy is an effective parameter to distinguish between CoO and
Co50,, which is 15.8 and 15.0 eV, respectively.”> Thus, the XPS
data suggest that the Co species in the as-calcined Pt-Co/SiO, and
Au-Co/SiO, samples are mainly CoO, consistent with the XANES
results.

Reduction treatment of the Pt-Co/SiO, sample at 600 °C leads
to an appearance of a strong shoulder peak at 778.5 eV, which is
from metallic Co. Our previous works have shown that the metallic

Catal. Sci.Technol., 2014, XX, XX-XX | 3
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Co species are in the subsurface regions of Pt NPs and can resist
oxidation under ambient conditions.**** On the contrary, for the Au-
Co/SiO, sample reduced at 600 °C there is only very small amount
of metallic Co signal observed in the Co 2p spectrum.
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Figure 6. XPS Co 2p spectra from the Pt-Co/SiO, (A) and Au-Co/SiO, (B)
samples subjected to different pretreatments: a) as-calcined at 400 °C; b)
reduced at 600 °C; c) reduced samples leached by dilute nitric acid; d)
leached samples subjected to oxidation at 300 °C;

To further investigate the alloying reaction between Co and
NM, the reduced Pt-Co/SiO, and Au-Co/SiO, samples were leached
by a dilute nitric acid solution. In this process, Co species on NM
surfaces and outside of NM particles can be selectively removed,
while those in the subsurface regions of the NM particles remain
unaffected.'® For reference, all the reduced samples were also
washed with aqua regia solution in which all the Co species can be
dissolved. The distribution of Co species can be determined by
measuring Co ion concentrations of these leached solutions by ICP-
AES. The data show that 64% Co species are leached out by the
nitric acid solution and thus the residual 36% Co species are inside
the Pt NPs forming Pt;Co alloy. However, most of the Co species in
the reduced Au-Co/SiO, sample are leached away by the nitric acid
solution, indicating that there is little Co species alloyed with Au
NPs (Table 1).

Table 1 The contents of Co species leached out from the Pt-Co/SiO, and Au-
Co/SiO, samples reduced at 600 °C.

Sample aqua dilute nitric Co leached
regia/ppm acid/ppm out
Pt-Co/SiO, 10.2254 6.5251 64%
Au-Co/SiO, 10.1738 10.7348 100%

XPS Co 2p spectra of the leached samples show that there is no
signal in the region of Co 2p for the leached Au-Co/SiO, sample and
the sample oxidized at 300 °C (Figure 6). For the as-leached Pt-
Co/Si0, sample, a considerable amount of Co and CoO species have
been observed in the Co 2p spectrum. Upon oxidation at 300 °C, the
metallic Co component gets weakened due to the oxidation-induced
surface segregation of Co atoms at elevated temperatures.
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Figure 7. CO conversion light-off curves over the as-calcined Pt-Co/SiO, (A)
and Au-Co/SiO, (B) samples reduced at different temperatures.
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Figure 8. CO conversion light-off curves over the reduced Pt-Co/SiO; (A)
and Au-Co/SiO, (B) samples oxidized at different temperatures.

COOX was chosen as a probe reaction to investigate the
dependence of the activity of the Pt-Co/SiO, and Au-Co/SiO,

This journal is © The Royal Society of Chemistry 2014



Catalysis Science & Technology

catalysts on various treatments. For the Pt-Co/SiO, catalyst,
remarkable activity has been obtained after the reduction treatment
on the sample at 100 °C, and CO can be completely converted to
CO, at room temperature. The catalyst reduced at 200 and 300 °C
also exhibits a comparably high activity. Reduction above 400 °C,
however, results in a slight decrease in the activity (Figure 7A).
Figure 7B displays that the Au-Co/SiO, catalyst reduced at 100 °C
shows much low activity and there is a dip valley in its light-off
curve. The previous studies showed that a change in the reaction
mechanism from the low temperature region to the high temperature
region causes the specific reaction result.***! The activity increases
slowly with the increasing reduction temperatures. The complete CO
conversion at room temperature was observed when the catalyst was
reduced at 500 and 600 °C.

Starting with the Pt-Co/SiO, and Au-Co/SiO, catalysts reduced
at 600 °C, oxidation in O, was carried out at 100, 200, 300 and 400
°C, respectively, and CO oxidation reactions were carried out in
between (Figure 8). The activity of the Pt-Co/SiO, catalyst strongly
depends on the oxidation treatments, which decreases quickly with
the increasing oxidation temperatures. In contrast, for the Au-
Co/SiO, catalyst the influence of the oxidation treatments on the
activity is less obvious, and there is a very slight change in the light-
off curve of CO oxidation with oxidation up to 400 °C. For the CO
oxidation under the stoichiometric CO and O, condition, the activity
of the Pt-Co/SiO, and Au-Co/SiO, catalysts increases with reduction
temperature although the activities are much lower than those for the
CO oxidation in excess O,. Moreover, the oxidation treatments
deteriorate the activities of CO oxidation, especially for the reduced
Pt-Co/SiO, catalysts (Figure S3).

