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Ag/Ce0, catalysts employing CeO, nanocubes (c-Ce0,) and nanorods (r-CeO,) as the support were prepared
by conventional incipient wetness impregnation followed by calcination at 500 °C in air. Their structures
have been characterized in detail and their catalytic activities in CO oxidation have also been tested.
c-Ce0, and r-CeO, nanocrystals exhibit different concentrations and structures of oxygen vacancies. The
silver-r-CeO, interaction is stronger than the silver-c-CeO, interaction. Fine Ag nanoparticles form in
1%-Ag/c-Ce0, and grow in size in 3%-Ag/c-Ce0,; however, positively charged Ag, clusters dominate in
1%-Ag|r-Ce0,, and fine Ag nanoparticles dominate in 3%-Ag/r-CeO,. Supported Ag nanoparticles are much
more capable of creating oxygen vacancies in CeO, than supported positively charged Ag, clusters. More
oxygen vacancies form in Ag/c-CeO, than in Ag/r-CeO,. The average charge density of oxygen vacancies
and the ratio between large oxygen vacancy clusters and small vacancies in CeO, nanocrystals are enhanced
when loaded with positively charged Ag; clusters but reduced when loaded with Ag nanoparticles. Ag
nanoparticles greatly promote the reduction and catalytic activity in CO oxidation of CeO, nanocrystals
but positively charged Ag; clusters do not. These results demonstrate the concept that the interplay
between oxygen vacancies and Ag-CeO, interaction controls the structures of silver and CeO, in Ag/CeO,
catalysts and thus their surface reactivity and catalytic activity, deepening the fundamental understanding
of metal/CeO, catalysts. These results also reveal that the interplay between oxygen vacancies and Ag—CeO,
interaction in Ag/CeO, catalysts depends on the shape of CeO, support, opening up a new strategy for the

design of efficient and economic metal/CeO, catalysts by engineering the shape of CeO, support.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Oxides are widely employed either as the catalyst or as the sup-
port in heterogeneous catalysis. The crystal planes exposed on
oxide nanoparticles that determine the surface composition and
surface structure have been recognized to remarkably influence
their surface reactivity and catalytic performance. Recently, the
controlled synthesis of inorganic nanocrystals with a uniform
shape that selectively expose one or two types of crystal planes
has achieved great progress. Subsequently, it is being developed
as a novel strategy to engineer efficient oxide-contained heteroge-
neous catalysts by controlling the shape of oxide nanocrystals [1].
This novel strategy has been exemplified by shape-dependent
surface reactivity and catalysis of MgO [2], Co304 [3,4], and Cu,0
[5-8] nanocrystals.
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Ceria (Ce0O;) exhibits a nice Redox property and a high oxygen
storage capacity and thus has wide applications in many important
catalytic oxidation reactions [9-11]. CeO, nanocrystals with various
shapes including cubes, rods, wires, and octahedra have been syn-
thesized successfully and examined for catalytic reactions, in which
the shape-dependent performance was observed [12-22]. CeO,
nanorods that predominantly expose {110} and {100} crystal
planes showed enhanced catalytic activity in CO oxidation than
Ce0, nanoparticles that mainly expose {111} crystal planes [12].
CeO, nanowires that expose a larger portion of {110} and {100}
crystal planes gave higher oxygen storage capacity and catalytic
activity in CO oxidation than CeO, nanorods [17]. The metal-CeO,
interaction plays an important role in the catalytic performance of
CeO, supported metal catalysts [16,19,20,23-34]. It has also been
reported that the shape of CeO, nanoparticles strongly affects the
metal-CeO, interaction and thus the catalytic performance of
Ce0O,-supported metal catalysts. Among CeO, nanorods, nanocubes
and nanopolyhedra, CeO, nanorods enclosed by {110} and {100}
crystal planes are most active for gold stabilization/activation and
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thus CeO, nanorod-supported Au catalyst is most active in catalyz-
ing the water-gas shift reaction [16]. The shape effect of CeO, nano-
particles on the Au-CeO, interaction and catalytic performance of
Au/CeO, catalysts was also observed in 1,3-butadiene hydrogena-
tion and liquid-phase alcohol oxidation reactions [20]. Feng et al.
deposited Pt clusters on CeO, nanooctahedra and nanorods employ-
ing electron beam evaporation and studied their catalytic activity in
CO oxidation and dehydrogenation reaction, in which the growth
mode of Pt clusters, Pt-CeO, interaction, and catalytic activity of
Pt/Ce0, depended on the shape of CeO, nanoparticles [19].

