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ABSTRACT: This work aims to develop an efficient catalyst
for preferential oxidation (PROX) of CO in a H2-rich gas and
obtain a clear structure−property relationship of the catalyst. A
Au/CuO/SBA-15 catalyst was designed and prepared via a
nanoengineering approach in which the metallic particles of
average size 3 nm located in the vicinity of CuO particles were
highly dispersed on the SBA-15 support. It was found that the
CuO particles could reduce the gold (Au) particle size, stabilize
the Au particles, and facilitate the activation of molecular oxy-
gen. Although this catalyst is extremely active for the PROX
reaction at room temperature and superior to the Au/SBA-15
and CuO/SBA-15 catalysts, it deactivates easily. Clear exper-
imental evidence showed that CuO was reduced to Cu2O and Cu in the reductive reaction gas mixture, and the Cu further
combined/dissolved into the Au particles during the reaction. The alloying of Au and Cu not only decreased the catalytic activity
of the Au particles but also reduced the ability of CuO to activate molecular oxygen. Fortunately, this alloying process could be
reversed via a simple calcination in air to activate the catalyst. The identification of the catalyst structural evolution and this new
contributing factor toward the deactivation of the Au catalysts has provided insights into the field of Au catalysis.
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1. INTRODUCTION
Obtaining clear “structure−property” relationships for catalysts
and thus establishing the groundwork for true rational design of
heterogeneous catalysts are the key objectives in catalysis
study.1,2 In heterogeneous catalysis, various active sites often
coexist in one catalyst. Their structures and performances
depend not only on the bulk property of each catalyst com-
ponent but also on local environmental parameters such as
particle size, geometry, any presence of defects, as well as
interactions among catalyst components, etc. Although in the
past decade progress has been made in catalyst design and de-
velopment with the application of novel nanoparticle synthetic
methods, advanced analytical instrumentation and surface
science techniques, and first-principles calculations,2,3 most of
these active sites and reaction mechanisms are still not well
understood. In the late 1980s, Haruta et al.4 first found that
when gold (Au) particles in some supported Au catalysts were
below 5 nm in size, they exhibited high catalytic activity in CO
oxidation, altering the initial impression that Au was catalyti-
cally inert. Thereafter, this size-dependent catalytic property of
Au catalysts was confirmed in a number of catalytic reactions.5,6

Nevertheless, there are different opinions concerning the nature

of the Au active sites; for example, whether such sites exist as
positive, nonmetallic, or metallic Au atoms or whether certain
defects are present.7−12

In addition, most Au catalysts still suffer from rapid deactiva-
tion, which is a big barrier to their practical applications. Their
deactivation mechanism remains debated and is often attributed
to the agglomeration of Au particles, CO2 poisoning, the con-
sumption of catalyst surface OH groups in a CO oxidation reac-
tion, or the change of oxidation states, etc.13−17 Fortunately, Au
catalysis is usually applied under rather mild conditions, espe-
cially in CO oxidation, thus offering the convenience and feasi-
bility to characterize these catalysts using advanced surface
characterization techniques and enabling one to obtain deep under-
standing of the nature of the active sites and of the reaction/
deactivation mechanism.
In catalyst preparation, nanoengineering often allows for much

better control in particle size, composition, and local environ-
ments. Tsang et al.18 decorated Pt particles with Co atoms and
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achieved improved selectivity in α,β-unsatured aldehyde con-
version to unsaturated alcohols because Co atoms could block
unselective low coordination sites on Pt. To improve the sintering
resistance of the Au particles, Dai et al.19 successfully coated
Au/TiO2 surfaces with a thin SiO2 layer that could anchor the
active Au particles while maintaining their activity. Eichhorn
et al.2 covered Ru nanoparticles with a 1−2-monolayer-thick
shell of Pt particles via a first-principles guided synthesis and
achieved enhanced activity in preferential oxidation of CO in H2-
rich gas. We have noticed that Zhang and Mou’s groups jointly
worked on Au−Cu alloy particles supported on SBA-15, which
exhibited a high activity in CO oxidation.20,21 By comprehen-
sively considering literature results, we anticipate that a good Au
catalyst for CO oxidation should contain at least a small amount
of cationic Au species12 and a reducible catalyst support (MOx)
for molecular oxygen activation,17,22 and the active Au/MOx
particles should be accommodated in certain pores that allow full
access of the reactant molecules while hindering particle
agglomeration.
Here, we report the design and preparation of a highly dis-

persed Au/CuO/SBA-15 catalyst via a nanoengineering
approach and the characterization of this catalyst at the atomic
scale with high-resolution transmission electron microscopy
(HRTEM), and high-angle annular dark field scanning TEM
(HAADF-STEM) and some other in situ techniques. The SBA-
15 support was first functionalized with a layer of 3-amino-
propyltriethoxysilane (APTES) molecules bearing −NH2 groups,
which facilitated the dispersion of Au and CuO particles during
their deposition and precipitation (DP) process. In the pre-
treatment process, instead of just reducing the as-prepared cat-
alyst in H2,

