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ABSTRACT: Well-defined {100}-faceted ceria nanocube-supported gold
nanoclusters with various morphologies, including individual atom,
monolayer, multilayer and nanoparticle, have been synthesized and
systematically investigated combined with density functional theory
calculations. A strong morphological effect of gold clusters on the
reactivity of ceria surface oxygen has been identified. The reducibility and
CO oxidation activities of Au/CeQ, catalysts increased significantly as the
morphology of the gold clusters changed from single atoms to monolayer,
then to multilayer, then nanoparticles. It was revealed that up to a bilayer
of gold clusters were needed for desirable catalytic performance in the Au/
CeO, system. The transfer of electrons from gold clusters to the surface
Ce—O groups of ceria and strong Au—Au interactions play significant roles
in determining the reducibility of surface oxygen of CeO,.
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1. INTRODUCTION

Gold nanoparticles (NPs) supported on metal oxides exhibit
exceptional catalytic properties for many reactions, such as low-
temperature CO oxidation," hydrogenation,” and selective
oxidation.? Although numerous studies have been carried out
to elucidate the origin of the unique properties of gold NPs, the
nature of active Au species and their structures are still widely
debated even for CO oxidation.” It is generally accepted that
the size of gold NPs is of paramount importance,” and up to
eight atoms are necessary for CO oxidation.® In 2004,
Goodman et al.”® found that TiO,-supported Au clusters at
approximately 3.5 nm exhibited maximum reactivity at
diameters between 1 to 6 nm. They ascribed the pronounced
size-dependent activity of the supported Au clusters to the
distinctive band gap of two-atom-thick clusters, which describes
a quantum size effect of gold bilayer structures. In 2008,
Hutchings and colleagues’ reported that the subnanometer
gold clusters with ~10 atoms on a FeO, support, rather than
other species such as individual Au atoms, monolayer
structures, and gold NPs, were directly responsible for the
catalytic activity. It was found that the Au), cluster also
exhibited bilayer morphology. These studies indicate that the
morphology of gold may be crucial to the reactivity of
subnanometer gold species. So far, however, there have been no
systematic studies reported on the morphological effects of gold
clusters except for a few theoretical calculations.'®™"

The su;)port also plays a key role in the performance of gold
catalysts.”"'* Among various metal oxides, ceria (CeO,) has
proven to be useful in a wide variety of catalytic applications
because of its superior Ce*"/Ce®" redox couple and oxygen
storage capacity.'> Once gold has been deposited on the ceria
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surface, gold—ceria interfaces can be formed. The —Au—O—
Ce— species in the perimeter of the interface were considered
as active sites for several reactions.'®”"® The oxygen vacancies
at the interfaces could absorb and activate O,,°”*' and the
interfacial microstructure even determined whether ceria-
supported gold catalysts were active or not for CO oxidation.”*

Herein, in combination with density functional theory
(DFT) calculations, we report a systematically comparative
study of {100}-faceted CeO, nanocube(NC)-supported gold
clusters with four different morphologies, individual atom (IA),
monolayer (MO), multilayer (MU), and nanoparticle (NP).
Well-defined faceted ceria was employed to build a model
surface to clarify the interfacial structure.”*** Interestingly, as
the morphology of gold clusters changed from single atom to
monolayer, multilayer, then nanoparticle, the reducibility of
Au/CeO, catalysts increased remarkably. It was found that gold
species up to the bilayer was necessary for desirable catalytic
performance in Au/CeO, systems.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. All materials used in this
study were analytical purity.

Preparation of CeO, NCs. CeO, nanocubes were synthe-
sized by using a facile hydrothermal method. One gram of
Ce(NO;);-6H,0 was dissolved in deionized water (10 mL),
then an aqueous NaOH solution (2.5 M, 40 mL) was added
rapidly with continuous stirring at room temperature for S min.
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The mixture was transferred to a 50 mL Teflon-lined autoclave
and heated at 190 °C for 20 h. After the reaction ran to
completion, the products were washed with deionized water
and alcohol several times, then dried at 50 °C for 2 h, and
calcined in air at 350 °C for 3 h.

Preparation of the Colloidal Au Nanoparticles (2—5 nm).
In a typical procedure, 0.03 g of PVA, which was used as
protecting agent, was added to an aqueous HAuCl, solution
(0.11 mM, 450 mL) under vigorous stirring. After S min under
stirring, an aqueous solution of NaBH, (0.02 M, 4 mL) was
added to the above solution rapidly. The color of the mixture
changed from canary yellow to orange-brown, indicating the
gold sol was obtained.

