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Au-Cu bimetallic nanoparticles supported on SBA-15 have been reported to be much more active in CO
oxidation than the corresponding monometallic counterparts in our previous work. In this work, in situ
techniques including XRD, EPR, XANES, and FT-IR were employed to reveal the structural changes of the
Au-Cu bimetallic particles during different pretreatment and reaction conditions, and to clarify the
essence of the synergistic effect between gold and copper. The results showed that gold remained as
Au® in any treatment conditions, while copper was very sensitive to the treatment temperature and
atmosphere. The freshly reduced catalyst was a mixture of AusCu; intermetallic phase and Cu,O amor-
phous phase. In CO oxidation, the Au;Cu; intermetallic phase was segregated into a gold core decorated
with tiny CuOy patches, and CO adsorbed on Au® reacted with active oxygen provided by the neighboring
CuO,, thus enhancing greatly the activity for CO oxidation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Bimetallic nanoparticles frequently exhibit better catalytic per-
formances than their monometallic counterparts and have there-
fore attracted a great deal of attention from both academic and
industrial fields. For example, Au-Pd bimetallic nanoparticles are
efficient catalysts for a number of selective oxidation reactions
[1-4], Pt-Ru bimetallic catalyst is a well-known catalyst for fuel
cells [5-7], and Pd-Ag bimetallic systems are widely used as selec-
tive hydrogenation catalysts [8-10]. Generally, the synergy
between the two components of a bimetallic catalyst can be under-
stood in terms of assemble and ligand effects, i.e., one component
may serve as a spacer to isolate the active sites [11,12] or as an
electronic modifier to the other component [2,13]. Experimentally,
the catalytic performances of bimetallic nanoparticles are often
influenced by a spectrum of factors, such as nanostructure, surface
composition, particle size, and shape. The most featured aspects
that distinguish a bimetallic catalyst from monometallic ones are
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the tunable nanostructures and surface compositions. A bimetallic
nanostructure can be a random alloy, a core-shell structure, or just
mixed monometallic nanoparticles. These different nanostructures
give rise to different catalytic performances, as shown by the excel-
lent work of Alayoglu et al. in which Ru@Pt core-shell architecture
performed significantly better than the PtRu nano-alloys and mix-
tures of monometallic nanoparticles in PROX reaction [14]. Closely
related with the nanostructure, the surface composition is another
important factor affecting the catalytic behavior. It is known that
the surface composition of a bimetallic catalyst can be markedly
different from that of the bulk when surface segregation occurs.
Surface segregation is a common phenomenon for the bimetallic
catalysts, and it is not only influenced by the intrinsic properties
of the two components such as bond strengths and surface ener-
gies but also determined by the external conditions such as tem-
peratures and atmospheres during the pretreatment and reaction
processes [15]. For a given bimetallic system, although the surface
segregation propensity can be predicted to some extent based on
density functional calculations [16], it may be very different from
the real case where both temperature and atmosphere can induce
segregation of the bimetallic catalyst. Therefore, it is very impor-
tant to investigate the possible changes of nanostructure and sur-
face composition under the real reaction conditions so that the
governing factors responsible for the catalytic activity can be
elucidated.
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Gold-based bimetallic nanoparticles are emerging as a type of
efficient catalysts in a variety of important reactions including
low-temperature CO oxidation [17-19], epoxidation of propene
[20], hydrogenation of oxygen to produce hydrogen peroxide
[21], selective oxidation of alcohols to aldehydes or ketones [22],
and among others. In most of gold-containing bimetallic nanocat-
alysts, gold possesses a less oxophilicity than the other metals due
to the larger electronegativity of gold, which may lead to a ten-
dency of segregation of the alloy phase in oxidizing atmosphere
with gold enriched in core while the other metal enriched on the
surface [2,23]. Such changes, if occurred, will have a great influence
on the activity and stability of gold-containing bimetallic catalysts
during oxidation reactions. Therefore, it is interesting and impor-
tant to study in situ the structural changes of the gold-based bime-
tallic nanoparticles during the reaction, in particular for oxidation
reaction since it is one of the most important reactions catalyzed
by gold.

