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ABSTRACT: The intrinsic reactivity of atomically dispersed
gold catalysts for low-temperature (L-T) CO oxidation
remains an elusive issue. Here, two kinds of atomically
dispersed gold with different loadings supported on nanoceria
prepared via a deposition precipitation method were evaluated
as catalysts for L-T CO oxidation. Much distinct differences in
catalyzing CO oxidation behaviors were exhibited on the two
kinds of gold catalysts. These weakly anchored gold species in
the 1% Au/CeO, (1 wt % gold loading) catalyst revealed
increasing reactivity under the reaction condition, while these
strongly anchored ones in the 0.5% Au/CeO, (0.5 wt % gold
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loading) catalyst were inactive. For the 1% Au/CeO, catalyst, in situ diffuse reflectance infrared spectroscopy (DRIFTS) proved
gold species transformation from Au™ (1 < n < 3) to Au® (0 < 6§ < 1), and simultaneously, aberration-corrected scanning
transmission electron microscope measurements confirmed that partial atomically dispersed gold species transformed into gold
clusters. While for 0.5% Au/CeO,, atomically dispersed Au™" (1 < n < 3) hardly varied in catalyzing CO oxidation at room
temperature (RT). CO adsorption tests by in situ DRIFTS combining with the kinetics measurements demonstrated that these
formed Au’* sites were much superior in adsorbing CO molecules than monodispersed Au™" atoms at RT. Therefore, the gap in
capturing CO molecules intrinsically resulted in the distinct catalytic performance for clustered Au®* (0 < & < 1) and atomically

dispersed Au™ (1 < n < 3).

1. INTRODUCTION

Because the pioneering research on small-size Au species, ultra-
active for CO oxidation, was discovered by Haruta in 1987,
more and more scientists have been attracted to reveal the
structural—function relation of supported gold catalysts.”>
Thus far, people have indicated that the states of gold
species,”” the redox properties of the support,”” and the
interactions between gold species and matrix materials,"’
strongly influenced catalytic performance. Among them, the
authentic contributions of gold in various states that include
nanoparticles (NPs), clusters, and sinlgle atoms (SAs) to the
catalytic activity were under debate.""” For the gold particles
and gold clusters, which are mainly rich in metallic surface
sites, the high-active nature of them in catalyzing CO oxidation
has been revealed."*™'° Besides gold particles and clusters, gold
single atoms have also attracted great interest.'’ >' SAs
catalysts (SACs) can achieve the ultimate goal of fine
dispersion'®"*° and maximize the utilization of metal atoms,
which is especially important for supported noble metal
catalysts.”' However, single atoms stayed at a low-coordination
environment including many unsaturated coordination sites, so
the surface free energy of metal atoms is considerably high,
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leading to the formation of small clusters.”"** Therefore,
limited by their instability and complexity under the reaction
condition, the activity contributions of gold single atoms still
remain intensely controversial.**~*°

Zhang et al. reported that supported Au single atoms
exhibited high activity and excellent stability for CO oxidation
in the Au/FeO, system.”® They have reported that singly
dispersed Au showed higher selectivity to CO oxidation and
very low selectivity to H, oxidation at 80 °C, compared with
corresponding Au clusters and NPs for CO-PROX reaction.”’
However, very little information concerning how CO and O,
reacted on supported gold single atoms was mentioned. Li et
al. proposed dynamic single atom catalysis based on theoretical
simulations.”®*” They thought gold atoms with the cationic
state could break away from the gold NPs to catalyze the
reaction and then reintegrated back to Au NPs after the CO
oxidation reaction. Therefore, the dynamic Au single atoms
served as the active sites in the catalytic process. However,
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some reports also demonstrated that mononuclear cationic Au
species were much less active for CO oxidation, compared with
the small gold clusters and NPs.”’" As probed by operando
diffuse reflectance infrared spectroscopy (DRIFTS) combined
with quadruple mass spectrometry, Wu et al. found isolated Au
atoms were inactive, while metallic Au species were extremely
active for CO oxidation at room temperature (RT) in the Au/
SiO, system.”” Corma et al. compared reactivity from the
perspective of activated oxygen.”> Characterization of the spent
sample indicated that the active species were not the isolated
gold atoms presented in the as-prepared catalyst but were
other metal species formed during the reaction. They thought
isolated gold atoms cannot activate O,, but small gold clusters
are excellent catalysts for O, activation, according to the
theoretical study of the reaction mechanism. Gates and
Aguilar-Guerrero thought formation of clusters is beneficial
for enhancement of activity.”” Kinetics result was described
quantitatively with apparent activation energy of the cluster
only about one-third of the value of mononuclear gold
complexes. Meanwhile, they believed that the real active site is
gold clusters and the catalytic behavior observed with the
sample incorporating the mononuclear gold complexes should
be attributed to undetected gold clusters. Studies on model
catalysts also suggested that Au single atoms were much
inferior compared with the subnanometer-sized clusters in
catalyzing CO oxidation.>* Therefore, so far, the intrinsic
activity of Au single atoms is still elusive.