Discussion

Co (Co0,)-NM interaction during the redox treatments

We have shown that most of CoO, species in the Pt-Co/SiO, sample
can be reduced when exposed to H, atmosphere within 100 °C. This
result is also consistent with the finding from Zheng et al, in which
they showed that CoOy species on Pt NPs can be reduced even at 38
°C.*> We have deposited 0.5 monolayer (ML) CoO, on a Pt(111)
surface, and exposed the CoO,/Pt(111) surface to 1 bar H, at room
temperature in a high-pressure cell. After the treatment, the cell was
evacuated to ultrahigh vacuum (UHV), and the sample was transfer
to another UHV chamber for XPS measurements.”> The recorded
XPS Co 2p spectra displayed that the Pt-supported CoO, overlayer
has been fully reduced to Co under the low temperature reduction
condition (Figure 9). It has been previously shown that reduction of
pure Co oxides supported on SiO, starts above 300 °C.* %
Obviously, the presence of Pt NPs in the Pt-Co/SiO, sample
facilitates the reduction of Co oxides at much low temperatures. It is
suggested that H, molecules dissociate into H atoms on Pt surface at
room temperature and these atomic H species can spill over to CoO,
structures nearby enabling them to be reduced at low temperature.*®
After reduction at high temperature, Co tends to diffuse inward and
Pt atoms segregate to the surface to release the strain energies arising
from the mismatch between Pt (1.39 A) and Co (1.25 A).'%2%30-4247
For the Au-Co/SiO, catalyst, the reduction of CoO, proceeds
slowly with the reduction treatment, and Co atoms are difficult to
diffuse into Au NPs even after reduction at 600 °C. Au surface is
inert to H, dissociation at low temperatures,® and thus the
promotion effect of Au on the reduction of CoO, is not significant
compared to that of Pt.* This can be further confirmed by the study
in a 0.5 ML CoO,/Au(111) surface, in which the surface Co oxide
keeps unchanged when treated in 1 bar H, at room temperature
(Figure 9). Reduction at high temperature did not result in the inward

This journal is © The Royal Society of Chemistry 2014

diffusion of Co atoms in Au-Co NPs. Au and Co is immiscible in a
wide range of temperature and the heat of mixing between Au and
Co is about 7 kJ/mol via an endothermic process.>" > Moreover, as a
result of the much stronger interaction of H, with Co than that with
Au, Co prefers to stay outside of Au NPs.*® * Thus, alloy phase can
not form during the high temperature reduction processes.>" >

Intensity (au.)

Figure 9. XPS Co 2p spectra from 0.5 ML CoOy deposited on Pt(111) and
Au(111) surfaces treated in 1 bar O, and 1 bar H, at room temperature,
consequently.

Due to the alloy effect of Co with Pt, the oxidation of Co
species necessitates the phase segregation of Co from PtCo alloy
NPs. The oxidation-driven surface segregation of Co atoms in Pt
NPs is thermally activated, and surface CoO, structures form
gradually on Pt NP surfaces with the oxidation at elevated
temperatures. XPS and XANES data indicate that the resulting Co
oxide structure is CoO. It is the interaction between Pt and CoOy that
prevents the over-oxidation of the metallic Co into Co™ and helps
the formation of wetted CoO overlayers.’® 4> 3

In the reduced Au-Co/SiO, samples, most of Co atoms are
outside of Au NPs. As a result, the Co atoms can be easily oxidized
in O, even at room temperature. Oxidation at higher temperatures
should not change the surface structure too much.®' Even though the
Au NPs exert small effect on the Co oxidation, the formed oxide is
also CoO, different with the oxidation of Co NPs supported on
carbon black."® The structural changes of Au-Co/SiO, and Pt-
Co/Si0, systems upon various redox treatments are shown in Figure
10.
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Figure 10. Schematics showing the variation of the surface architecture of
Pt-Co/Si0O; (A) and Au-Co/SiO; (B) samples with redox treatments.