20,21 we further calcined the catalysts in air so as to
generate as many nano Au particles and CuO particles as
possible. The catalyst was tested in the low temperature prefer-
ential oxidation (PROX) reaction because it is an important
industrial reaction used for purification of H2 in hydrogen fuel
cells.23,24 Meanwhile, we made use of techniques such as
HRTEM and HAADF-STEM to characterize the catalysts before
and after the PROX reaction, which revealed the structural
change of individual catalyst particles. For the first time, we have
observed a reversible Cu phase migration and separation to and
from the Au nanoparticles in the cycle of deactivation and re-
generation, revealing that the alloying of Au and Cu components
in this catalyst is the main reason for catalyst deactivation under a
reducing atmosphere at low temperatures.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Au/CuO/SBA-15, Au/SBA-15, and Cu/

SBA-15 Catalysts. Three catalystsAu/CuO/SBA-15, Au/
SBA-15, and Cu/SBA-15with a theoretical loading of 3 wt %
Au and 1 wt % Cu were prepared and tested. The APTES-
functionalized SBA-15 was used as the catalyst support (see the
Supporting Information), and the deposition of both Au and
Cu was achieved at room temperature using the DP method.13

In the DP process, HAuCl4 and Cu(NO3)2 were used as the
precursors, and the solution pH value was adjusted to ∼9 with
0.1 M NaOH. The slurry was continuously stirred for 2 h. The
precipitate was centrifuged and washed with DI water and then
dried at room temperature in a vacuum oven. Au/SBA-15 and
Cu/SBA-15 catalysts were prepared by the same method.
2.2. Characterization of Catalysts. A catalytic test was

carried out in a fixed-bed reactor: typically, 50 mg of catalysts,
supported by quartz wools, was packed into a quartz tube. Prior
to the reaction, a two-step pretreatment of the catalysts was

carried out: (step 1) Reduction of the catalyst was done with
5% H2 in Ar at a flow rate of 20 mL/min at 150 °C for 1 h.
(step 2) After cooling down the catalyst, oxidation was then
carried out under 20 mL/min of purified air at 400 °C for
another 1 h to remove the organic residue in the catalyst and
form the CuO phase. After the pretreatment, the catalyst was
tested in a gas stream with a composition of 1% CO, 1% O2,
18% CO2, and 78% H2 (this gas mixture imitated the real
reformate composition and was purchased from National
Oxygen Pte. Ltd., Singapore) at a GHSV of 20 000 h−1. The
reactants and products were analyzed online using a GC
(Shimadzu-14B) equipped with both TCD and FID detectors.
The following formulas give the calculation of the CO
conversion and CO2 selectivity:

= × −

CO conversion (%)

100 [CO (inlet) CO (outlet)]/CO (inlet) (1)

= ×CO selectivity (%) 100 [reacted CO/reacted O ]2 2
(2)

The temperature-programmed reduction (TPR) measure-
ments were performed on a Thermo TPD/R/O 1100. A 50 mg
portion of each sample was pretreated in purified air at 300 °C
for 1 h, cooled down in Ar gas, and then reduced with 5% H2
from room temperature to 800 °C at a ramp rate of 10 °C/min.
The in situ FT-IR measurement for CO adsorption (diffusion
reflectance FT-IR, DRIFTS) was done in a DRIFT cell, which
was embedded in an Excalibur Series FT-IR spectrometer. All
samples were subjected to the two-step pretreatment process
mentioned earlier in the DRIFT cell. Following the pretreat-
ment, the samples were cooled down and then purged with Ar
gas for 30 min before introducing 2.5% CO gas in Ar into the
cell.
The solid UV−visible absorption spectrum was measured

using a Shimadzu UV-3600 spectrophotometer equipped with
three detectors: A PMT detector (photomultiplier tube) for the
ultraviolet and visible regions and InGaAs and PbS detectors for
the near-infrared region. A background reference was taken using
barium sulfate before the measurements. Samples (10−20 mg)
were pressed in the middle of a barium sulfate pellet in the
sample holder and scanned in the range of 185−900 nm.

2.3. TEM Analysis and Electron Tomography of
Catalysts. TEM observations and 3D electron tomography
were performed on a FEI Titan 80/300 S/TEM (scanning/
transmission electron microscope) operated at an accelerating
voltage of 200 kV. For TEM sample preparation, catalyst powders
were dispersed in ethanol with the assistance of sonication, and
one drop of the solution was dropped onto a carbon-coated TEM
grid. The magnification of high-resolution TEM images was care-
fully calibrated by a standard Si sample. The lattice distances of
catalysts were calculated using the fast Fourier transform of the
image obtained with an error of 1% (0.002 nm). The HAADF-
STEM images were constructed by collecting the electrons
scattered to the high angles when the nanosized beam was scan-
ned across the specimen. Since the phase and diffraction con-
trast is significantly suppressed in HAADF-STEM image and
the intensity of the image is approximately proportional to the
square atomic number (Z2) of the scattering materials, one is
able to discriminate the nanosized metallic particles from a
thick oxide support due to a large Z difference between AuCu
and silica SBA-15. The size distributions of metallic particles
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were determined by a random selection of more than 100
particles from HAADF-STEM images for each sample.
The composition analysis of each metal particle was carried