There are two main challenges in authenticating the
contribution of gold single atoms in catalyzing CO oxidation.
One is the unstable nature of SA species, especially under a
reductive reaction condition, which impeded a direct
investigation of its intrinsic activity.”>*® The other is difficult
to fabricate comparable systems and effectively monitor their
real structural information. In this work, atomically dispersed
gold supported on the nanopolyhedron ceria was facilely
fabricated via a deposition precipitation (DP) method with
differing gold loadings (1% vs 0.5% in weight, named as 1%
Au/CeO, and 0.5% Au/CeO,, respectively). Tremendous
distinction in catalyzing ambient CO oxidation revealed
intrinsic difference of active sites. The catalytic reactivity of
the 1% Au/CeO, catalyst was 4 times higher than that of 0.5%
Au/CeO, (2000 vs 540 mmolco'gs, -h™") under the premise
that CO conversion was controlled up to 12% at 40 °C by
adjusting space velocity (SV). The in situ DRIFTS results
showed that the clustered Au®* (0 < & < 1) species transformed
from single Au atoms (1% Au/Ce0,) played a major role in
catalyzing the reaction; while isolated Au™ (1 < n < 3) species
(0.5% Au/CeQ,) were spectators in the CO oxidation reaction
at RT.

2. EXPERIMENTAL SECTION

2.1. Preparation of Ceria Support. The CeO, NP was
prepared by using a surfactant-assisted coprecipitation method
reported previously with minor alterations.”” Typically, 6
mmol of the surfactant using cetyltrimethyl ammonium
bromide was dispersed in ultrapure water (200 mL, resistance
= 18.25 MQ). Subsequently, 10 mmol of Ce(NO,);-6H,0 was
added into the above slurry with gradual stirring. Then, the pH
of the final solution around 9 was ensured by adjusting with
NaOH (0.5 M) aqueous solution, and aged at 90 °C in the oil
bath. The resultant precipitates were centrifuged and washed
to remove the impurity ion and dried at 110 °C for 12 h. The

9002

obtained product was calcined in a muffle furnace at 400 °C
for 4 h to get pale yellow CeO, powder.

2.2, Preparation of Gold—Ceria Catalysts. Au/CeO,
catalysts with different weight percentages of Au were
synthesized using a deposition—precipitation (DP) method
by applying HAuCl, as the Au precursor.”® In the typical
experiment, 1.0 g of the CeO, support was dissolved in
ultrapure water (50 mL, resistance = 18.25 MQ) and stirred.
Ammonium carbonate (2.4 g) was added. Then, the HAuCl,
solution (0.0125 M) was added drop by drop under constant
stirring. Stirring was performed for 20 min at RT to adequately
mix and then aged for 1 h. The slurry was filtered and washed,
followed by drying at 70 °C for 3 h. The as-prepared samples
are denoted as 0.5% Au/CeO, and 1% Au/CeO,.

2.3. Characterization Methods. Inductively coupled
plasma (ICP) atom emission spectroscopy which was
performed on an IRIS Intrepid II XSP instrument (Thermo
Electron Corp.) was used to detect gold concentration.

The X-ray powder diffraction (XRD) test was analyzed on
the PANalytical X'Pert3 type X-ray powder diffractometer (40
mA, 40 kV), with Cu Ka (4 = 1.5418 A) as the radiation
source. The scanning range of 26 is from 10° to 90°, and the
duration is 8 min.

The N, adsorption—desorption characterizations were
investigated on a Builder SSA-4200 physical adsorption
instrument at —196 °C. The sample was pretreated with
vacuum degassing at 200 °C for 7 h before the test. The
specific surface area was counted according to the Brunauer—
Emmett—Teller (BET) equation.