We recently developed Au-Ag [24-29] and Au-Cu [30,31]
bimetallic nanoparticles which showed a very high activity for
low-temperature CO oxidation and a strong synergistic effect be-
tween Au and the second metal. Of particular importance is that
when the second metal (Cu or Ag) was deposited on the gold
particles [28-31], the resulting Au-Ag and Au-Cu bimetallic nano-
particles were rather stable against sintering induced by high-tem-
perature calcinations. And this property makes the bimetallic
nanoparticles much superior to monometallic gold and renders
them great potentials in application in high-temperature environ-
ments such as for automobile emission control [32]. The anti-sin-
tering behavior of the Au-Ag and Au-Cu bimetallic particles is
interpreted as the segregation of the second metal (Ag or Cu) on
the surface during high-temperature calcination, which results in
the formation of silver or copper oxides on the surfaces of gold par-
ticles, thus protecting the gold particles from aggregation [28].
Such changes in the structure of the bimetallic nanoparticles trig-
ger new questions: will the bimetallic structure be stable during
the CO oxidation reaction? If not, what is the real active site (alloy
or segregated structure)? What is the role of the second metal in
the CO oxidation? To answer these questions, we took Au-Cu/
SBA-15 bimetallic nanocatalyst as an example and employed a
variety of in situ techniques including X-ray diffraction (XRD), elec-
tron paramagnetic resonance (EPR), diffuse reflectance infrared
Fourier transform (DRIFT), and X-ray absorption near edge struc-
ture (XANES) to trace the structural changes during the CO oxida-
tion reaction for identifying the genuine active sites.

2. Experimental
2.1. Preparation of catalysts

The Au-Cu/SBA-15 bimetallic nanocatalyst was prepared using
a two-step method we reported previously [28-31]. In detail, prior
to the metal deposition, SBA-15 support (home-made according to
Zhao et al. [33]) was first functionalized with APTES (H,N(CH,)s-
Si(OEt)3). Then, 20 mL of an aqueous tetrachloroaurate (HAuCly,
0.0115 M) solution was added to 1.0 g of APTES-SBA-15 followed
by reduction with NaBH,4 (0.1 M). The change of the color from
yellow to purple indicated gold particles were deposited onto the
support. After thorough washing and filtration, the recovered
solid was added to 20 mL of an aqueous solution of copper nitrate
(Cu(NO3),-3H,0, 0.0115 M) and again followed by reduction with
NaBH,4. After thorough washing and filtration, the solid was dried
at 110°C, calcined at 500 °C in air for 6 h to obtain the Au-Cu/
SBA-15 catalyst. The desired Au/Cu atomic ratio was 1/1, and the
total metal loading was 6 wt.%. For comparison, the monometallic
Au/SBA-15 and Cu/SBA-15 catalysts were also prepared by the

Table 1
Physical properties and chemical compositions of the catalysts.

Samples Au/Cu  Total metal BET Surface Average pore
(molar loading (wt.%) area (m%?g~') diameter (nm)
ratio)

Au/SBA-15 1/0 5.99 568 6.7

Au-Cu/SBA-15 0.99/1 4.11 525 7.0

Cu/SBA-15 0/1 3.50 578 6.3

similar method. The physical properties of the catalysts are shown
in Table 1.

2.2. Catalytic test

The catalytic activity for CO oxidation was measured using a
continuous flow fixed-bed reactor system. A feed gas containing
1.0 vol.% CO and 1.0 vol.% O, balanced with He was allowed to
pass through the catalyst sample of 60 mg (20-40 mesh) at a
flow rate of 20 mL min~! (corresponding to a space velocity of
20,000 mL h~! g_1). Prior to the reaction, the catalyst was pre-
treated with H, at 550 °C for 1 h, and then cooled to the reaction
temperature under He. The inlet and outlet gas compositions were
on-line analyzed by a gas chromatograph (HP 6890, TDX-01
column).

2.3. Characterizations

The actual metal loadings of the catalysts were determined by
inductively coupled plasma spectrometer (ICP-AES) on an IRIS
Intrepid II XSP instrument (Thermo Electron Corporation). Nitro-
gen adsorption-desorption measurements were performed at
—196 °C with a Micromeritics ASAP2010 instrument. The average
pore diameters were estimated with desorption branches based
on BJH model, and the specific surface area was calculated by the
BET equation.

In situ XRD patterns were collected on a PW3040/60 X’ Pert PRO
(PANalytical) diffractometer equipped with an in situ cell that al-
lows heating and introduction of gases. The diffractometer was
operated at 40kV and 40 mA using Cu Ko radiation source
(4=0.15432 nm). To trace the structural changes of the catalyst,
40 mg of a catalyst sample was loaded into the cell and heated
up to 500 °C at a rate of 5°C/min under a flow of 10 vol.% Hy/Ar
(total flow: 20 mL min~!), during which the XRD patterns were
recorded using a continuous mode from 30° to 50° at a scanning
speed of 5°/min. Then, the catalyst was cooled to RT under He,
and followed by treatment under various reaction atmosphere.
For CO oxidation atmosphere, a flow of 1 vol.% CO in air at a rate
of 20 mL min~' was used, while for PROX (preferential oxidation
of CO in H;) reaction atmosphere a gas flow containing 1 vol.%
CO and 0.5vol.% O, balanced with H, at a total flow rate of
40 mL min~! was used. The reactions were run both in a tempera-
ture-increased mode and in an isothermal mode. The XRD patterns
were recorded with time on stream or with temperature during the
whole treatment.