Preparation of CeO, NCs-Supported Gold Nanopatrticles
Catalyst (NP/Ceria):"® An appropriate amount of CeO, NCs
powder was dispersed in deionized water and sonicated for 10
min. The obtained slurry was added to the above gold sol
rapidly with continuous stirring for 2 h before the discoloration
of the upper layer of the solution. Then, the obtained
precipitate was washed with deionized water and ethanol and
dried at 50 °C for 5 h, followed by activating at 300 °C for 1 h
under reactant gases containing 1.0 vol % CO in air. Catalysts
with theoretically calculated gold loadings of 0.45 and 1.50 wt
% were prepared and denoted as NP/ceria-1 and NP/ceria-2,
respectively.

Preparation of CeO, NCs-Supported Gold Individual Atom
Catalyst (IA/Ceria):®> The methyl halide (CH,I) treatment
method was adopted to obtain the IA/ceria samples. Typically,
0.5 g of an NP/ceria-1 sample is placed in a quartz tubular
reactor and calcined under pure N, with a flow rate of 60 mL-
min~" at 150 °C for 30 min, followed by CH,I treatment by
changing the gas from pure N, to CH,I/N, (saturator at 50
°C). Then, the product was treated with a hot aqueous NaOH
solution (0.1 M) to remove any halide species, then washed
and dried at 50 °C for 5 h, followed by activating at 300 °C for
1 h under reactant gases containing 1.0 vol % CO in air.

Preparation of CeO, NCs-Supported Monolayer Gold
Catalyst (MO/Ceria). The MO/ceria catalyst was prepared
following the CH;I treatment process for IA/ceria (vide supra).
The only variation was that NP/ceria-2 was used as the starting
material.

Preparation of the CeO,NCs-Supported Multilayer Gold
Catalyst (MU/Ceria). The MU/ceria catalyst was obtained by
redox-treating of the MO/ceria sample. Typically, an
appropriate amount of MO/ceria is reduced in a fixed-bed
quartz tubular reactor under a flow of 60 mL-min~" in H, (5 vol
% hydrogen, balance argon) at 600 °C for 30 min.
Subsequently, the gas mixture (20.8% oxygen, balance nitro-
gen) is passed through the reactor for 30 min at 600 °C,
followed by activating at 300 °C for 1 h under reactant gases
containing 1.0 vol % CO in air.

2.2, Catalyst Characterizations. The size and morphology
images of all samples were obtained with a JEOL JEM-1200EX
transmission electron microscope (TEM) and a FEI Tecnai
F20 high-resolution transmission electron microscope
(HRTEM). The Au loading was measured with a Varian
Vista MPX Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). The X-ray diffraction (XRD)
measurements for structure determination were carried out
with a Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation (A = 1.5418 A), and the data were recorded at a scan
rate of 4 degree-min™'. Auy and Ceyq photoelectron spectra
were taken using X-ray photoelectron spectroscopy (XPS,
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ESCALAB 250 Xi) with Al Ka radiation. HAADF-STEM
images and energy dispersive X-ray spectrometry (EDS)
analysis were acquired with a Titan G2 80—200 with the
probe Cs-corrector configuration at 200 kV. The X-ray
absorption spectra were measured at the 1W2B beamline
with a Si (111) double-crystal monochromator in the Beijing
Synchrotron Radiation Facility (BSRF), China. Au Ly -edge
absorption spectra were obtained in a transmission mode at
room temperature. The typical electron beam energy and the
current were 2.5 GeV and 200 mA, respectively. EXAFS data
were analyzed using the IFEFFIT data analysis package to
correct the background signal and to normalize the intensity.
Hydrogen temperature-programmed reduction (H,-TPR)
analysis was carried out with a ChemiSorb 2720 apparatus
equipped with a TCD detector by heating the catalysts at 10
deg'min~" to 700 °C, in a S vol % H,/Ar mixture flowing at 25
mL-min~". All the characterizations were carried out after
treatment under a CO/O, mixture (activity reactant gas
atmosphere) at 300 °C for 1 h.

2.3. Catalyst Activity Evaluation. The CO oxidation
activities of the catalysts for were evaluated at atmospheric
pressure in a continuous flow fixed-bed quartz tubular reactor.
The catalyst powder (0.10 g) was placed in the reactor. The
reactant gases (1.0 vol % CO in air) flowed through the reactor
at a rate of S0 mL-min~". Each catalyst was filled in the middle
of the quartz tubular reactor and was heated in a ceramic
furnace. The composition of the gas exiting the reactor was
monitored by gas chromatography.