High-resolution transmission electron microscopy images
and elemental mapping were taken by using a FEI Tecnai F20
microscope operating at 200 kV. The atomic-resolution high-
angle annular dark-field scanning transmission electron
microscopy (HAADF—STEM) images were recorded on a
JEOL ARM200F field-emission transmission electron micro-
scope, which is equipped with a probe-forming aberration
corrector and operated at 200 kV.

The valence of the element was analyzed by X-ray
photoelectron spectroscopy (XPS) performed on ESCALAB
250Xi. The X-ray sources used in XPS experiments are XR6
(XR6 can continuously adjust the beam spot from 20 to 900
um) and the beam spot is 500 ym. The power and spot
selection are typical settings used by ESCALAB 250Xi. The
binding energy scales were corrected by setting the C 1s
transition at 284.5 eV.

Temperature-programmed reduction by hydrogen (H,-
TPR) was operated on a Builder PCSA-1000 instrument
equipped with a thermal conductivity detector. The samples
were heated from RT to 400 °C with a ramping rate of 10 °C-
min~" under 5% H,/Ar mixed gas flow. Prior to experiments,
the sieved sample (20—40 mesh, 30 mg) loaded in the U-type
quartz tube reactor was activated at 300 °C for 30 min in a
pure O, atmosphere.

The temperature-programmed reduction employing CO
(CO-TPR) tests were monitored by online LC-D200M,
TILON mass spectrometry (MS). The sample (100 mg)
(20—40 mesh) was loaded into a quartz tube and activated at
300 °C for 30 min with a ramping rate of 10 °C-min~" under
an oxygen atmosphere. It was then cooled down to RT in He
flow, it switched into 2% CO/He, and stabilization was
maintained. After that, the catalyst was heated from RT to 800
°C. The temperature-programmed desorption by CO or CO,
(CO-TPD/CO,-TPD) tests was activated as described above.
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Subsequently, desorbing adsorbed CO or CO, with ramping
the temperature in He flow. CO (m/z = 28) and CO, (m/z =
44) signals in the outlet gas were analyzed by the MS detector.

The ex situ Raman spectrum was acquired on a LabRAM
HRB800 spectrometer (HORLBA JY) by activating Ar* laser (4
= 632 nm) at RT. The test region was set from 200 to 1000
cm™ with 2 em™ for spectral resolution.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was conducted on a Bruker Vertex
70 FTIR spectrometer equipped with a mercury—cadmium—
telluride detector cooled with liquid nitrogen. Prior to
measurement, the fresh samples with 30 mg were activated
in the same manner as the catalytic test and then cooled down
to RT in N, flow; meanwhile, background spectra were
collected at 4 cm™" resolution. In the following CO adsorption
measures, a “CO—N,—CO—0,” mode was carried out by
DRIFTS. 2% CO was introduced for 30 min and then purged
with N, or O,; the real-time spectra were collected all the time.
In typical CO oxidation experiments, the samples came into
contact with the reaction gas (1% CO/20% O,/N,, flow rate:
30 mL'min™") at RT for 1 h and then was heated in the
gradient way (25 °C/1 h) and maintained at target
temperature. DRIFTS were collected by subtracting the
background from raw data. Analysis of the spectra was
operated by using OPUS software.

2.4. Activity Measurements. CO oxidation activity of the
catalysts was investigated in a plug flow reactor weighing 50
mg of sieved samples (20—40 mesh) in a reaction mixture gas
of 1% CO/20% O,/N, (67 mL-min™!, 99.997% purity),
matched with a SV of 80000 mL-g, -h™". Prior to the
reaction, the catalyst was activated in a fixed-bed reactor at 300
°C for 2 h, then cooled down to RT in pure N,. The light-off
catalytic activity test was heated up to 300 °C with a ramping
rate of 2 °C-min~" under the reaction condition. At the same
time, to explore the stability of the catalysts, the samples were
continuously tested for more than 10 h under the same
catalytic atmosphere at 25 °C. The concentrations of CO and
CO, in the output gas were detected online by nondispersive
IR spectroscopy with Gasboard-3500, Wuhan Sifang Company
of China.