In previous reports [12-20], the shape-dependent catalytic prop-
erties of CeO, nanocrystals were tentatively attributed to different
crystal planes exposed on CeO, nanocrystals with different shapes.
Theoretical calculation studies showed that CeO,{111} is the least
active surface, followed by {100} and {110} [35]. However, besides
the surface composition and surface structure determined by the
exposed crystal plane, oxygen vacancies also play a decisive role
in the surface reactivity and catalytic performance of CeO, nanopar-
ticles [9,10,21,22,36-38] and the concentration and structure of
oxygen vacancies have been reported to depend on the preparation
process and structure of CeO, nanoparticles [21,39,40]. Esch et al.
[39] reported that small size surface oxygen vacancies were immo-
bile on CeO,(11 1) at room temperature, but could form linear clus-
ters at high temperatures. Recently, Liu et al. [21] observed that
CeO, nanorods predominantly exposing less active {100} and
{111} planes exhibited much better reducibility and catalytic activ-
ity in CO oxidation than CeO, nanorods predominantly exposing
active {100} and {110} planes. CeO, nanorods predominantly
exposing {100} and {11 1} planes were found to have a higher con-
centration of oxygen vacancy clusters that could promote the reduc-
ibility and catalytic activity than CeO, nanorods predominantly
exposing {100} and {110} planes [21]. Theoretical calculation stud-
ies show that the vacancy formation energy on different crystal
planes CeO, follows the order of {110}<{100}<{111} [41]. Wu
et al. [42] reported that CeO, nanorods with exposed {110} and
{100} crystal planes have the most abundant oxygen vacancy sites,
followed by CeO, nanocubes and nano-octahedra, respectively,
exposing {100} and {11 1}. The different oxygen vacancy structures
in CeO, nanorods, nanocubes, and nano-octahedra have also been
demonstrated to contribute to their different catalytic activity in
CO oxidation [22]. Therefore, Liu et al.’s [21] and Wu et al.’s results
[42] reveal that previously reported shape-dependent catalytic
activity of CeO, nanocrystals in CO oxidation might originate from
shape-dependent concentration and structure of oxygen vacancies
in CeO, nanocrystals.

The shape of CeO, nanoparticles has also been reported to
strongly affect the metal-CeO, interaction and thus the catalytic
performance of CeO,-supported metal catalysts [16,19,20], but
the origin remains unknown. In this paper, we employed CeO,
nanocubes and nanorods as the support to prepare Ag/CeO, cata-
lysts. The concentration and structure of oxygen vacancies in
CeO, and Ag/CeO, have been characterized by means of Raman
spectroscopy and position annihilation lifetime spectroscopy
(PALS) and correlated with the Ag-CeO, interaction, reducibility,
and catalytic activity of Ag/CeO, catalysts. Our results demonstrate
that the shape-dependent interplay between oxygen vacancies and
Ag-CeO, interaction controls the structure and catalytic activity of
Ag/CeO, catalysts.