2.4. Theoretical Calculations. We used the basis of the
plane-wave DFT+U approach with a value of U = S eV, and all
calculations were performed by using the Vienna ab initio
simulation package (VASP), as we previously reported.'” The
ionic cores and electron—ion interactions were described by the
projector augmented wave (PAW) method with a cutoff energy
of 500 eV to limit the plane-wave basis set, and the electron
exchange and correlation energies were calculated with the
GGA-PWO1 functional. For all calculations in this present
study, spin-polarization was performed. A reconstructed CeO,
(100) surface model was used in which half of the top oxygen
atoms were moved to the bottom.*® The 3 X 3 supercell surface
model with 7 atomic layers was employed, in which the three
bottom layers were fixed and a vacuum region of 20 A was
inserted between periodic images. Otherwise, other parameters
including Monkhorst—Pack k-point meshes of 2 X 2 X 1, the
difference in total energy between two consecutive ionic steps
of less than 10™* eV and the allowed maximum force of 0.02
eV-A™! were unchanged from the previous report. To describe
the interactions between the CeO, (100) surface and the Au
species, we defined two energies: the adsorption energy (E,q)
and the vacancy formation energy (E,,.):

E, = E1(Au,/Ce0,) — E1(Ce0,) — Er(Au,)
E,,. = Ep(Au,/Ce0,_,) + 1/2E;(O,) — E1(Au,/CeO,)

where E; (Au,/CeO,) and E; (Au,/CeO,_,) are the energies
of Au, adsorbed on stoichiometric CeO, and reduced CeO,
with a single O vacancy, respectively, and E; (Ce0,), Er (Au,),
and Er (O,) are the energies of the clean slab, the Au clusters
and the O, molecule, respectively. Here, n represents the
number of Au atoms in the Au cluster.
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3. RESULTS AND DISCUSSION

CeO, NCs-supported gold NPs catalysts (NP/ceria) were
prepared by the colloidal deposition method. Figure la and

Figure 1. TEM images of Au/CeO, catalysts: (a) NP/ceria-2, (b) IA/
ceria, (c) MO/ceria, (d) MU/ceria. Scale bar is 100 nm.

Figure S1—S2 show the TEM and HRTEM images of NP/ceria
catalysts with Au loadings of 0.45 and 1.50 wt % labeled as NP/
ceria-1 and NP/ceria-2, respectively. It can be observed that
gold NPs (2—S nm) are homogeneously dispersed on the
surfaces of CeO, NCs, resulting in well-defined metal/support
interfaces. Following the strategy developed by Hardacre et
al,”” methyl halide (CH;I) treatment of NP/ceria was
employed to obtain highly dispersed gold species. Figure 1b
and Figure S3 show the sample of iodide-treated NP/ceria-1
(denoted as IA/ceria). After iodide treatment, gold NPs could
not be observed on the surface of the ceria support. Similar
results were obtained from the iodide-treated NP/ceria-2
sample (denoted as MO/ceria), as shown in Figure lc and
Figure S4. Even after further high temperature (600 °C) redox
treatment, Au NPs were still absent, as shown in Figure 1d and
Figure S5 (denoted as MU/ceria). ICP-OES measurements
demonstrated that all of the initial Au content remained
unchanged after treatment. This indicates that the initial Au
nanoparticles may completely disperse into smaller Au species
after iodide- or further redox-treatment. Similar results had
been reported in Au/C,”” and Au/TiO, systems.”® In addition,
X-ray powder diffraction patterns (XRD) show that Bragg
reflections of gold were not observed among the Au/CeO,
catalysts except for NP/ceria-2 (Figure S6) because of the small
size of the gold species. X-ray fluorescence spectrum analysis
(XRF) and X-ray photoelectron spectroscopy (XPS) measure-
ments were made, and it turned out that iodine could not be
detected (Figure S7).

High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) has become an effective
technique for analyzing structures at the atomic level because
it provides directly interpretable images.”” The implementation
of spherical aberration correction (C;) in HAADF-STEM and
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quantitative analysis of HAADF-STEM images using statistical
parameter estimation theory enable this technique to achieve
single-atom sensitivity’’ and 3D reconstructions of NPs.>"**
Thus, the four Au/CeO, catalysts were characterized by
aberration-corrected STEM in HAADF modes, and the
representative HAADF-STEM images are shown in Figure 2.
The atomic morphologies of gold species were obtained by
employing a quantitative image analysis method that involves
fitting the overlapping atom intensities to two-dimensional
Gaussian functions and statistical theory.>*?