EPR spectra were recorded at 150 K with a Bruker EMX spec-
trometer working in the X-band (9.53 GHz). A weighted catalyst
sample of 20 mg was placed inside a 4-mm O.D. quartz tube with
greaseless stopcocks which allows heating the sample at different
atmosphere and evacuation without exposing to air. Before each
EPR measurement, the sample that had been treated under various
conditions was subsequently evacuated at room temperature until
the residual pressure was below 1 x 1073 Torr. The atmosphere
used for treating the catalyst was respectively pure H, and CO oxi-
dation gas composed of 4 vol.% CO and 4 vol.% O, balanced with He.
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X-ray absorption near edge structure (XANES) spectra at Au Ly~
edge and Cu K-edge were recorded at beamline 17C1 of National
Synchrotron Radiation Research Center, Hsinchu, Taiwan. The elec-
tron storage ring is operated at 1.5 GeV and a beam current of
360 mA with a top-up injection mode. The beamline employs a
double Si(1 1 1)-crystal monochromator for energy selection with
aresolution AE/E better than 2 x 10~%. The powdery catalysts were
packed into the middle part of a quartz glass tube. Both ends of the
tube are sealed with Kapton film. The reducing gas is pure H,, and
the reaction gas is composed of 1.6 vol.% CO and 1.6 vol.%0,, bal-
anced with He. All spectra were recorded at room temperature in
a transmission mode. Cu foil or Au foil as standard compound
was measured simultaneously by using the third ionization cham-
ber so that energy calibration could be performed scan-by-scan.
The X-ray absorption data were processed by Athena software
package [34].

The DRIFT spectra were acquired with a spectrometer (Bruker
Equinox 55) equipped with a MCT detector and operated at a res-
olution of 4 cm™!. A concentration of 20 mg of a catalyst sample
was loaded into the cell with a ZnSe window which allowed
in situ treatment under various atmospheres from room tempera-
ture up to 500 °C. Before CO adsorption, the sample was in situ pre-
reduced in pure H, at 500 °C for 1 h, and then cooled to 20 °C for
collecting the background spectrum. Subsequently, the sample
was exposed to a flowing mixture of 3.4 vol.% CO in He with a rate
of 58 mLmin~! (denoted as CO atmosphere) or 3.3 vol.% CO,
3.3 vol.% 0, and 93.4 vol.% He with a rate of 60 mL min~! (denoted
as CO oxidation atmosphere) at room temperature, and the spec-
trum was collected again. The spectra presented in the work were
obtained by subtracting the corresponding background.

FT-IR spectra were measured at —110 °C with a Bruker Equinox
55 spectrometer in the absorbance mode with a resolution of
2 cm~!. Self-supported wafers were prepared from the catalyst
powder (ca. 20 mg). The sample wafers were loaded into a quartz
IR cell with CaF, windows and in situ treated under pure H, flow
at 500 °C for 1h. After evacuation at the same temperature for
30 min, the samples were cooled to —110°C, and 5 Torr of CO
was admitted to the cell. After reaching the equilibrium, the cell
was evacuated to remove gaseous CO. Subsequently, 2 Torr of pure
0, was dosed into the cell and the spectra were recorded with
time. By subtracting the spectrum of the background, the final IR
spectra were obtained.

3. Results
3.1. Activity for CO oxidation

In our previous work [30], we have shown that Au-Cu/SBA-15
exhibited very high activities for both low-temperature CO oxida-
tion and PROX reactions which were ascribed to a synergistic effect
between Au and Cu. What is the essence of the synergy effect? Is it
correlated with the structure or composition change of the bime-
tallic nanoparticles under different conditions? To clarify these
questions, in the present work, we further investigated the effect
of pretreatment conditions on the catalytic activity of the Au-Cu
bimetallic nanoparticles supported on SBA-15. As shown in Fig. 1,
the as-calcined Au-Cu/SBA-15 exhibited poor activity for CO oxi-
dation; the light-off temperature was as high as 200 °C (curve a).
However, after reduction treatment at 550 °C, the catalyst became
very active; total conversion of CO was obtained at 25 °C (curve b).
This is consistent with the pretreatment conditions of monometal-
lic gold nanocatalysts reported in our previous work [35]. Follow-
ing the first run from —50 to 350 °C in a temperature-increased
mode, the catalyst was cooled to —50 °C under the reaction atmo-
sphere and then subjected to the second run. It turned out that the
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Fig. 1. CO conversions with the reaction temperature over Au-Cu/SBA-15 catalyst:
(a) as-calcined sample; (b) freshly reduced sample; (c) the sample after the first
run; (d) the sample after the second run was reduced again at 550 °C for 2 h under
pure Hj.

catalyst gave a slightly higher activity in the second run (curve c). It
means that the spent catalyst is even slightly more active than the
freshly reduced catalyst. To further confirm this, the catalyst after
the second run was again reduced at 550 °C for 2 h before starting
the third run. As expected, the CO conversion curve (curve d) in the
third run was almost the same as that in the first run. In these recy-
cling tests, not any deactivation was observed. The TEM images of
the sample before and after the reaction (not shown here) indi-
cated that the sizes and the size distributions of the particles were
not changed (remaining at ~3 nm) by the CO oxidation up to
400 °C, which can be one reason for the rather stable behavior of
the catalyst in CO oxidation.