2.5. Kinetics Tests. The kinetics measures were conducted
in the same fixed-bed reactor as described above. The CO
conversion was less than 15% in order to exclude the internal
and external diffusion limitations (typically 2—S mg of catalyst
powder was diluted with quartz sand). Partial pressure of CO
and O, was measured by adjusting the corresponding gas
proportions, while keeping the total flow rate unchanging.

3. RESULTS

3.1. Morphology Information of Gold—Ceria Cata-
lysts. Two kinds of gold—ceria catalysts with different gold
loadings were prepared by the DP method. The concentrations
of Au in both Au/CeQO, catalysts measured by ICP-AES were
0.26 and 0.84 wt %, respectively (Table S1). The specific
surface areas determined by the N, adsorption and BET
analysis were 114.9, 105.8, and 93.1 m’/g for the CeO,
support, 0.5, and 1% Au/CeO,, respectively (Figure S1).
The polyhedron-like shape of the nanoceria matrix with a
diameter of ~9 nm was observed by HRTEM. No detectable
Au particles or clusters were revealed on the surface of ceria
nanopolyhedron (NP) for both catalysts (Figure S2). Atomic-
resolution HAADF—STEM images were taken to reveal the
detailed morphology of gold species. As shown in Figure 1, a
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1% Au/CeO,

Figure 1. High-resolution TEM images and aberration-corrected
HAADF—STEM images of gold—ceria catalysts: (a,b) 1% Au/CeO,;
(c,d) 0.5% Au/CeO,. Yellow circles: typical Au single atoms.

few bright dots of atoms were exhibited for both as-prepared
gold—ceria catalysts, indicating the monodispersed nature of
Au species. Their XRD patterns showed the presence of the
pure cubic fluorite CeO, phase (no. 34-0394), without any
detectable diffraction peaks of crystalized Au species (Figure
2a) because of ultrafine Au particles or low Au loadings.””*’
The elemental mapping results also confirmed that Au species
homogeneously dispersed on the surface of CeO, NP,
implying the ultrasmall size of gold species.

The oxidation state of gold in both gold—ceria catalysts was
also investigated by XPS analysis. As shown in Figure 2b, a
doublet assigned to Au’ between 88.1 and 84.2 eV was
observed in the Au 4f spectra,”' ™" suggesting that the same
electronic state of gold existed in both catalysts. Thus, based
on the structure characterizations and analysis described above,
here, two comparable gold single atom structures were
fabricated on the nanoceria matrix.

3.2. Catalytic Activity Evaluation. For gold catalysts, a
lot of works focused on fundamental issues have been studied,
including the authentic active site** ™" and reaction path-
ways.”'7® Au NPs (>2 nm) and subnanometric Au clusters
were found to be much superior to gold single atoms in
catalyzing low-temperature (L-T) CO oxidation.”*™>° How-
ever, the insight into catalytic behavior of distinctive single
atoms is still limited so far. Thus, here, we constructed a
comparable system and evaluated the performance of both
atomically dispersed gold catalysts with different gold loadings
in catalyzing CO oxidation. During the transient light off test
(Figure 3a), the initial reactivity of 1% Au/CeO, emerged at
low temperatures (below 30 °C) and CO totally converted to
CO, at about 40 °C (heating rate: 2 °C-min"). The 0.5% Au/
CeO, catalyst, in contrast, was still inactive at temperatures up
to 45 °C, and the complete CO conversion was achieved at 70
°C. For comparison, we also evaluated the activity of the 0.2%
Au/CeO, catalyst (Figure S3). In this case, it was hardly active
for the CO oxidation at temperatures below 80 °C under the
present reaction conditions (1% CO/20% O,/N,). Overall, the
results for the Au/CeO, are well in line with the findings in
previous studies.”” The change of the activity with time on
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Figure 2. (a) XRD patterns and (b) XPS spectra of Au 4f of gold—ceria samples.
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Figure 3. (a) CO conversions as a function of reaction temperature over gold—ceria catalysts. (b) Stability test lasting for 12 h at RT (25 °C). (c)
CO reaction rate based on per gram Au. (d) Apparent activation energy (E,).