It shows that the arrangement of Ce atoms in all of the
catalysts is uniform. Compared with pure ceria (Figure S8), it
can be found that some distinct bright spots are distributed on
the surface and exactly occupy the top position of Ce atoms
from Figure 2A; and Figure S9a for the IA/ceria sample. These
spots can be assigned to single Au atoms. However, surface Au
species, especially individual Au atoms, were not as clearly
distinguished from the CeO, substrate as from Au/MgO, Pt/
FeO, and Au/C**7® because the difference in Z between the
Au and Ce atoms is only 21. Because the incoherently scattered
intensity Iyaapr of HAADF-STEM is simply the sum of the
contributions of each atom, Iyaapr = KNZ” where k is a
constant, N is the number of atoms with a given volume V and
Z is atomic number. The exponent «a is close to 2 based on the
Rutherford scattering value.”” Therefore, the quality of images
depends on not only the condition of the experiment but also
the difference in atomic number (Z) between elements in the
sample, especially the latter. Fortunately, quantitative analyses
of images enable us to achieve single-atom sensitivity.”*
According to quantitative analysis (Figure A,—A, and S9), only
two intensities of the atomic column were detected across the
whole picture; they were ascribed to top-Ce and Au adatoms,
respectively. In the top-view image of the two-dimensional
Gaussian-function fitting intensity of per atoms (Figure 24,), it
can be observed that several individual Au atoms (red spot) are
dispersed on the surface of ceria. For the sample of MO/ceria
(Figure 2B and Figure S10), there are many single Au atoms
spread over the surface and still adsorbed on the top sites of Ce.
Compared with IA/ceria, the only difference is that the distance
between Au adatoms is shorter. Thus, the Au species in this
catalyst is defined as a monolayer structure. The HAADF-
STEM images of MU/ ceria (Figure 2C, Figure S11) show clear
variations in atomic column intensity, revealing that several
types of gold species are present on the surface of CeO,. A
detailed quantitative analysis procedure of the data is shown in
Figure S12. Through fitting the overlapping atom intensities to
two-dimensional Gaussian functions, a two-dimensional
Gaussian-function fitting model was obtained. The three-
dimension curved surface was plotted to describe the pixel
values of the HAADF-STEM image fitting model (Figure 2C,
and 2C;). The intensity value increased as the color changed
from blue to red. The good agreement with experiment
contrast proves the good quality of this method (Figure S12e).
According to the histogram of intensities (Figure S12f), there
are four main peaks, and the mean intensity values increase
linearly as a function of the number of Au atoms. Because the
total integrated HAADF intensity of columns in a scaled cluster
is proportional to the number of gold atoms,"* the four
intensity values in Figure 2C, define them from low to high as
standard values for Ce atom, monolayer, bilayer and three-layer
Au structures, respectively. Moreover, analysis of other regions
also gave the same results (Figure S13). Therefore, three types
of Au morphologies coexist in samples of MU/ceria, which
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Figure 2. HAADF-STEM images and analysis of four catalysts: (A) IA/ceria, (B) MO/ceria, (C) MU/ceria, (D) NP/ceria-2. (1) Experimental
images; (2) Top view of two-dimensional Gaussian-function fitting intensity profiles of per atom (A, B, C,) and cluster density profile (D,),
intensity value increasing from blue to red. (3) Side view of magnification in A,, B,, C, and D,. (4) Atom intensity profiles along white line in A}, By,
C, and cluster intensity profile along white line in D;; numerals 1, 2, and 3 indicate the numbers of the Au atomic layer; (5) Corresponding
structural models.

correspond well with the three reduction peaks from the TPR (i.e., IA, MO, MU and NP) have been resolved, and models of
results. Based on STEM images (Figure 2D, and Figure S14), Au/CeO, catalysts were constructed to reflect the morphology
intensity mapping (Figure 2D, and 2D;), and EDS mapping differences of gold species among them and are shown in
(Figure S15) of NP/ceria, gold NPs are dispersed and strongly Figure 2A—Ds.