3.2. In situ XRD

3.2.1. In situ XRD in H, atmosphere

The aforesaid reactivity test has shown that the Au-Cu catalyst
became activated only after H, reduction at a high temperature. To
trace the changes of the Au-Cu bimetallic nanostructure during the
high-temperature reduction, we conducted in situ XRD examina-
tions of the catalyst in H, atmosphere with elevating temperature.
As shown in Fig. 2, the as-calcined sample presents a broad diffrac-
tion line at 38.2°, which can be indexed as gold (1 1 1) reflections
[24-31]. No copper species were detected, suggesting that the cop-
per species, most probably existing as CuO,, are amorphous or their
particle sizes are too small to be detected by XRD. However, with
increasing the treatment temperature in H,, the diffraction line
shifts gradually to higher angle until a constant value of 39.2°
was reached at above 325 °C, representing Au-Cu alloy formation
process. Based on the Vegard's law (daioy = Xaau + (1 — X)acy +
0.01198x(1 — x)) [36], the molar fraction of gold (x) was calculated
to be 0.77, which corresponds to an atomic ratio of gold to copper
being about 3/1, suggesting that AusCu,; intermetallic alloy was
formed [30,31,36]. However, the actual Au/Cu determined by ICP
is 0.99/1 (Table 1). The discrepancy suggests that not all of the cop-
per in the catalyst is alloyed with gold during the high-tempera-
ture reduction. The deficiency in Cu for the Au-Cu bimetallic
structure was also reported by other group [37]. In addition, the
diffraction line width remained essentially unchanged in the whole
reduction process, indicating that the average particle size was not
altered significantly by this high-temperature reduction treatment.

3.2.2. In situ XRD in CO oxidation atmosphere
After the aforementioned high-temperature reduction treat-
ment, the Au-Cu nanoparticles became very active for CO
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Fig. 2. In situ XRD patterns of the as-calcined Au-Cu/SBA-15 catalyst with
increasing reduction temperature under H, atmosphere. The vertical lines indicate
the 20 position at 38.2° and 39.2°, respectively.

oxidation. Considering that the reaction gas for CO oxidation con-
tains excess O, (CO/O, = 1/1 while the stoichiometric ratio is 1/0.5
in CO oxidation) and the copper in the alloy phase will have the
tendency to segregate on the surface in such oxidizing atmosphere,
in situ XRD was again employed to trace the structural changes un-
der reaction conditions. As shown in Fig. 3a, during the CO oxida-
tion at room temperature for more than 8 h, the diffraction line
position slightly shifted toward lower angle, from 39.2° to 39.0°,
while the diffraction line width remained unchanged. In contrast,
when the reaction was carried out at elevated temperatures, evi-
dent diffraction line shift was observed toward lower angle until
38.2° at temperatures higher than 325 °C (Fig. 3b). As mentioned
earlier, 38.2° represents a pure gold phase while 39.2° an AusCu;
alloy phase. Therefore, this result indicates that the gold-copper
alloy phase was not stable during the course of CO oxidation, and
the phase segregation became more pronounced with increasing
the reaction temperature. When the reaction temperature was
above 325 °C, nearly complete phase segregation took place as
indicated by the disappearance of AuszCu, alloy phase and concur-
rent appearance of pure gold phase. More interesting, it was found
that the structural change of the Au-Cu alloy nanoparticles was to-
tally reversible. Upon being subjected to treatment with H, at ele-
vated temperatures, the segregated structure again gradually
changed into AusCu, alloy phase, just like the case shown in Fig. 2.

3.2.3. In situ XRD in PROX atmosphere

When a large excess of H, was present in the reaction stream,
the Au-Cu alloy catalyst still exhibited high activity and selectivity
for the preferential oxidation of CO (PROX), as reported in the early
work [30]. In such H,-rich conditions, the Au-Cu alloy catalyst
seems stable throughout the whole reaction process. As shown in
Fig. 4, when the reaction proceeded either at a constant tempera-
ture (80 °C, Fig. 4a) or in a temperature-increased mode (Fig. 4b),
the XRD patterns remained unchanged during the whole reaction
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Fig. 3. In situ XRD patterns of the freshly reduced Au-Cu/SBA-15 catalyst with (a)
time on stream at room temperature and (b) increasing temperature under CO
oxidation atmosphere. The vertical lines indicate the 20 positions at 38.2°, 39.0°,
and 39.2°, respectively.

process, with the 20 value of the diffraction line remaining at
39.2° which is characteristic of AusCu, alloy phase. Clearly, such
a reducing atmosphere is quite different from pure CO oxidation
condition in affecting the Au-Cu nanostructure.