out using energy dispersive X-ray spectroscopy (EDX) at both
TEM and STEM modes. Instead of Cu grids, Mo TEM grids
were used to obtain accurate atomic ratios between Au and Cu.
The specimen was tilted 10° toward the detector to minimize the
blockage of TEM grid bars to X-ray emissions. In the STEM
mode, the probing size of the converged beam was between
0.2 and 0.3 nm, and beam spot size 6 was selected to obtain a
better signal-to-noise ratio. The acquisition time for each spec-
trum was 15 s.
For electron tomography, a total of 70 HAADF-STEM

images were collected with a tilt range of −64° to 74°, at 2°
incremental steps. The stage tilting and image acquisition were
done automatically by the FEI Xplore-3D tomography pro-
gram, and the tracking and refocusing of the sample area were
carried out manually to shorten the total acquisition time and
minimize beam damage to the sample. The magnification of the
STEM images was 180 000 times, corresponding to 0.70 nm
per pixel. The acquisition time for one 1024 × 1024 sized
image was 20 s. The final tilt series data were aligned using a
cross-correlation method and reconstructed by a simultaneous
iterative reconstruction technique (50 iterations) using
Inspect3D, and the reconstructed 3D volume was visualized
by voxel rendering and orthogonal slices using Amira 4.1. The
resolution of the reconstructed tomogram was about 1 nm.25

3. RESULTS
3.1. Catalytic Evaluation of Catalysts. Figure 1 illustrates

the catalytic performance of the Au/CuO/SBA-15 catalyst at
different reaction conditions. At room temperature (Figure 1a),
the CO conversion reaches almost 100% on Au/CuO/SBA-15
(the lowest CO concentration on Au/CuO/SBA-15 at GHSV =
20 000 h−1 is close to 2 ppm), 59% on Au/SBA-15, and 0.2%
on CuO/SBA-15 (the results not shown here for the latter two
catalysts). However, this Au/CuO/SBA-15 catalyst deactivates
easily. After a 3 h reaction, the CO conversion starts to decline,
and after ∼8 h, only ∼20% conversion is achieved. Figure 1b
shows the catalytic performance at various reaction temper-
atures. The CO conversion always decreases with an increase in
reaction temperature. At 150 °C, only 15% conversion is
achieved. It can be observed that the decrease in CO con-
version with reaction temperature is parallel to the decrease in
the CO2 selectivity, whereas the O2 conversion remains high
and similar above 50 °C (Figure 1b). This indicates that the
competing H2 oxidation becomes obvious at higher reaction
temperatures. The accumulation effect due to previous stages,
as the temperature is raised, is negligible because a temperature-
dependent CO conversion profile (Figure S1 of the Supporting
Information) done from 150 to 25 °C coincides closely with
that from 25 to 150 °C (Figure 1b). In addition, the catalyst
also shows thermal deactivation when it is heated to 100 °C
(Figure S2 of the Supporting Information).
The catalytic activity at room temperature measured at a

higher GHSV of 40 000 h−1 dropped from 55% to 26%, after
the catalyst was heated to 100 °C for a brief period. Figure 1c
shows the effect of various regeneration methods on the cat-
alytic performance. After deactivation, the catalyst can be regen-
erated via a calcination step in air at 300 °C. Meanwhile,
treatments both in H2 and in CO lead to lower catalytic activities.
It should be noted that the second round of regeneration in air
only partially recovers the catalytic activity. To prove that the

oxidation treatment in the pretreatment of the catalyst is nec-
essary for generating a highly active catalyst, the catalyst was
further reduced by 5% H2/Ar at 400 °C for 1 h after the 2-step
pretreatment (Figure S3 of the Supporting Information). The
result shows a significant drop in the initial CO conversion at
room temperature from 100% to 70% for the reduced catalyst,
indicating that the reduction treatment at 400 °C leads to a lower
catalytic activity.

3.2. Structural Analysis of Au/CuO/SBA-15 Catalysts.
To understand the “structure-catalytic property” relationship,
the size, morphology, composition, chemical states, and cat-
alytic effectiveness of the Au/CuO/SBA-15, Au/SBA-15, and Cu/
SBA-15 catalysts were carefully studied by various techniques,
including HRTEM, HAADF-STEM, electron tomography, UV−
vis, TPR, and DRIFTS. Figure 2 shows the XRD patterns of the

Figure 1. Catalytic performance profiles of the Au−Cu/SBA-15
catalyst at GHSV = 20 000 h−1: (a) time-dependent CO conversion at
room temperature, (b) temperature-dependent CO oxidation on the
same catalyst, and (c) after various regeneration treatments. The CO2
selectivity is also shown in part b.
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Au/CuO/SBA-15 catalyst after being activated using the two-step
pretreatment process. No peaks related to Au, Cu, or CuO are
observed, indicating low loading of the metal precursors or very
small particle size. However, after a direct calcination in air only
at 200 °C for 1 h or after reaction at 100 °C for 10 h, diffraction
peaks of metallic Au particles appear in the Au/CuO/SBA-15
catalyst, indicating the growth of the Au particles. TEM mea-
surements show that the average Au particle size is 3.7 nm in the
former (Supporting Information, Figure S4) and much bigger in
the latter.
The HAADF-STEM image of the Au/CuO/SBA-15 catalyst