anchored onto the surface of ceria, which can be observed X-ray absorption measurements of gold nanoclusters on ceria
clearly without any image analysis. On the basis of character- were carried out at the Au Ly; edge (nearly 11919 eV). The X-
izations and analysis described above, {100}-faceted CeO, ray absorption near edge structure (XANES) spectra of all the
NCs-supported gold clusters with four different morphologies Au/ceria catalysts and the reference compounds, including Au
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foil and Au,O;, are shown in Figure 3A and Figure S16,
respectively. Only a shoulder at approximately 11930 eV is
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Figure 3. (A) XANES Au Ly; of gold supported on ceria; (B) Fourier
transform EXAFS functions of Au/ceria catalysts.

observed for the Au foil at the Au Ly; edge, whereas Au (III)
exhibits a large threshold absorption peak at the edge (white
line, 11927 eV). According to the literature,*® the absorption
edge of Au (III) and Au (I) shifts to lower energy compared to
the gold foil because of the low-energy dipole-allowed 2p;, to
5d transition that is allowed for Au,0;(d®) and forbidden for
Au’(d"). In addition, the intensity of the white line is
proportional to the density of unoccupied d states.*" Therefore,
the white line feature was usually used for the determination of
the oxidation state of Au. As shown in Figure 3A, IA/ceria and
MO/ ceria exhibit absorption peaks at the Ly edge centered at
energies of 11927.5 and 11930 eV, respectively, which are
higher than that of the Au (III) Ly X-ray absorption edge.
However, the intensities are much smaller than the intensity of
Au (I).* Therefore, gold species of IA/ceria and MO/ceria are
in the Au®" form. The absorption peak is missing from the
spectra of MU/ceria and NP/ceria because of the complete
occupancy of the d states,* indicating that the gold species are
in the metallic state.

Extended X-ray absorption fine structure (EXAFS) of the
Au/ceria samples was used to characterize the atomic structure
of the Au species. Figure 3B shows the Fourier transformed
EXAFS functions of the Au/ceria catalysts. The structural
parameters (i.e., Au—Au coordination number (N) and
interatomic distance (R,,_4,)) were obtained from the fitted
first-shell Au Ly; edge EXAFS spectra in the R space and are
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summarized in Table S1. For NP/ceria and MU/ ceria, the Au—
Au contribution is dominant as shown in the R-space. The
interatomic distance (R) and the coordination number of 2.87
A and ~12 correspond to the first-shell spacing in the metallic
gold clusters.”® In the case of MO/ ceria, remarkable Au—O and
Au—Ce contributions appear in the spectra, indicating high
dispersion of the gold species. The distance of Au—O is much
larger than that in Au,O; which should be attributed to
interactions with the subjacent support.**** The peak intensity
of Au—O in the fitted data (Figure S17) is much lower than
that in the experimental data because the Au—O contribution
overlaps with the larger Au—Au contribution.*® The coordina-
tion number around the central Au atoms decreases to 8, and a
slight decrease of the Au—Au bond distance was found (from
2.87 t02.83 A), due to the size evolution.***” For samples of
IA/ceria, it can be found that the height of the absorption edge
is smaller than others (Figure 3A), which is caused by the low
Au loading and the heavy Ce atoms. Due to the noise level, the
contributions are too small to allow a confident assignment.
Accurate determination of the Au—Au coordination number
and the Au—O feature cannot be obtained from EXAFS. This
result indicates a very high dispersion of Au on the support in
the IA/ceria sample.

The valence states of gold species have a direct relationship
with the behavior of Au-supported catalysts in some cases,™ so
XPS analysis was performed and the results are shown in Figure
4. It can be found that the peaks of Au 4f;, are present at 83.7

Intensity (a.u.)

84
Binding Energy (eV)

Figure 4. Au 4f photoelectron spectra profiles of Au/CeO, catalysts:
(a) NP/ceria-2; (b) IA/ceria; (c) MO/ceria; (d) MU/ ceria.

eV in samples of MU/ceria and NP/ceria-2, which are in
agreement with the values for metallic Au."” In the case of IA/
ceria and MO/ ceria, the peaks of Au species shift approximately
0.2 eV toward high binding energy (BE). According to
Karpenko et al,,* the upshift value (0.2 eV) here should be
assigned to slightly positively charged gold (Au’*), which agrees
well with XANES analysis and may be caused by the change in
chemical surroundings according to the HAADF-STEM results
of these structures.