3.3. In situ EPR

Although in situ XRD examinations revealed the structural
changes of Au-Cu nanoparticles in reducing or oxidizing atmo-
sphere, the information about the Cu species is still lacking since
they were not detectable by XRD. As conjectured earlier, the Cu
component is highly probable to form CuO, leading to a phase seg-
regation of Au-Cu alloy during the CO oxidation process. The fact
that the CuO, species were not detectable may suggest that they
are amorphous or their particle sizes are below the detection limit
of XRD. To identify the CuO, species, we employed in situ EPR
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Fig. 4. In situ XRD patterns of the freshly reduced Au-Cu/SBA-15 catalyst with (a)
time on stream at 80 °C and (b) increasing temperature under PROX atmosphere.
The vertical lines indicate the 20 position at 39.2°.

technique to characterize the Au-Cu/SBA-15 catalyst. EPR was re-
ported to be very effective in identifying paramagnetic Cu?* spe-
cies, even in a trace amount [38]. Fig. 5 shows the EPR spectra of
Au-Cu/SBA-15 after various thermal treatments. As shown by
curve a, the as-calcined Au-Cu/SBA-15 catalyst presents four split-
ting features resulting from hyperfine coupling between the 3d un-
paired electron and the copper (I = 3/2) nuclear spin [39]. The g and

g,=2.38
g1=2.06

% 6 A//: 123
I 1710 AL=16
r T T T T T T i !
200 250 300 350 400
B (mT)

Fig. 5. In situ EPR spectra of Au—Cu/SBA-15 catalyst recorded at 150 K: (a) the as-
calcined sample; (b) the freshly reduced sample; (c) the reduced sample was
further treated at 400 °C for 0.5 h under CO oxidation atmosphere.

A parameters (g, = 2.38, A; = 123) are close to those of Cu*" in octa-
hedral coordination [40,41]. The perpendicular feature (gL = 2.06,
A, =16) was not resolved. All these features are characteristic of
Cu?* cations. On the other hand, when the calcined catalyst was re-
duced at 550 °C in H,, the EPR signals of Cu?* cations completely
disappeared (curve b). This result indicates that the Cu?* has been
reduced to EPR-silent low-valence Cu* or Cu®, in consistence with
the in situ XRD result that AusCu, alloy phase was formed after
the reduction at above 325 °C. When the reduced catalyst was fur-
ther treated at 400 °C under the CO oxidation atmosphere with the
presence of excess O, the EPR signals characteristic of Cu?" ap-
peared again, although with very weak intensity. The significantly
reduced intensity of Cu?* signal in comparison with the as-calcined
sample might indicate that the majority of Cu® in the Au;Cu, alloy
phase was oxidized to EPR-silent Cu*, while only a small part of Cu°
was further oxidized to Cu?* during the CO oxidation. This will be
further confirmed by the following in situ XANES data.

3.4. In situ XANES

XANES spectroscopy is an ideal technique that can be used to
determine the average oxidation state of metal components in
the catalysts. The XANES spectra of the Au-Cu/SBA-15 catalyst,
as-calcined and treated at different conditions, were measured
respectively at the Au Ly-edge and Cu K-edge, and the results are
shown in Fig. 6. For the spectra at the Au Lj;-edge (Fig. 6A), they
are very similar to that of the Au foil irrespective of the treatment
conditions, indicating that Au in the Au-Cu bimetallic catalysts is
very stable and remains at a metallic state (Au®). On the other
hand, the XANES spectra at the Cu K-edge are sensitive to the treat-
ment conditions of the catalyst. As shown in Fig. 6B, the copper
species in the as-calcined Au-Cu bimetallic catalyst are mainly
composed of CuQ, in agreement with the EPR result. After reduc-
tion treatment, in particular with increasing the reduction temper-
ature up to 500 °C, the spectra show a combination feature of Cu
foil and Cu,O, indicating that Cu?* has been reduced into low-
valence Cu® and Cu*. However, it is surprising that there is still a
non-negligible amount of Cu* retained in the catalyst even after
the reduction treatment at 500 °C. This part of difficultly reduced
Cu* species is supposed to derive from the strong interaction be-
tween the silica surface and the Cu species. In our previous work
about Au-Ag nanoparticles [28], we proposed that during calcina-
tion Ag was segregated on the surface and interacted with the sil-
ica support by oxygen linkage, just like a nano-glue to prevent the
nanoparticles from aggregation/agglomeration [42]. Likewise, the
same phenomena may occur on the Au-Cu nanoparticles. In other
words, the Cu component in the as-calcined Au-Cu bimetallic sam-
ple prefers to residing on the particle surface as a copper oxide
layer or patches while Au on the core. This is reasonable taking it
into account that the gold particles had already formed prior to
the deposition of copper. The part of copper oxide which is strongly
interacted with the silica surface is difficult to reduce, and there-
fore cannot alloy with Au. Even at a very harsh reduction condition,
this part of Cu species remains as Cu®. This result is also consistent
with the XRD conclusion that only one-third of the total Cu compo-
nent is alloyed with Au. Meanwhile, we cannot exclude the possi-
bility that there is a part of Cu existing as isolated monometallic Cu
species. However, this part of Cu is inactive for CO oxidation.