stream at RT further allowed us to distinguish activity of both
catalysts. As shown in Figure 3b, much distinct difference in
catalytic performance was found over the two kinds of
atomically dispersed gold catalysts. The activity of 0.5% Au/
CeO, stabilized at a CO conversion value of 5% during the
whole testing process. However, the 1% Au/CeO, catalyst
exhibited an obvious gradual activation. The CO conversion
increased all the time and ultimately reached a maximum value
of 30—40% at about 8 h. In addition, as shown in Figure 3c, the
reaction rate of 1% Au/CeO, normalized based on per gram
Au amount was almost 4 times higher than that of 0.5% Au/
CeO, (2000 vs 540 mmolcy-gs, '*h™") under the premise that
CO conversion was controlled up to 12% at 40 °C by adjusting
the SV. As shown in Figure 3d, the apparent activation energies
(E,) of the two catalysts were 33 and 36 kJ-mol™" for 1% Au/
CeO, and 0.5% Au/CeO,, respectively, which were close to
the values reported before.””*® The analogous E, inferred that
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both catalysts might provide the same active site and obey the
similar reaction pathway.”*~®> Overall, these results implied
that significant differences in catalytic performance of both
catalysts was not just induced by various gold loadings but was
more attributed to intrinsic difference in gold species under the
reaction condition.®*”**

To explore the distinct difference in catalytic behaviors of
these two kinds of atomically dispersed gold catalysts, the
catalysts were further analyzed after CO oxidation stability
lasted for 10 h at RT. As shown in Figure S4, very fine gold
species were highly dispersed on the surface of the support for
both spent catalysts and no gold particles were observed.
HAADF—STEM images (Figure 4) showed that partial gold
clusters can be observed on the surface of the spent 1% Au/
CeO, catalyst. Conversely, no detectable changes emerged on
the spent 0.5% Au/CeO, catalyst. From the XRD results, only
diffraction peaks indexed to CeO, were examined, which is the
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1% Au/Ce@ " 1% Au/CeO)

0.5% Au/CeO,

Figure 4. Aberration-corrected HAADF—STEM images of gold—ceria
samples after the CO oxidation stability test: (a,b) 1% Au/CeO,;
(c,d) 0.5% Au/CeO,. Yellow circles: Au single atoms. Yellow squares:
Au clusters.

same to that of the fresh catalysts (Figure Sa). The XPS
spectrum of the used 1% Au/CeO, sample showed that the
oxidized gold species were transformed to the metallic state
[Au(0)]. As expected, gold atoms in the 0.5% Au/CeO,
sample remained as Au(I) (Figure Sb). For the 1% Au/
CeO, sample, partial gold single atoms were aggregated into
gold clusters, while few gold clusters existed in the used 0.5%
Au/CeO, sample because of strong Au—O—Ce interaction.
This interaction between gold species and ceria support for the
0.5% Au/CeO, catalyst was also proved by H,-TPR results. As
shown in Figure 6a, on the one hand, the reduction peak
induced by the Au—Ce interaction for the 1% Au/CeO,
sample centered at 130 °C, which was 20 °C lower than that
of 0.5% Au/CeO,. As for 0.2% Au/CeO,, the reduction peak
was centered at 174 °C (Figure SS), indicating the strongest
interaction between the gold and ceria support among these
three samples. This fact indicated that the distinct Au—Ce
interactions caused different decentralized states of gold atoms
in both the catalysts. On the other hand, the integral area of
reduction peaks (hydrogen consumptions) for the both
catalysts was quite similar (Table S1), indicating the more

oxygen atoms activated efficiently by the gold atoms were
anchored on the surface of CeO, because of the stronger
gold—ceria interaction on 0.5% Au/CeQ,. The used catalysts
exhibited a typical reductive peak corresponding to gold
clusters (Figure 6b).