Temperature-programmed reduction (TPR) is a versatile
technique to characterize the reducibility of a catalyst. It is well-
known that TPR profiles of the Au/CeQ, catalyst commonly
exhibit three reduction peaks, located at low, mild, and high
temperature regions, that can be assigned to interfacial Au—O—
Ce species, surface and bulk oxygen of ceria, respectively.*’
Because the interfacial —Au—O—Ce— species are vital to their
catalytic performances, we focused on the low-temperature
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regions here, and the results are shown in Figure 5. Similar to
our previous study,” a reduction peak centered at approx-

— |AJceria
281
; MO/ceria
% MU/ceria
i —— NP/ceria

/ 329

H, consumption (a.u.)

T T
200 300
Temperature (°C)

400 500

Figure 5. H,-TPR profiles of Au/CeO, catalysts: 1A/ceria (blue);
MO/ ceria (red); MU/ ceria (green); NP/ceria (black).

imately 73 °C appeared for NP/ceria. However, the reduction
peak of the MO/ ceria sample shifts up to 281 °C, showing that
as the morphology of gold species changed from NPs to
monolayer, the reducibility of the surface —Au—O—Ce—
species decreases significantly. This situation becomes even
worse in the case of IA/ceria catalyst, with the reduction peak at
much higher temperature, 329 °C, indicating that —Au—O—
Ce— species are hard to be reduced when individual gold atoms
are deposited on the {100} surfaces of ceria. Interestingly, the
reduction peak of MU/ ceria appears in the temperature region
between those for NP/ceria and MO/ceria. The peak is a
superposition derived by three reduction components, namely,
at 163, 214, and 281 °C, which can be assigned to the reduction
of trilayer, bilayer, and monolayer gold-structure-related —Au—
O—Ce— species, respectively. Based on the TPR results, it is
clear that the morphology of gold species play a crucial role in
determining the reducibility of the Au/CeO, catalyst: as the
morphologies changed from single Au atom to monolayer,
multilayer, then nanoparticle, the reducibility of Au/CeO,
catalysts increases remarkably.

Catalytic CO oxidation activities were evaluated, and the
results are shown in Figure 6A. It can be observed that the
activities rank as IA/ceria < MO/ceria < MU/ceria < NP/ceria.
IA/ceria and MO/ceria are almost inactive below 300 °C.
However, the CO conversion over MU/ ceria and NP/ ceria are
close to 100% at 200 and 100 °C, respectively. Clearly, the
morphology of the Au species plays a key role in CO oxidation,
and up to two atomic layer of gold is necessary for low
temperature CO oxidation activity in the Au/CeO, system.

To understand the morphological eftects of gold cluster on
CO oxidation, the kinetic performance of the Au/CeO,
catalysts were evaluated. The results are shown in Figure 6B
and summarized in Table 1. It can be found that IA/ceria shows
the highest apparent activation energies (E,, ~83.9 kJ-mol™") of
CO oxidation compared to other catalysts. Although the E, of
MO/ ceria became lower than IA/ceria, it is still high (~72.8 kJ-
mol ™). However, the formation of multilayer Au species
remarkably lowers the E, to 57.3 kJ-mol™}, and it is only 49.1
kJ/mol in the case of NP/ceria. Obviously, the activation
energies of CO oxidation over Au/CeO, catalysts decrease
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Figure 6. (A) CO conversion as a function of temperature; (B)
Arrhenius plots of CO reaction rates of Au/CeQ, catalysts: IA/ceria
(blue); MO/ceria (red); MU/ceria (green); NP/ceria (black).

Table 1. Gold Loading, TOF Values (at 513 K) Based on All
Au Atoms and the Apparent Activation Energies (E,) of the
CO Oxidation

samples Au loading/wt % TOF/s™" E,/KJ-mol™"
IA/ceria 0.42 1.07 X 1072 83.93
MO/ ceria 1.66 242 x 1073 72.75
MU/ ceria 1.66 4.89 x 1072 57.25
NP/ ceria 1.67 9.88 x 1071 49.11

linearly as the reducibility of the interfacial —Au—O—Ce—
species increases.