Following the reduction treatment at 500 °C, the freshly re-
duced Au-Cu/SBA-15 catalyst was subsequently treated under CO
oxidation atmosphere from RT to 300 °C, and the XANES spectra
were measured in situ. As shown in Fig. 6B, after being treated
by the mixture gas of CO and O,, the spectra show a feature com-
posed of Cu?* and Cu*, no matter what reaction temperature was
used. This result is consistent with in situ XRD and EPR implica-
tions, suggesting that Cu® in the reduced Au-Cu alloy phase is
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represent Cu’, Cu*, and Cu?", respectively.

rather unstable under the CO oxidation atmosphere and is very
easily oxidized into high-valence Cu?* and Cu*.

3.5. In situ IR spectra

3.5.1. In situ DRIFT at room temperature

In order to identify the surface species of the Au-Cu/SBA-15
which are responsible for the exceptionally high activity in CO oxi-
dation, we used CO as a probe molecule to conduct in situ IR mea-
surements. Fig. 7 presents the room-temperature DRIFT spectra of
Au/SBA-15, Cu/SBA-15, and bimetallic Au-Cu/SBA-15 under CO
alone or CO oxidation conditions. Under CO alone conditions, the
adsorption of CO on Au/SBA-15 produced a band at 2116 cm™!
while it was at 2120cm™! on Cu/SBA-15 and 2123cm™! o
Au-Cu/SBA-15 (Fig. 7a). It was noted that at room temperature
the adsorption of CO on these three samples was rather weak;
purging with He for 30 min led to complete disappearance of the
CO absorption bands.

Under CO oxidation conditions, the DRIFT spectra of Au/SBA-15
and Au-Cu/SBA-15 catalysts were very similar (Fig. 7b). The band
due to CO adsorption on metallic Au® had a blue shift from
2116 cm™ ' to 2122 cm ™!, which might be caused by the co-adsorp-
tion of CO and O, on the gold site [43]. In addition, a new band ap-
peared at 2341 cm~! which could be ascribed to CO, adsorbed on
the surface of SBA-15. This result indicates that both catalysts
are active for CO oxidation even at room temperature, and the
Au-Cu/SBA-15 is more active as shown by the higher intensity of
CO, absorption band. This result is in agreement with our previous
report [30]. Different from either Au/SBA-15 or Au-Cu/SBA-15, the
Cu/SBA-15 showed only one absorption band at 2120 cm~'. The
CO, absorption band was not observed since the Cu/SBA-15 was
totally inactive for room-temperature CO oxidation [30]. To make
correct assignments for the absorption bands at around
2120cm~! on the Cu/SBA-15 and Au-Cu/SBA-15 catalysts, the

=]

three catalysts were all purged with He following the CO oxidation.
As shown in Fig. 7c, the CO absorption band on the Au/SBA-15 dis-
appeared completely upon purging with He due to the weak
adsorption of CO on Au® [44]. Quite different from the case of
Au/SBA-15, the absorption band at 2120 cm ™! was still observable
both on Cu/SBA-15 and on Au-Cu/SBA-15 after purging with He for
30 min, although the band position had a slight blue shift to
2123 cm~ . It was reported that CO adsorption on either Cu?* or
metallic Cu® was very weak and easily removed by purging with
inert gas at room temperature [45,43,46,47]. Therefore, the absorp-
tion band observed on the Cu/SBA-15 must be due to the CO ad-
sorbed on Cu* [47-49]. For the Au-Cu/SBA-15, the band intensity
was decreased significantly after purging with He, which means
that the band is probably the superimposition of CO adsorbed on
Cu*, Cu?*, and Au® sites, and the adsorption of CO on the latter
two sites (Cu®* and Au®) is removed by He. The above DRIFT results
strongly suggest that the metallic Cu® in the Au-Cu alloy nanopar-
ticles was oxidized to Cu* and Cu?" during the room-temperature
CO oxidation reaction, which is in agreement with the in situ
XANES and EPR results.