Based on the above off-line characterization results, we have
concluded that the gold species transformed from atomically
dispersed gold to gold clusters after the CO oxidation reaction
for the 1% Au/CeO, catalyst, accompanying with a great
enhancement in reactivity. In contrast, there was no distinct
difference in the gold structure for the 0.5% Au/CeO, catalyst.
More detailed evolution of the gold structure was in situ
monitored by the DRIFTS. As shown in Figure 7, CO
adsorption bands on the surface of the 1% Au/CeO, catalyst
gradually shifted from 2154 to 2133 cm™" with time on stream.
Hadjiivanov et al. have demonstrated that the Au*’*—CO
species are observed in the region of 2210—2170 cm™' and
assigned Au*—CO to the range of 2190—2150 cm™.®> The
Au**~CO bond is virtually electrostatic; the corresponding
gold carbonyls are easily decomposed. In contrast, Au"™—CO
species exhibited higher stability resulting from the 6—x bond
synergism.é‘?’_65 Under the realistic reaction condition, Au*
species easily underwent reduction by the CO molecule.*®
Therefore, the adsorption peak at 2154 cm™' was indexed to
CO-Au™ (1 < n < 3)” " and 2133 cm™' was assigned to
CO—Au’** (0 < 6 < 1).>”7%"" This result confirmed that during
CO oxidation reaction, monodispersed gold atoms on the
surface of the 1% Au/CeQO, catalyst were unstable and
transformed to clustered gold species. While for the 0.5% Au/
CeO, catalyst, Au"" was almost unchanged during the steady-
state test condition. Meanwhile, this evidence perfectly
explained the reason why distinct differences were performed
in CO oxidation stability. Furthermore, it was worth noting
that the generated CO, signal (2341 and 2361 cm™') was
instantly increased for the 1% Au/CeO, catalyst with the gold
structure transforming, while much weaker CO, response was
detected for 0.5% Au/CeO, (Figure 7). To obtain a more
convincing result, we further verified the gold species by in situ
DRIFTS in the spent catalysts and at different temperatures
under the reaction condition (Figures S6 and S7). The results
of the steady state of 1% Au/CeO, indicated that clustered
gold species were stable with increasing temperature. Similar
gold structural transformation was exhibited at 50 °C for the
0.5% Au/CeO, catalyst, along with the increase in reactivity.
At the same time, we conducted a second round test on
catalytic activity and found that the second round of activity
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Figure S. (a) XRD patterns and (b) XPS spectra of Au 4f of gold—ceria samples after the CO oxidation stability test.
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was much higher than that of the first round (Figure 8). In
addition, a control experiment was conducted that strongly
anchored gold atoms in 0.5% Au/CeO, were forced to
aggregate into the gold cluster under the reducing atmosphere
(2% CO/He), and the activity of CO oxidation was
significantly enhanced (Figure S8). The above facts clearly
evidenced that Au® (0 < § < 1) performed a much more
crucial role compared with Au™ (1 < n < 3) in catalyzing CO
oxidation.

To get more insight into the active surface species of both
catalysts, we further performed the in situ CO adsorption
experiment. The fresh catalysts were exposed to various feed
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gases following the sequence of CO—N,—CO—-0,. For these
highly dispersed Au atoms in the 1% Au/CeO, catalyst, in the
first round adsorption at RT (Figure 9a), the CO finally
adsorbed on clustered Au®" sites at 2127 cm ™" at 30 min. It is
noticed that the intensity ratio of the band at 2127 cm™ to
that at 2169 cm™" increased with increasing adsorption time,
meaning that isolated Au atoms aggregated to form clusters
gradually. Then, N, was used to flush the catalyst for another
CO adsorption (Figure 9b), during which the CO—Au’* band
at 2127 cm™' disappeared because of the CO desorption. In
the CO adsorption for the second time (Figure 9c), the
intensity ratio of the band at 2127 cm™ to that at 2169 cm™
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was roughly constant, indicating the irreversible change of gold
species from single atoms to clusters for the 1% Au/CeO,
catalyst. Comparing the physical CO desorption during N,
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purging (Figure 9b), reaction of CO—Au’" at 2127 cm™ with
O, under O,/N, purging was proven by the much faster
disappearance of adsorbed CO, the abundant CO, generation
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(Figure 9d). In contrast, one much weaker CO adsorption was
observed for the 0.5% Au/CeO, catalyst (Figure 10a). CO
desorption was observed in N, purging (Figure 10b). For the
re-adsorption of CO after N, purging (Figure 10c), no
obviously enhanced CO—Au’* at 2127 cm™ was observed
compared with that in CO adsorption for the first round. This
means the highly dispersed gold atoms in 0.5% Au/CeQO, were
very stable during the CO adsorption at RT. Correspondingly,
there was no CO, output for the 0.5% Au/CeO, catalyst after
O, supplying (Figure 10d). The results on intensity statistics of
adsorbed peaks showed this difference more vividly (Figure
11). A distinct response of CO, only occurred for clustered
gold species in the 1% Au/CeO, catalyst, together with one
steeper slope under the O, purging (blue solid line). The
results of the CO adsorption test at different temperatures
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(Figure S9) indicated that gold species of both catalysts were
reduced by CO with the increasing temperature. These above
distinctions for the two catalysts convincingly proved the
particular contribution of CO—Au®* in reacting with O,, even
at a lower temperature (Figure $10). The DRIFTS results from
0.2% Au/CeO, also reflected that atomically dispersed gold
atoms performed inferior in catalyzing CO oxidation (Figure
S11).