in Figure 3a shows that nanosized metallic particles are uni-
formly dispersed on the mesoporous support. The mean metal-
lic particle size is 3.0 nm with a standard deviation of 30%
(Figure 3e), indicating a narrow size distribution. It is noted
that the average metal particle size in Au/CuO/SBA-15 is smaller
than that in Au/SBA-15 (3.7 nm, as shown in Figure 4a), sugges-
ting that the introduction of the Cu phase facilitates the higher
dispersion of smaller Au particles. To identify the locations of the
supported metallic particles, electron tomography was used to
present a 3-dimensional (3D) visualization. The 3D volume re-
constructed by HAADF-STEM tomography reveals a relatively
homogeneous distribution of metallic particles across the porous
supports, as shown in Figure 3b and in a movie in the Supporting
Information. An x−y slice, shown in Figure 3c and taken from
the middle of the mesoporous support with a thickness of
0.7 nm, further supports that the metal particles are, indeed,
located inside the channels of the mesoporous SBA-15 support
rather than on the external surface of the support.
The actual loading of elemental Au to Cu onto the meso-

porous support in Au/CuO/SBA-15 measured by EDX is
around 85:15 by weight ratio, lower than the precursor ratio of
3:1 used in the synthesis. This suggests a limited loading of Cu
on the SBA-15 support and a particle composition that is differ-
ent from the theoretical loading. Copper is an element that is
easily oxidized into Cu2O or CuO by oxygen at high tem-
peratures. The detailed structural analysis of Cu/SBA-15 reveals
that no metallic Cu nanoparticles were formed after having
gone through the 2-step pretreatment process.
Figure 5 shows the typical TEM and STEM images of the

Cu/SBA-15 catalyst, in which the mesoporous channels are

quite “smooth”. We did not observe any nucleation of Cu
related particles on the surface, probably because of the low
contrast between the oxide particles and the thick SBA-15 sup-
port (from hundred of nanometers to several micrometers thick).
However, corresponding EDX spectra taken from the mesoporous

Figure 2. XRD patterns of the Au−Cu/SBA-15 samples (a) dried and
before reaction, (b) after calcination at 200 °C for 1 h, (c) after
pretreatment in H2 for 1 h at 150 °C and oxidation in air for 1 h at
400 °C, and (d) after reaction at 100 °C for 10 h. For comparison,
standard XRD patterns of Au and Cu are indicated by diamonds and
triangles.

Figure 3. (a) HAADF-STEM image of the Au/CuO/SBA-15 catalyst
after the activation; (b) corresponding 3D visualization; (c) an x-y
slice showing that the metallic particles are mostly anchored inside the
pore channels; (d) HRTEM image of metallic particles; (e) histogram
of particle size distribution derived from 330 particles; and (f) atomic
percentage of Cu in 33 metallic particles showing most particles are
either pure Au or Au-dominant AuCu alloy.

Figure 4. STEM image of 3% Au/SBA-15 (a) before and (b) after the
catalytic reaction at room temperature for 24 h.
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supports confirmed the presence of Cu element on the support
almost everywhere, without any other impurities being
detected. Although the thick SBA-15 support makes it difficult
to obtain clear observation of the structures using TEM, some
crystalline materials at the edge of SBA-15 in HRTEM images
are still spotted. The lattice spacings measured in Figure 5c are
0.254 and 0.229 nm, and that in Figure 5d measured 0.253,
0.229, and 0.149 nm, respectively. The lattice distances measured
from HRTEM images agree well with that of crystalline CuO
(JCPDS 48−1548), which have spacings of 0.253, 0.252, 0.232,
and 0.150 nm for {11−1}, {002}, {111}, and {113} planes,
respectively. This confirms that no metallic Cu nano-
particles are formed in the Cu/SBA-15 catalysts after reduction
and further oxidation at 400 °C in air. Instead, highly dispersed
and crystalline CuO is observed on the surface of the SBA-15
support as a result of the oxidation of Cu phase, resulting in the
composition of CuO/SBA-15 catalyst.
Formation of CuO is also expected on the Au/CuO/SBA-15

catalyst, which underwent the same pretreatment. However, it
is difficult to accurately determine the composition of indivi-
dual metallic particles on the mesoporous support due to the
overlapping copper signals originating from the CuO that is
widely supported on the substrate. To remove the background
Cu (from CuO) signals from the substrate, we have conducted
a point EDX analysis by selecting individual metallic particles
on the carbon membrane. These individual particles were
separated from the mesoporous support by ultrasound sonica-
tion during the TEM sample preparation. Thirty-three individual
metallic particles were analyzed, and it is found that most of the

particles are either pure Au or AuCu alloys with <5 at. % of Cu
inside, as shown in Figure 3f.
The HRTEM image in Figure 3d revealed the particles have

single crystalline structures with a discernible lattice spacing of
0.203 and 0.233 nm, which is close to the spacings of 0.205 nm
for Au {100} and 0.236 nm for Au {111} planes, further sup-
porting that the metal particles are either pure gold or an alloy
of AuCu containing a very low content of Cu. Thus, the actual
composition of formed Au/CuO/SBA-15 catalyst is AuxCu1−x/
CuO/SBA-15 (x > 0.95), with the CuO phase being located
either between Au and SBA-15 or highly dispersed on SBA-15
(Figure 5). For simplicity, hereafter, we will still state the cat-
alyst as Au/CuO/SBA-15 unless specially mentioned otherwise.
It is worth noting that stronger interaction between Au and
CuO than that between Au and SBA-15 is naturally expected.