3.5.2. In situ FT-IR at a low temperature

The above room-temperature DRIFT spectra of CO adsorbed on
Au-Cu/SBA-15 catalyst indicate that CO weakly adsorbs on both Au
and Cu sites. In this case, it is still difficult to identify which sites
are genuinely active for CO oxidation. To solve this problem, we re-
corded in situ FT-IR spectra of adsorbed CO at a low temperature
(=110 °C). As shown in Fig. 8a, the adsorption of CO on Au/SBA-
15 yielded a strong absorption band at 2100 cm™!. After evacuation
of gaseous CO (the peak blue shifts to 2102cm™!), O, was
introduced into the cell. A strong absorption band characterizing
the adsorbed CO, immediately appeared at 2341 cm !, and con-
comitantly there was a decrease in the intensity of CO absorption
band. This result indicates that the CO adsorbed on metallic Au®
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Fig. 7. In situ DRIFT spectra of CO adsorption on Au/SBA-15, Au-Cu/SBA-15, and Cu/
SBA-15 at room temperature: (a) in CO atmosphere and followed by purging with
pure He for 30 min; (b) in CO oxidation atmosphere; (c) purging with pure He for
30 min following the adsorption in CO oxidation atmosphere. Prior to the CO
adsorption, the catalysts were pretreated in pure H, at 500 °C for 1 h.

readily reacts with O, even at a temperature as low as —110 °C, in
good agreement with the activity result we reported previously
[30]. On the other hand, when O, was introduced following the
CO adsorption on Cu/SBA-15, no substantial changes were
observed (Fig. 8b), indicating that CO adsorbed on Cu sites is
inactive toward reaction with O,.

Different from the monometallic Au or Cu catalysts, when CO
adsorbed on the bimetallic Au-Cu/SBA-15 catalyst, a strong
absorption band at 2108 cm™' together with a shoulder at
2125 cm~! could be clearly observed. Based on the IR spectra of
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Fig. 8. In situ FT-IR spectra of CO adsorption on (a) Au/SBA-15, (b) Cu/SBA-15, and
(c) Au-Cu/SBA-15 catalysts at —110 °C, followed by evacuation and introduction of
0, gas for different periods. Prior to the CO adsorption, the catalysts were
pretreated in pure H, at 500 °C for 1 h.

CO adsorbed on monometallic Au and Cu catalysts, the main
absorption band at 2108 cm™! can be ascribed to CO adsorbed on
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Au® while the shoulder at 2125 cm™! to CO adsorbed on metallic
Cu®. After introduction of O,, the absorption band at 2108 cm™!
had a remarkable decrease with time and disappeared completely
after 70 min, while the absorption band at 2125 cm~! remained
unchanged (Fig. 8c). At the same time, an intense absorption band
of adsorbed CO, appeared upon introduction of O,. This result
provides strong evidence that Au®, either in the monometallic
Au/SBA-15 or in the bimetallic Au-Cu/SBA-15, indeed functions
as the active site for CO oxidation.

4. Discussion
4.1. Structural changes of the Au-Cu bimetallic nanoparticles

Au-Cu bimetallic nanoparticles have been reported to outper-
form their monometallic counterparts in a variety of industrially
important oxidation reactions [50]. For example, Llorca and
coworkers investigated Au-Cu/TiO, catalysts for propene epoxida-
tion with N,0O, and found that Au;Cus/TiO, gave the best perfor-
mance [51]. Pina et al. explored Au-Cu/SiO, catalyst for the
selective oxidation of benzyl alcohol, and observed synergistic ef-
fect at Au/Cu weight ratio of 4/1 [52]. However, the structural
changes during these oxidation reactions have not been considered
yet. In this work, through a combination of in situ techniques, we
tried to give a clear image about the structural changes of the cat-
alyst in different pretreatment and reaction atmospheres. Since the
gold particles had already formed before the deposition of copper
during our two-step synthesis procedure, we proposed that a
core-shell like structure was probably constructed at the initial
stage. After the calcination treatment, the copper on the surface
would be oxidized. Thus, the as-calcined bimetallic nanoparticles
are composed of a gold core which is surrounded by a CuO layer
or patches of CuO. The structure at this stage is illustrated in
Fig. 9a. Both EPR and XANES of the as-calcined sample provided
consistent evidence of Cu?*, and the XRD identified the pure gold
phase instead of gold-copper alloy phase. Upon reduction treat-
ment with a temperature-increased mode, the CuO surface layer/
patches were reduced into low-valence Cu* and Cu®, and the Cu°
diffused into gold core and finally formed an AusCu; intermetallic
phase, while the Cu® interacts strongly with the support and plays
an important role in limiting the movement and agglomeration of
the particles, as illustrated in Fig. 9b. When the AusCu, intermetal-
lic phase was exposed to a reaction atmosphere composed of CO
and O,, the Cu® component in the intermetallic phase was oxidized
into Cu* and Cu®" and again segregated on the surface to form the
gold core/CuO, patches, as illustrated in Fig. 9c. The DRIFT, EPR,
XRD, and XANES characterizations all confirm the structural
changes depicted in Fig. 9.