2. Experimental section

2.1. Catalyst preparation

Ce(NO3)3-6H,0  (>99.0%), NaOH (>96.0%), and AgNOs
(=99.8%) were purchased from Sinopharm Chemical Reagent Co.,

Ltd. and used as received. The synthesis of CeO, nanocubes and
nanorods followed previously established hydrothermal methods
[12]. Typically, 1.96 g Ce(NOs)3-6H,0 was dissolved in 40 mL ultra-
pure water (resistance >18 MQ) and 16.88 g NaOH was dissolved
in 30 mL ultrapure water. The NaOH solution was added dropwise
into the Ce(NOs3);3 solution under stirring at RT. The mixed solution
was adequately stirred for additional 30 min at room temperature
and then transferred into a 100-mL Teflon bottle. The Teflon bottle
was tightly sealed and hydrothermally treated in a stainless-steel
autoclave at 180 °C for 24 h. After cooling, the obtained white pre-
cipitate was collected, washed with ultrapure water, and dried in
vacuo at 80 °C for 16 h. Then, the acquired yellow powder was cal-
cined in muffle oven at 500 °C for 4 h to synthesize CeO, nano-
cubes. The synthesis procedure for CeO, nanorods was the same
as that for CeO, nanocubes except that the hydrothermal treat-
ment temperature was 100 °C.

Ag/CeO, catalysts were prepared by conventional wetness
incipient impregnation method employing synthesized CeO, nano-
cubes or nanorods as the support. Typically, 0.5 g CeO, nanocrystal
was slurried in ultrapure water under vigorous stirring, and the
desired amount of AgNO3 solution was added dropwise. After the
impregnation, the sample was dried in vacuo at RT and then cal-
cined in air at 500 °C for 4 h. Ag/CeO, catalysts with calculated
Ag loadings of 1% and 3% (Ag/CeO, weight ratio) were prepared
and the preparation experiments were carried out in the absence
of light.

We herein denote CeO, nanocubes and nanorods as c-CeO, and
r-Ce0,, respectively, and various Ag/CeO, catalysts as 1%-Ag/c-
CeO,, 3%-Ag/c-Ce0,, 1%-Ag[r-Ce0,, and 3%-Ag/r-CeO,.

2.2. Structural characterization

The loading of Ag in Ag/CeO, catalysts was determined by an
Optima 7300 DV inductively coupled plasma atomic emission spec-
trometer (ICP-AES). BET specific surface areas were acquired on a
Beckman Coulter SA3100 surface area analyzer, and the sample
was degassed at 300 °C for 5 h in the nitrogen atmosphere before
the measurement. Powder X-ray diffraction patterns were recorded
on a MXPAHF X'Pert PRO diffractometer using nickle-filtered CuKo
(wavelength: 0.15418 nm) radiation source with the operation
voltage and operation current being 30 kV and 160 mA, respec-
tively. UV-Vis diffuse reflectance spectra (DRS) were recorded on
a Shimadzu SolidSpec-3700 UV-Vis spectrophotometer. X-ray pho-
toelectron spectroscopy (XPS) measurements were performed on
an ESCALAB 250 high-performance electron spectrometer using
monochromatized AlKo (hv = 1486.7 eV) as the excitation source.
The likely charging of samples was corrected by setting the binding
energy of the adventitious carbon (C 1s) to 284.8 eV. Laser Raman
spectra were obtained in back-scattering configuration on a LAB-
RAM-HR Confocal Laser Raman Spectrometer. The Ar+ (514.5 nm)
and He-Cd lasers (325 nm) were respectively employed as the exci-
tation source to obtain the visible Raman and UV Raman spectra.
The integration time was 60 and 120 s for the visible and UV Raman
spectra, respectively. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) exper-
iments were preformed on JEOL-2100F with electron acceleration
energy of 200 kV. H, temperature-programmed reduction (H,-
TPR) experiments were carried out on a Micromeritics ChemiSorb
2750, in which 20 mg catalyst was heated at a heating rate of
10 °C min~' in a 5% H,—Ar mixture with a flow rate of 20 mL min~".
X-ray absorption spectra (XAS) were recorded at room temperature
in the fluorescence mode at BL14W1beamline of Shanghai Synchro-
tron Radiation Facility (SSRF), China.