In addition, to observe the desorption behavior of CO and
CO, adsorbates, the temperature-programmed desorption of
CO and CO, (CO-TPD and CO,-TPD) was also investigated
(Figure 12). After saturating CO adsorption at RT, CO,
signals were detected for all the tested samples (1% Au/
CeO,, 0.5% Au/CeO,, and CeO, support), indicating that
adsorbed CO was oxidized to CO, in the subsequent
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desorption process by the reactive oxygen on the surface of
these catalysts (Figure 12a). The integrated areas of the
generated CO, signal from CO-TPD profiles for 1% Au/CeO,
were much larger than that of 0.5% Au/CeO,. This fact
elucidated that 1% Au/CeO, was superior in the adsorbing CO
reagent compared to 0.5% Au/CeO, (Figure S12), which was
well in line with above in situ DRIFTS CO adsorption
behaviors. On the other hand, after sufficiently adsorbing CO,
feed gas, the desorption behavior of CO, (m/z = 44) for both
gold—ceria samples resembled with pure CeO, support (Figure
12b), suggesting the comparable ability to CO, desorption for
both catalysts. Therefore, we can conclude that the superiority
in CO adsorption might be the key factor to the high reaction
rate for 1% Au/CeO,.

Similar results were also confirmed by the kinetic studies. As
shown in Figure 13a, the 1% Au/CeO, catalyst showed very
small n¢q values (nco = 0.1), illustrating the superiority in CO
adsorption of the clustered structure of gold. However, the CO
reaction order (n¢cg = 0.5) for 0.5% Au/CeO, was much larger
than that of 1% Au/CeO,, implying insufficiency of effective
CO adsorption during CO reaction. Taking into account that
O, adsorption and activation is another key step for CO
oxidation reaction, we further tried to identify the role of O,.
The O, reaction order was almost equivalent for 0.5% Au/
CeO, (np,=0.3) and 1% Au/CeO, (no, = 0.4), which inferred

that the O, coverage played a minor role in inducing the
catalytic performance gap here (Figure 13b). This is well in
line with the results from Raman spectra and CO-TPR
(Figures S13 and S14). It has been well proved that the O,
activation step was strongly related to surface O-vacan-
cies,"””°”"* which corresponded to the induced defect mode
(Ip) peak at ~560 cm™'. For both catalysts, there was no
detectable difference in the Raman spectra between 0.5% Au/
CeO, and 1% Au/CeO, collected before and after the catalytic
reaction, indicating that the ability of both the catalysts to
provide reactive oxygen was comparable.

4. DISCUSSION

4.1. Structural Characteristics of the Au/CeO,
Catalyst. Two kinds of atomically dispersed Au/CeO,
catalysts possessed similar specific surface areas (Figure S1).
TEM images and XRD diffraction results showed that gold
atoms uniformly dispersed on the surface of both catalysts.
XPS analysis of both fresh catalysts was demonstrated in Figure
2b. The same electronic state of gold existed in both catalysts.
Opverall, the structure of the two catalysts is comparable.