TOF values were also calculated, with the assumption that all
gold atoms in the catalysts were accessible. As expected, NP/
ceria is the most active catalyst, followed by MU/ceria, the
activity of which is superior to MO/ceria and IA/ceria. At 513
K, the TOF values of NP/ceria and MU/ ceria are 9.88 X 107!
and 4.89 X 107> s7!, respectively. With respect to MO/ ceria
and IA/ceria, however, it is very strange that the more reducible
MO/ ceria, with lower activation energies of CO oxidation,
shows a lower TOF value (2.42 X 1073 s7!) than that of 1A/
ceria (1.07 X 107> s7'). The abnormal results are likely
attributed to the TOF calculation method, which ignore the
inaccessibility of oxygen atoms of —Au—O—Ce— species at the
metal—support interface. In fact, the contact structure of gold-
support is of great importance because only the interface
perimeter around the Au particles act as the reaction
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Figure 7. Most stable adsorption structures of Au,@CeO, (100) (n = 1,2, 3, 4, 7, 10), Au, O and Ce atoms are in gold, red and white, respectively.

The top-layer of AulO cluster marked with green color in f.

site.'®'7?>%" For the IA/ceria catalyst, all the gold and the

oxygen atoms of the —Au—O—Ce— species are accessible,
whereas in the case of MO/ceria, except for those at the
perimeter of gold monolayers, most of the oxygen atoms of
—Au—O—Ce— species are inaccessible due to steric hindrance.
These results reaffirm the idea that the interface perimeters are
the active sites for CO oxidation. That is, the adsorbed CO
molecules were oxidized by reactive oxygen species supplied by
gold—ceria interface perimeters with formation of oxygen
vacancy, and then O, was restored and incorporated into the
lattice to complete the redox cycle.”

To gain insight into the strong morphology-dependent
reducibility of the interfacial —Au—O—Ce— species, DFT
calculations were carried out. Various possible adsorption sites
were evaluated for Au single atoms and larger clusters to find
the most stable and rational geometries, which is shown in
Figure S18—S20. Due to the current practical limit of DFT
calculations for large NPs, we focused on six Au clusters (Auy,
Au,, Aug, Auy, Au,, and Auy) with three types of morphologies
(ie., individual atom, monolayer, and bilayer). Figure 7 shows
the most stable and rational geometries of Au,@CeO, (100).
Because the performance of ceria-based materials is sensitive to
the formation of oxygen vacancy (V,), the oxygen vacancy
formation energies (E,.) of all oxygen in the perimeter of
interface were calculated (Figure 8) because these oxygen
atoms are considered active for CO oxidation.>

Au,@CeO, and Au,@CeO, have been chosen as represen-
tatives for the IA/ceria sample, and Au;@CeO, and Au,@CeO,
for MO/ceria. When Au adatoms are located on Ce-top site
and just coordinated with two oxygen atoms, the resulting
geometry is the most stable structure (Figure 7a). The
minimum E, . of single atom configurations are found to be
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2.69 and 1.56 eV for Au;@CeO, and Au,@CeO,, respectively.
Once Au was deposited on the ceria surface, new Au—O bonds
could be formed. Due to the formation of Au—O bonds, the
removal of the interfacial O is even more difficult than for other
surface oxygen atoms that are located away from the interfaces
(denoted as Oy, with E,,. being 1.36 eV).

In the case of the Au monolayer structure, the Auy cluster has
a triangular configuration, and the Auj triangular plane titled
toward the surface with two Au atoms making contact with two
surface oxygen atoms>* (Figure 7d), which is similar to Au; on

DOI: 10.1021/cs502055r
ACS Catal. 2015, 5, 2873—-2881


http://pubs.acs.org/doi/suppl/10.1021/cs502055r/suppl_file/cs502055r_si_001.pdf
http://dx.doi.org/10.1021/cs502055r

ACS Catalysis

Research Article

CeO, (111).* The Au, cluster was arranged in a hexagonal
structure, which lies almost parallel to the ceria surface, and the
six surrounding atoms bind to six surface oxygen atoms of ceria
(Figure 7e). Top views of both structures show that each Au
atom mostly occupies the top position of the Ce atom, which
agrees well with the structure of MO/ceria. The E,,. of Au;@
CeO, and Au,@CeO, are 1.02 and 0.82 eV, respectively.
Although the E,. is lower than that of the single atom
configurations, the oxygen vacancy formation process is still
endothermic and thermodynamically unfavorable. With Au,
cluster as a starting conﬁguration, we arranged three Au atoms
above the Au, cluster, forming a model of bilayer structure
(Auy,,@Ce02), to better investigate the role of multilayer Au
morphology in the reducibility of Au/CeO,. As shown in
Figure 7f, the Au cluster has two atomic layers, with 7 atoms in
the hexagonal shaped bottom layer and 3 atoms in the top
layer. In the case of the bilayer structure (Au;,@CeQ,), the
minimum E,, of interfacial oxygen become —0.16 eV, which is
consisted with our previously studies.'” The negative value
suggests that surface oxygen is activated by the Auy, cluster, the
removal of which is an exothermic process. Obviously, the E, .
decreases with transformation of the morphologies of Au
clusters from single atom to monolayer and bilayer, and the E,
changes from positive to negative when the bilayer structure
appears. The bilayer structure is a necessary morphology of Au
species to improve reducibility and activity of surface oxygen in
the Au/CeQ, system. These DFT calculations are in accord
with the experimental results, and both demonstrate the
importance of morphologies of gold clusters for activity of
surface oxygen.