3.3. Structural Evolution of Au/CuO/SBA-15 Catalysts
after Deactivation and Regeneration. Figure 6 and Figure
S5 of the Supporting Information show the STEM and
HRTEM images of the Au/CuO/SBA-15 catalyst after deac-
tivation (reacted at room temperature for 13 h) and after the
first regeneration in air at 300 °C respectively. For the deac-
tivated and regenerated samples, their average particle size is
3.1 nm, slightly different from the size of the fresh catalyst
before reaction (3 nm). In the deactivated catalyst, it is interes-
ting to note that some CuO particles were reduced to Cu2O, as
determined by the lattice fringes of 0.247 nm, which corres-
ponds to the {111} planes of Cu2O in Figure 6c. On the other
hand, in the regenerated catalyst, only CuO is detected, indica-
ting the partial reduction of CuO in the PROX reaction even

Figure 5. TEM analysis of CuO/SBA-15 catalyst after activation. (a) HAADF-STEM image; (b) EDX spectrum of the corresponding area (Mo
TEM grid); (c, d) two HRTEM images with the corresponding FFT images shown in the inset.
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at room temperature, and the reoxidation of Cu2O in the
regeneration.
The main difference in the activated, deactivated, and regen-

erated catalysts lies in the composition of metallic particles
(Au/Cu ratio) measured via point EDX analysis. Comparing
the graph in Figure 3f and the graphs between a and c and b
and d in Figure 6, it is clearly seen that the freshly activated
catalyst has a low Cu content in the AuxCu1−x metallic particles
(x > 0.95), whereas the deactivated catalyst has a much higher
Cu content (0.95 > x > 0.8). After the regeneration, the Cu
content in the AuxCu1−x particles decreased again (x > 0.95).
Assuming a linear relationship between the lattice constant and
the composition of alloy, we can determine the composition in
the alloy using Vegard’s law,26 an alternative method with
which the lattice parameter of AuxCu1−x alloy can be estimated
by using the formula aAuCu‑alloy = xaAu + (1−x)aCu. The lattice
spacing of AuxCu1−x (0.95 > x > 0.8) particles in the deac-
tivated catalyst is measured at 0.234 nm in Figure 6c.
Ten other HRTEM images of the AuCu alloy particles were

depicted in Figure S6 in the Supporting Information. The
lattice spacings of AuCu alloy {111} planes were measured
between 0.231 and 0.236 nm, corresponding to a Cu content of
17 (0.231 nm), 13 (0.232 nm), 9 (0.233 nm), and 6 at.
% (0.234 nm) in the AuxCu1−x alloy. This is in good agreement
with the measurement from single particles using EDX, in
which the molar percentage of Au in the AuxCu1−x alloy
particles after reaction ranged between 80% and 95%. However,
the Vegard’s law is only approximately valid for those binary
materials with small difference in lattice parameter and bulk
crystals.

A larger deviation to the Vegard’s law is expected in nano-
particles as a result of the lattice relaxation on the surface,
making the change in lattice distance smaller with a low con-
centration of copper. Since the HRTEM image is subjected to
instrumental error of 1% or 0.002 nm, it is also difficult to
differentiate the small difference in lattice spacing of alloy nano-
particles with a lower percentage of copper in the alloy. Thus, it
is more reliable to determine the metallic particle composition
by both localized EDX analysis of individual particles and lattice
calculation. Correlating this with the catalytic performance, it
can be concluded that pure Au particles or AuxCu1−x alloy with
a low fraction of Cu are highly active for CO oxidation and that
alloying of Au with more Cu leads to the deactivation. Obvi-
ously, a Cu phase migration into Au metallic particles has
occurred during the PROX reaction at room temperature, and
it is reversed in the regeneration process because of the oxida-
tion of Cu in the alloy.
In addition to the atomic and localized analysis using TEM,

the catalysts were further characterized by other techniques to
provide statistical evidence for the above hypothesis. Figure 7

shows the UV−vis spectra measured for Au/CuO/SBA-15 and
CuO/SBA-15 catalysts after various treatments and after the
PROX reaction at room temperature. A sharp absorbance peak
near 530 nm is observed for the Au/CuO/SBA-15 catalyst cal-
cined at 200 °C in air (see Figure 7). For the activated catalyst
that underwent through the two-step pretreatment process, the
absorption occurs at 510 nm, indicating a much smaller metal
particle size and a higher dispersion,27 although it was calcined
at a higher temperature. This result is in agreement with XRD
measurement (Figure 2). Likewise, after the PROX reaction,
small AuxCu1−x particles are still present, as supported by the
weak absorbance peak near 510 nm. However, after the regen-
eration, in addition to the weak absorbance peak at around
510 nm, a new peak at ∼730 nm also appears, indicating the
additional formation of large CuO particles,28 which should
have a negative influence on the catalytic performance of the
catalyst. Clearly, one of the roles of the regeneration is to
recover the CuO phase in the catalyst. For the Au/SBA-15 cat-
alyst, after the reaction at room temperature for 24 h, a sharp
absorption peak is observed (Figure 7e), indicating an increase
in the Au particle size. Thus, it is clear that CuO can maintain
and stabilize the high dispersion of small Au particles on the
catalyst support, which is understandable because CuO has a

Figure 6. STEM and HRTEM images of the Au/CuO/SBA-15
catalyst: (a, c) deactivated catalysts after reaction at room temperature
for 24 h and (b, d) regenerated catalysts at 300 °C in air. The graphs
between a and c and b and d show the measured composition of the
individual metallic particles.