Active sites of Pt-Co/SiO, and Au-Co/SiO, catalysts for CO
oxidation

Pure Pt and Au NPs as well as Co species supported on SiO, exhibit
low activity towards CO oxidation (Figure S4). However, these NM
catalysts become highly active through decoration with CoO, species
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combined with appropriate treatments. It seems that the synergistic
effect between NM and CoO, species plays a critical role in the
reaction. In our previous works, we have show that the peripheries of
FeO nanoislands supported on Pt surfaces contain coordinatively
unsaturated ferrous (CUF) sites, which are highly active for the
activation of 0,.% Later on, a general strategy has been developed to
confine coordinatively unsaturated (CUS) TM cations on NM
surfaces by constructing oxide-on-metal inverse catalysts and
making use of the strong interaction between TM oxide (TMO) and
NM. The resulting CUS sites at the edges of the TMO nanostructure
grown on NMs are highly active for catalytic oxidation reactions.*

For traditional metal-on-oxide catalysts, it has been shown that
NM catalysts supported on reducible oxides such as TiO, and CeO,
are more active than those supported on inert oxides such as SiO,
and ALO;.>* The strong metal-support interaction between NMs and
reducible oxides helps to stabilize smaller NM NPs and, more
importantly, to produce active sites at the interfaces between NM
NPs and oxide supports.”™ * Density functional theory calculations
also show that O, can be more easily activated at the interface sites
between NM and reducible oxides.>”

The results present in this work confirm that the intimate
contact between the NM and Co components is essential for the high
CO oxidation activity. Thus, it can be inferred that the reactions
mainly occur at the interfaces between the two components. For the
Pt-Co/SiO, sample, the intimate contact between the Co and Pt
components can be achieved with the low temperature reduction
treatments. XRD, XANES and XPS characterizations of the catalysts
show that all Co species are reduced to the metallic state at 100 °C
and only a small part of the Co atoms are alloyed with Pt. In
oxidative atmosphere, the surface Co species form highly dispersed
surface oxide structures, creating high density of interface sites
between surface CoOy structure and Pt support. As shown in Figure
7A, these catalysts present the high activity. The reduction at a high
temperature, e.g. 600 °C, however, drives the inward diffusion of
most Co atoms, forming Pt;Co alloy nanostructures. In such a case,
the number of interface sites between CoO, surface structure and Pt
decreases, lowering the reaction activity. In contrast, high
temperature above 500 °C is needed to activate the Au-Co/SiO,
catalysts. For one aspect, the complete reduction of CoO, species
occurs at high temperatures. On the other hand, interaction between
Co and Au can be significant only upon reduction at high
temperatures. The high temperature reduction treatment helps to
increase the density of interface sites between surface CoO, structure
and Au support. Accordingly, the activity of the Au-Co/SiO, catalyst
increases with the reduction temperature (Figure 7B).

Oxidation treatments on the reduced Pt-Co/SiO, sample lead to
the surface segregation of alloyed Co atoms and aggregation of
surface CoO, structures. Due to the strong interaction between CoOy
and Pt, the segregated Co atoms tend to form wetted CoO layers on
Pt NPs, which can decrease the CoO-Pt interface sites, particularly
under high temperature oxidation condition. The structural
characterizations show that Co in the reduced Au-Co/SiO, catalyst is
almost oxidized when exposed to O, at room temperature and
further oxidation treatment at higher temperatures would not
changed the structure of the Au-Co/SiO, catalyst too much. The
much stronger dependence of the CoO-Pt interfacial structure on the
oxidation treatment than the CoO-Au system results in the stronger
influence of the oxidation treatment on the activity of the Pt-Co/SiO,
catalyst than the Au-Co/SiO, catalyst.

Conclusion

On the basis of structural characterization and CO oxidation test over
the Pt-Co/SiO, and Au-Co/SiO, catalysts, we made the following
conclusions:
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1) CoOy species in the Pt-Co/SiO, catalyst can be reduced
within 100 °C, which is facilitated by the presence of Pt. The Co
atoms start to diffuse inside of Pt NPs at relatively low reduction
temperatures and form Pt;Co alloy structures after high temperature
reduction treatment.

2) The full reduction of CoO, in the Au-Co/SiO, catalyst
necessitates reduction above 400 °C, in which Au plays a minor role.
With reduction treatments up to 600 °C, no strong alloy reaction
occurs between Au and Co.

3) Oxidation of Co in the reduced Pt-Co/SiO, catalyst takes
place gradually due to the slow outward diffusion of alloyed Co
atoms, while most of Co in the reduced Au-Co/SiO, catalyst has
been oxidized upon exposure to O, at room temperature since the Co
atoms are mostly located at the sample surfaces and get oxidized
quickly.

4) The maximum activity was observed over the Pt-Co/SiO,
catalyst reduced at relatively low temperatures (between 100 and
300 °C). For the Au-Co/SiO, catalyst, the highest activity was
obtained after the reduction at 600 °C. The oxidation treatments have
much stronger influence on the activity of the Pt-Co/SiO, catalyst
than the Au-Co/SiO, catalyst.

5) In both systems, the CoO-on-NM surface structures are
active for the CO oxidation reaction. Treatments to form high
density of interface sites between surface CoO structure and
NM support can enhance the reactivity.
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