It is well-known that surface V5 would supply very stable
anchoring sites for Au clusters. To rule out the effect of
stronger adsorption energies of gold atoms on oxygen vacancy
sites, the configuration for one gold atom adsorbed on the
oxygen vacancy site was constructed (Figure S21), and the E 4
reached up to 5.20 eV. However, the E 4 of a single gold atom
supported on the surface after interfacial oxygen extraction is
2.17 €V, which is even lower than the adsorption energy of the
stoichiometric CeQ, surface (3.50 eV). In addition, the
positions of individual gold atoms remain almost unchanged
after interfacial oxygen extraction (Figure $22). Furthermore,
the energy of the Au cluster binding to the oxygen vacancy
varies with the Au cluster size. The difference of adsorption
energy of a single Au atom supported on between
stoichiometric surface and a reduced surface of ceria is very
apparent, differing by 1.25 eV in energy.>> With the increase of
Au cluster size, the difference of adsorption energy becomes
smaller (~0.2 eV) for the Auy; cluster supported on ceria.>’
Therefore, as the cluster size increases, the energy difference
resulting from the strong adsorption energy of gold clusters on
oxygen vacancy sites is negligible. Because of the interaction
between Au—Au in larger clusters, adsorption structures of
Au,@CeO, after interfacial oxygen extraction underwent
smaller changes.

To understand the origin of E,. lowering, two aspects,
charge transfer and local reconstruction, should be considered.
The profiles of atomic Bader charge analysis were summarized
in Table S3. It is found that some electrons are transferred from
Au clusters to the ceria surface upon adsorption, leading to the
formation of a slightly positive charged Au*"*® The excess
charge in the substrate is mostly localized around Ce atoms of
—Au—O—Ce species (Figure S23), yielding the partially
reduced Ce ion.>> The O atoms attached directly to Au
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atoms became slightly less negative. This process weakens the
Ce—O bond and activates surface oxygen effectively. In
addition, the reconstruction of the local structure is also
beneficial for activation of the interfacial oxygen. For instance
because of the combined effect of two Au atoms, the O; atom
in Au,@CeO, moves away from the surface approximately 0.34
A, resulting in the drop of E,,. compared with Au;@CeO,, and
a 042 A deviation is observed for O4in the Au,@CeO,
configuration, as well as a significant structural rearrangement
of Auj, cluster upon adsorption (Figure $24), folding the cluster
into a 138.8 degree angle between two planes, indicating that
the MO structure is unstable against local reconstruction. This
structural transformation is a manifestation of the “structural
fluxionality” of clusters.””*® In the case of the bilayer gold
clusters, Au,, it is constructed by a first-layer Au, and top-layer
triangular Au;> (marked with green color in Figure 7). Because
of the strong Au—Au bond between the two 1ayers,47’60 Auy, is
stable against structural fluxionality.”” Once Au, is deposited
on the ceria surface, the O4 in Au(@CeO, deviates significantly
(~0.8 A) from the initial site to minimize the energy of the
system. Therefore, due to the combination effects of electron
transfer and local reconstruction, the interfacial oxygen of
Au,(@CeO, is more active than in other configurations.

4. CONCLUSIONS

We prepared a series of Au/CeQO, catalysts (IA/ceria, MO/
ceria, MU/ceria and NP/ceria) with different gold morphol-
ogies using well-defined {100}-faceted ceria NCs as supports.
Strong dependence on gold morphology for reducibility and
catalytic CO oxidation activity was identified. It was shown that
gold clusters with up to two atomic layers were necessary for
good reducibility and CO oxidation activity in Au/CeO,
catalysts. These findings will be beneficial for further
exploration of the origin of high activity of gold catalysts, as
well as for the design and synthesis of advanced catalysts.
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