Figure 7. UV−vis spectra for Au−Cu/SBA-15 catalysts experienced
with various treatments: (a) catalysts calcined in air at 200 °C for 1 h,
(b) after activation (reduced in H2 at 150 °C then oxidized at
400 °C in air), (c) after reaction at room temperature for 13 h,
(d) regenerated in air, and (e) Au/SBA-15 catalysts after reaction.
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much stronger interaction with Au particles than the SBA-15
surface (silica).
Figure 8 presents the TPR profiles of the three catalysts. These

reduction peaks reflect the reduction behavior of the metal oxides

or the reactivity of the active oxygen species associated with the
metal ions toward H2. The lower the reduction peak temperature,
the higher the reactivity. The Au/SBA-15 catalyst has a weak
reduction peak at 104 °C, indicating a very high reactivity of the
active oxygen species associated with the Au cation (AuOδ).

29 For
the CuO/SBA-15 sample, the observation of a single reduction
peak at 250 °C indicates that the reduction of CuO to metallic Cu
is a one-step reaction and that there is a much lower reactivity of
the activity oxygen species toward H2 in CuO than that in AuOδ.
In the Au/CuO/SBA-15 catalyst, the intensity of the low

reduction peak at 100 °C is much higher than that of the Au/
SBA-15 catalyst. Three new peaks at 230, 323, and 380 °C are
observed, indicating a multistep reduction process of CuO
(CuO → Cu2O → Cu) as well as the heterogeneity of the
catalyst surface. The appearance of Cu2O phase is also confirmed by
TEM observation. Kim et al.30 has performed a systematic study on
the reduction behaviors of CuO using 5% H2 in He and found that
with sufficient H2, CuO could be reduced to metallic Cu in one step,
and with insufficient H2, Cu2O could be formed as an intermediate.
The reduction of CuO is easier than that of Cu2O. Previously

we have proved using in situ TG-FT-IR technique that the
deposition of nanosized Au particles on α-Fe2O3 support led to
the generation of a larger amount of active oxygen than pure
α-Fe2O3, and these active oxygen species could easily react with
CO in low reaction temperatures.31 The significantly increased
active oxygen amount on the Au/CuO/SBA-15 catalyst (top
curve in Figure 8) could be attributed to a synergetic effect
between the two components. In the TPR experiment, a rapid
consumption of H2 was expected by the increased amount of active
oxygen species, leading to a lack of sufficient H2 for CuO reduction,
thus causing the formation of Cu2O species. The detailed interaction
between Au and CuO should be further investigated in the future.
The Au/CuO/SBA-15 catalyst was also tested for PROX

reaction at high temperature. Figure 9 shows the TEM result
for the catalyst before and after the reaction at 100 °C. After the
reaction, the most significant change in the catalyst is the
formation of linear Au or Au−Cu nanoparticles due to a higher
surface diffusion rate of the metals, indicating the mobility of
the nanoparticles in the SBA-15 channels. A similar pheno-
menon was observed for the catalyst of Pt deposited on FSM-
16 in a CO/H2O mixture.32 The agglomeration of Au particles

is detrimental and will have a negative impact on their catalytic
activity.
The DRIFTS results measured at 30 and 150 °C, re-

spectively, for the Au/CuO/SBA-15, CuO/SBA-15, and Au/
SBA-15 catalysts are presented in Figure S7 of the Supporting
Information. Comparing the spectra during CO adsorption at
30 °C, CO molecules absorbed on metallic Au (2000−
2031 cm−1) and on cationic CuOx or AuOy (2100−2171 cm−1)
are always identified for the three catalysts.31−35 However, up-
on a closer look at the changes in the absorbance peak intensity
near 2000 and 2100 cm−1 (Figure S7A, C, and E of the
Supporting Information), it can be concluded that the Au com-
ponent should be mainly in the form of metallic Au, and any
cationic Au species are difficult to identify because even for the
Au/SBA-15 catalyst (Figure S7E of the Supporting Informa-
tion), there is almost no change in the absorbance between
2100 and 2200 cm−1 after the CO absorption. Probably only a
trace amount of cationic Au species exists at the interface, if
there is any.
For the FT-IR spectra measured at 150 °C, the overall CO

absorbance becomes very weak in the whole range. Meanwhile,
there are no obvious changes in the OH group absorbance
(3500−4000 cm−1) after the CO introduction. In contrast, a
peak near 1640 cm−1 is always observed for the spectra mea-
sured at 30 °C, which can be assigned to the existence of
moisture. Considering the fact that a H2-rich gas is used in our
PROX reaction, a competitive oxidation of H2 always exists (see
Figure 1b, oxygen selectivity is always less than 100%), which
can generate a trace amount of H2O. Thus, it is reasonable to
assume that there should be no lack of surface OH groups on

Figure 8. TPR profiles of various catalysts after the activation.