4.2. Active sites in CO oxidation

There are a large number of works discussing the active sites of
supported gold catalysts in CO oxidation, the proposed reaction
sites include cationic gold species [53,54], bilayer gold clusters
composed of less than 10 atoms [55,56], and the junction perime-
ter between gold and the metal oxide support [57]. In the case of

+
H, 500°C L0+0.
- —~—
a b H, 500 °C c
Support CuO, Cu,O I Au Au;Cu, alloy

Fig. 9. Schematic illustration of the structural changes of the Au-Cu/SBA-15 under
H, reduction and CO oxidation conditions.

Au-Cu bimetallic catalysts, we did not detect any cationic gold spe-
cies in either pretreated catalyst or working catalyst; only Au® was
identified by both IR and XANES examinations. On the other hand,
the FT-IR spectra provide strong evidence that the CO adsorbed on
Au® reacted facilely with O, to produce CO, even at the tempera-
ture as low as —110 °C, while the CO adsorbed on Cu*/Cu?* just
as a spectator. Therefore, we can conclude that in both monometal-
lic Au and bimetallic Au-Cu catalysts, the active sites for CO oxida-
tion are Au® sites. This conclusion is also supported by the
inactivity of Cu/SBA-15 for CO oxidation [30,31]. However, why
did the Au-Cu bimetallic catalyst show a much higher activity than
the monometallic Au catalyst? In the previous work [30,31], we
have shown that the particle size of the Au-Cu bimetallic catalyst
is significantly smaller than the monometallic Au catalyst due to
the sintering-resistant contribution of Cu species, which, we be-
lieve, is one reason for the enhanced activity of the Au-Cu bimetal-
lic catalyst. However, a more important reason should be the role
of Cu species in activating oxygen. It is known that the activation
of O, is a key step in gold-catalyzed low-temperature CO oxidation
[58,59]. For gold nanoparticles supported on a reducible oxide (e.g.,
TiO,, FeO,, CeO,, etc.), the active oxygen is provided by metal oxide
support and the reaction is proposed to occur at the perimeter be-
tween the gold particles and the oxide support [57]. In the bimetal-
lic Au-Cu catalyst, we used SBA-15 as the support which cannot
provide active oxygen. However, we found that Cu® in the bimetal-
lic Au-Cu catalyst was easily oxidized into Cu* and Cu?* under CO
oxidation conditions, which strongly suggests that oxygen can be
activated at the Cu sites. At the steady CO oxidation condition,
the Au-Cu bimetallic structure is actually an inverse Au/CuOy
structure where patches of CuO, are supported on the surface of
gold particles (Fig. 9c). Since the gold particle size is only 2-3 nm
[30], one can imagine that the patches of CuO, should be very small
even in a subnanometer range. In this case, the perimeter between
the gold and the CuO, patches is very large, which will boost the
reaction occurred at the perimeter. Therefore, we can conclude
that the Cu component in the Au-Cu bimetallic catalyst plays dual
roles: one is to anchor the gold particles on the silica support and
the other is to provide reactive oxygen for CO oxidation. Both func-
tions are strongly dependent on the segregation of Cu component
to form CuOj, species on the surface of gold particles.

The earlier discussions have also some implications on the reac-
tion nature of the recently reported nanoporous gold [60]. In nano-
porous gold, it was found that the catalytic activity was strongly
associated with the residual amount of silver, and silver was signif-
icantly enriched on the surface. Actually, Haruta [61] proposed that
the active structure of the nanoporous gold is composed of Ag,0
patches dispersed on the gold surface, very similar to our Au-Cu
bimetallic structure depicted in Fig. 9c.

5. Conclusions

In summary, we have provided a clear image about the struc-
tural changes of SBA-15 supported Au-Cu bimetallic nanoparticles
under different pretreatment and CO oxidation reaction conditions,
by using in situ XRD, EPR, FT-IR, and XANES techniques. The as-cal-
cined catalyst is composed of gold core decorated by a layer or
patches of CuO. After being pretreated (activated) with H; at a high
temperature, a part of the CuO was reduced into metallic Cu® and
diffused into gold core to form AusCu, alloy phase, while the other
part of CuO which was directly interacted with the support was
only reduced to Cu* acting as the nano-glue between AusCu; par-
ticles and the support. During CO oxidation, the Cu® component
was enriched on the surface and form CuO, tiny patches on the
gold surface, thus maximizing the perimeter between gold and
CuO,. CO adsorbed on gold reacts with the active oxygen provided
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by the neighboring CuO,, in this way the catalytic activity was en-
hanced greatly in comparison with monometallic gold. The struc-
tural changes demonstrated in this work is not unique for the
Au-Cu bimetallic catalyst, but can also be extended to other
gold-containing bimetallic catalysts such as Au-Ag and Au-Pd
systems. More importantly, the combination of in situ techniques
provides insightful understanding of the catalysis mechanism of
gold-alloy catalyst and directs us to design more active and selec-
tive bimetallic catalysts.
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