The Au—O-Ce interaction has been investigated by the
TPR (Figure 6). Both catalysts performed reduction peaks at
different positions, and the 1% Au/CeO, sample was easier to
be reduced than the 0.5% Au/CeO, sample, showing that gold
atoms might be anchored at different sites on both the
catalysts.”” Meanwhile, this implied that the interactions of
gold and CeO, were distinguishing in two catalysts. This
deduction agreed with Corma’s work.””* Corma et al. reported
that the interaction with the support might induce different
particle shapes, and the metal oxide support could modify the
properties of gold species deposited on it.”* Moreover, the
particle shape might be noticeably distorted with the
continuous interaction of the low-coordinated gold atoms
and support.” In addition, gold NPs became positively
charged when supported on stoichiometric metal oxide
surfaces and negatively charged when loaded on reduced
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surfaces.”>~”7 On the stoichiometric support, the Au—O
interaction was weak, while the Au—O interaction was strong
enough on the reduced Au/TiO, catalyst, simulated by the
Au,3/TiO,—0,,. model.”> The situation is analogous but not
completely equivalent. According to the different interaction,
we speculated that these weakly bound gold species in 1% Au/
CeO, may be anchored at a stoichiometric CeO, surface, while
strongly bound gold species in 0.5% Au/CeO, may be
anchored at a reduced CeO, surface (CeO,—O,,. model).
This also coincided with the conjecture that charge transfer
occurred between Au and CeO, support could modify the
electronic structure of supported Au particles.”” This requires
us further investigations. Therefore, the distinguishing
interactions induced different decentralized states of gold
atoms in both the catalysts under the reaction condition.
Meanwhile, the results of XPS analysis (Figures 2b and Sb)
suggested gold particles presented in the used 1% Au/CeO,
sample because of weak Au—O—Ce interaction, while only
gold atoms existed in the used 0.5% Au/CeO, resulting from
strong Au—O—Ce interaction.

4.2. Identification of Active Sites under the Reaction
Condition. HAADF—STEM images over spent catalysts in
Figure 4 exhibited the presence of gold clusters in 1% Au/
CeO,, indicating a part of gold single atoms were reduced to
gold clusters, while gold single atoms were unchanged in 0.5%
Au/CeO,. The evolution of gold species is consistent with the
above results of XPS analysis. More intuitive and detailed
evolution of the gold structure under the reaction condition
was monitored by in situ DRIFTS. Figure 7 exhibited that
activity was instantly increased for the 1% Au/CeO, catalyst
with the gold structure transforming from CO—Au"* (1<n<
3) to CO—Au® (0 < & < 1). However, 0.5% Au/CeO, with
CO—Au™ (1 < n < 3) species was almost inactive for CO
oxidation at 25 °C. Similar gold structural transformation was
observed at 50 °C along with the increase in reactivity. The
evidences clearly proved that Au’* performed much more
crucial compared with Au™ in catalyzing CO oxidation.
Therefore, we have concluded that the high activity of 1% Au/
CeO, originated from the structure transformation of gold
species from Au™ (1 < n < 3) to Au® (0 < & < 1). While 0.5%
Au/CeO, was inactive at the RT because of the strong
interaction between the gold atoms and ceria, which makes it
difficult to be activated, as shown in Scheme 1.

4.3. Adsorption—Desorption Behavior of Atomically
Dispersed Gold Species. For CO oxidation reaction,

Scheme 1. Schematic Diagram of the Gold Species
Structural Evolution under CO Oxidation Condition at RT
for 1% Au/CeO, and 0.5% Au/CeO, Catalysts
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adsorption—desorption abilities of reactants CO and O, were
very essential.”” In terms of O, adsorption and activation, there
was almost no significant difference in Raman spectra (Figure
S11) for both the catalysts. The O, reaction orders were
almost equivalent (0.3 vs 0.4). Therefore, O, activation may
not be a key factor in causing differences in activity. The in situ
DRIFTS study of CO adsorption—desorption over Au/CeO,
in Figures 10 and 11 showed CO—Au’* in 2127 cm™!
performed superior ability to adsorb CO compared with
CO—Au™ at 25 °C. Even at a lower temperature (Figure S9),
the gold cluster was active and displayed strong CO adsorption
behavior, which was well in line with the phenomenon of CO-
TPD. The kinetics studies further verified the superiority in
CO adsorption of the clustered structure of gold because of
small CO reaction order ncg values (nco = 0.1) relative to
(nco = 0.5) that of the 0.5% Au/CeO,.

5. CONCLUSIONS

In summary, we executed a systematic investigation into the
intrinsic contribution and structure evolution of atomically
dispersed gold on ceria in catalyzing CO oxidation. Two kinds
of gold atoms dispersed on the nanopolyhedron ceria exhibited
distinct behaviors in catalyzing CO oxidation. A part of the
isolated Au atoms in the 1% Au/CeO, catalyst were easier to
agglomerate and transform to Au clusters under the reaction
condition because of the weak interaction, which greatly
enhanced the ability to capture CO molecules at Au®* (0 < § <
1) sites. In contrast, these strongly anchored Au single atoms
in the 0.5% Au/CeO, catalyst were inferior in adsorbing CO
molecules, which dominantly restricted their catalytic activity.
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