Figure 9. TEM analysis of the Au/CuO/SBA-15 catalyst before and
after reaction at 100 °C for 5 h: (a) before the reaction and (b) after
the reaction.
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our catalysts during the PROX reaction. In addition, comparing
with the IR spectra on the catalyst before CO adsorption, no
obvious surface carbonate accumulation (1600−1700 cm−1) is
observed, probably because of the acidic property of the silica
surface.

4. DISCUSSION
On the basis of the above results, we have proposed the follow-
ing mechanism to explain the activation and deactivation of
catalysts. During the synthesis process, the Au and Cu pre-
cursors are homogeneously mixed and precipitated on the
mesoporous support. Subsequently, nanosized Cu, Au, or AuCu
alloy particles are formed by the H2 reduction in step 1 of the
pretreatment process. The single-phase Cu and Cu in the AuCu
alloy is then oxidized to CuO particles on the substrate in
step 2 of the pretreatment process, resulting in the formation of
Au or Au dominant AuxCu1−x nanoparticles and highly dis-
persed CuO on mesoporous substrates. The addition of Cu in
the AuCu alloy in step 1 pretreatment can also generate active
Au/CuO or AuxCu1−x/CuO catalysts with smaller Au or
AuxCu1−x size (3.0 nm as compared with 3.7 nm for the Au/
SBA-15 catalyst) due to the depletion and oxidation of the Cu
fraction into CuO, where the as-generated CuO are attached to
the Au or AuxCu1−x metallic particles. The formation of well-
mixed Au−Cu particles in step 1 pretreatment is important to
the nucleation of nanosized Au particles (3 nm). After the
oxidation, Au can be segregated from the alloy into small-sized
particles and generates stronger interaction with CuO. The
direct calcination of the pristine catalysts only led to the nuclea-
tion of bigger Au particles (3.7 nm) as a result of the nano
diffusion of free Au species, which has already been confirmed by
XRD (Figure 2b and Figure S4 of the Supporting Information).
It is noted that the size of Au particles after 200 °C calcination
(3.7 ± 0.92 nm) is similar to that of the pure Au/SBA-15 sample
(3.7 ± 1.0 nm), further indicating the importance of Au−CuO
interaction for the synthesis of nanocatalysts. Without the forma-
tion of the AuCu alloy during step 1 pretreatment, the diffusion
and nucleation behavior of Au on AuCu/SBA-15 is almost the
same as that in the Au/SBA-15 catalyst. Thus, the 2-step pre-
treatment process plays an important role in activating the Au/
CuO/SBA-15 (x > 0.95) catalyst.
Sra et al.36 found that from room temperature to 175 °C, Cu

can diffuse into Au to form an atomically disordered solid solu-
tion CuxAu1−x. The ordered AuCu and AuCu3 start to be nucle-
ated at 200 and 300 °C, respectively. At 400 °C, these ordered
alloy structures start to decompose or become disordered, and by
500 °C, the solid solution will be completely dealloyed to
metallic Au and some Cu2O by reacting with trace oxygen. In
our synthesis process, the structural evolution from AuCu/
SBA-15 (formed after the H2 reduction in the catalyst activation)
to AuxCu1−x/CuO/SBA-15 (formed after oxidation in air in the
catalyst activation) agrees well with Sra’s findings, except that
the Cu can be fully oxidized to CuO in air at low temperature
(400 °C).
Our TEM results showed that there is almost no change for

the Au particle size in the Au/CuO/SBA-15 catalyst after the
PROX reaction for 13 h at room temperature. The average
particle size of the catalyst before the reaction, after the reac-
tion, and after the regeneration is 3.0 ± 0.86, 3.1 ± 0.75, and
3.1 ± 0.62 nm, respectively. The decreasing standard deviation
of particle size after reaction is caused by the decrease in
particles smaller than 2 nm. The percentage of particles with
a diameter of <2 nm decreases from 13.2% before reaction

to <5.2% after reaction, resulting in the narrower size dis-
tribution after the reaction. Nonetheless, even with a similar
size range obtained after the regeneration, the catalytic perfor-
mance of particles can still be recovered by 90%. This suggests
that the diminishing of the particles smaller than 2 nm has only
a minor impact on the catalytic properties. Furthermore, in
comparison with the 3% Au/SBA-15 catalysts, in which the
average size has increased from 3.7 to 7.9 nm, the addition of
Cu in the catalyst significantly hinders the aggregation and
growth of the Au particles due to the alloying process and
strong interaction between metallic Au or AuxCu1−x and CuO.
However, a significant change in AuxCu1−x particle composi-

tion did occur after the reaction at room temperature and after
the regeneration. After the reaction, the Cu content in
AuxCu1−x particles was significantly increased, but it was re-
verted back to the initial level after subsequent regeneration.
No CuO or Cu2O shells on the outside of Au particles were ob-
served under TEM. Instead, an almost pure metallic phase was
still observed after the reaction. As known, Au−Cu can form a
solid solution and various ordered structures, such as AuCu,
AuCu3, and Au3Cu, depending on Au/Cu ratio and treatment
conditions. In our case, the Cu content increment in AuxCu1−x
particles after the PROX reaction test at room temperature
indicates that CuO was reduced to Cu2O or even metallic Cu,
and the latter either further combined with the AuxCu1−x parti-
cles or dissolved in them, and x changes from larger than 0.95
to between 0.8 and 0.95. From the aspects of oxygen activation
and stabilization of Au particles, this reduction behavior of the
CuO phase to Cu2O and Cu is not beneficial to obtaining a
high catalytic activity. Correlating with the catalytic perform-
ance, it is thus concluded that this further alloying process
actually causes the deactivation of the catalysts at low reaction
temperatures. At high temperatures (≥100 °C), the AuxCu1−x
particles become mobile in the CO gas, thus growing into
bigger particles, which becomes another dominant factor that
leads to the deactivation. The formation of these linear aggre-
gates confirms that most of the Au particles are distributed
inside the channels of SBA-15, as observed by electron tomo-
graphy (Figure 3).
In other words, the most active catalyst configuration is that

of Au/CuO/SBA-15, which consists of very small Au or
AuxCu1−x particles in the immediate vicinity of CuO particles,
with both of them being highly dispersed on SBA-15. This
explains why in both catalyst activation and regeneration, the
oxidation treatment process is always necessary to keep the
catalyst active, as it can regenerate the CuO phase and reverse
the alloying of the Au−Cu particles. This is also proven in
Figure S3B of the Supporting Information, where the catalyst
was subjected to a 400 °C reduction treatment after the two-step
pretreatment, and a significant drop in catalytic activity was
observed. The structural changes of the catalyst and the reaction
mechanism are summarized and schematized in Figure 10.
Recently, Liu et al.20 reported that for Au3Cu1/SiO2 catalyst,

the most active phase for CO oxidation was a Au core decorat-
ed with tiny Cu2O patches. The Au core could adsorb CO mol-
ecules, and the Cu2O phase could supply active oxygen. A
similar phenomenon was observed by Dai et al.,37 who had
started from an AuCu/SiO2 alloy catalyst, but concluded that
the active catalyst was Au−CuOx/SiO2 after various treatments.
In retrospect, these results support our conclusion that the
most active phase is neither the Au−Cu alloy nor their solid
solution, but the Au/CuO combination. The roles of the
metal oxide layer in CO oxidation have been proposed by
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Nieuwenhuys et al.,38 who believed that in the Au/MOx/Al2O3
systems (MCr, Mn, Fe, Co, Ni, Cu and Zn), CO molecules
are adsorbed on Au particles or at the Au/MOx perimeter and
then oxidized by the active O donated by MOx. Liu et al.39

proved the existence of two kinds of active sites in supported Pt
and Pd on FeOx catalysts. One is the Pt or Pd site for CO
activation, and the other is the FeOx for oxygen activation.
Zheng et al.17 proposed that OH groups near oxygen vacancies
in the TiO2 supports are also involved in the oxygen activation.
Although further clarification of the pathways for molecular
oxygen activation is needed, clearly, it is related to the metal
oxide support.
This Au-CuO/SBA-15 system is quite complicated and the

interference from the SBA-15 support and low loadings of the
metal components make it more difficult for some in situ char-
acterizations. We are currently conducting experiments on
AuCu model catalysts using in situ TEM and in situ XPS. Their
results are expected to validate our predictions in this work and
address some other critical issues of the AuCu catalyst used in
PROX reaction, such as the nucleation process of alloy particles
and oxidation state of Cu during PROX reactions.

■ CONCLUSION

In summary, we have successfully prepared an Au/CuO/SBA-15
catalyst via a nanoengineering approach. This includes the sur-
face modification of SBA-15 with APTES molecules and the DP
method for Au and Cu deposition. A two-step pretreatment
process, which generates an active phase consisting of very small
Au or AuxCu1−x particles in the immediate vicinity of highly dis-
persed CuO layer on SBA-15, results in a highly active catalyst
for the PROX reaction. Three roles have been identified for the
CuO layer: (i) minimizing the Au particle size and (ii) stabilizing
them and (iii) facilitating the activation of molecular oxygen.
This metal−oxide biparticle structure is highly active for

PROX reaction. It is found to be superior to both the Au/SBA-
15 and the CuO/SBA-15 catalysts. However, this type of cat-
alyst deactivates easily at both room temperature and high
reaction temperatures, because CuO is reduced to Cu2O and
Cu under the reducing atmosphere, and the Cu phase further
migrates to Au particles and combine/dissolve in them.
Although we cannot exclude that some other factors may also
lead to the deactivation of the catalysts, for example, the growth
of the Au particles; however, in the early stage of the reaction at
low temperatures, the main reason for the deactivation of the

catalyst is due to the alloying of Au and Cu. This alloying
process can be reversed via the oxidation treatment process. At
high reaction temperatures (≥100 °C), in addition to the
combination of Au with Cu, the agglomeration of Au particles
also needs to be suppressed to prevent the deactivation of the
catalyst. We believe these fundamental findings will play an
important role in new catalyst design and development as well
as deepen our understanding of the catalytic behaviors.
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