PALS spectra were measured with a fast-fast coincidence spec-
trometer with a time resolution of 215 ps acquired using silicon
single crystal as the reference. The time channel width of our PALS
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spectrum measuring system reaches 23.8 ps. Samples were
pressed into pellets (1 mm thickness and 10 mm diameter) for
PALS measurements. A 40 uCi 22Na positron source was sand-
wiched between two identical plane-faced pellets. All measure-
ments were carried out at 291 K. The lifetime spectra were best
fitted to three lifetime components using the PATFIT program,
and the counts of every spectrum were 2.0 x 10°.

2.3. Catalytic activity test

The catalytic activity of CeO, and Ag/CeO, catalysts in CO oxida-
tion was evaluated with a fixed-bed flow reactor. The catalyst
experienced no pretreatment prior to the catalytic reaction. The
used catalyst weight was 100 mg, and the reaction gas consisting
of 1% CO in dry air was fed at a flow rate of 20 mL min~'. The com-
position of the effluent gas was detected by an online GC-14C gas
chromatograph equipped with a TDX-01 column (T =80 °C, H; as
the carrier gas at a flow rate of 30 mL min~!). The conversion of
CO was calculated from the change of CO concentrations in the
inlet and outlet gases. It was confirmed that the investigated cata-
lytic reactions do not have mass and heat transfer limitations [43].

3. Results and discussion

Fig. 1 shows TEM and HRTEM images of as-synthesized CeO,
nanocubes and nanorods. CeO, nanocubes are uniform with their
edge lengths mostly between 20 and 30 nm, and CeO, nanorods
are with a narrow diameter distribution of 10 £ 3 nm but a wide
length distribution between 30 and 200 nm. As reported previ-
ously [13] and revealed by HRTEM images, CeO, nanocubes selec-
tively expose {100} crystal planes and CeO, nanorods expose
{100} and {110} crystal planes. CeO,(100) is a polar plane com-
posed of Ce(IV) layers and O layers, and its surface is terminated
by the O layer, whereas CeO,(110) is a non-polar plane formed
by a stack of stoichiometric CeO, layers and its surface exposes
both Ce(IV) and O atoms [41].

Fig. 2 shows XRD patterns of CeO, and Ag/CeO, samples accom-
panied with their photographs. Both CeO, nanocubes and nanorods
display typical cubic fluoride CeO, crystal phase (JCPDS card No. 34-
0394), but the diffraction peaks of CeO, nanorods are slightly

broader than those of CeO, nanocubes. The colors of CeO, nano-
cubes and nanorods are yellow, and CeO, nanorods look slightly
brighter than CeO, nanocubes. However, after the loading of silver,
the colors of the samples vary much. 1%-Ag/c-CeO, and 3%-Ag/c-
CeO, are black, but 1%-Ag/r-Ce0O, is dark yellow and 3%-Ag/r-CeO,
is black. XRD does not detect any diffraction patterns arising from
Agin 1%-Ag/c-Ce0,, 1%-Ag/r-CeO, and 3%-Ag/r-Ce0,, but very weak
Ag(111) diffraction peak at 38.6° in 3%-Ag/c-CeO,, evidencing the
presence of Ag nanoparticles in 3%-Ag/c-CeO,. We measured the
silver loading in Ag/CeO, samples by ICP-AES, and the results are
summarized in Table 1. 1%-Ag/c-CeO, and 1%-Ag/r-CeO, have sim-
ilar silver loadings, so do 3%-Ag/c-CeO, and 3%-Ag/r-CeO,. It can be
thus inferred that silver species with different structures form in
different Ag/CeO, samples.

We examined the morphology and structure of Ag/CeO, samples
with TEM (Fig. 3). The morphology of both CeO, nanocubes and
nanorods does not change much after the loading of silver; however,
their surface becomes rougher and their corners become rounder.
We failed to observe any Ag nanoparticles in 1%-Ag/r-CeO,. Hemi-
spherical Ag nanoparticles, spherical Ag nanoparticles, and both
hemispheric and spherical Ag nanoparticles could be observed in
1%-Ag/c-Ce0,, 3%-Ag/[r-Ce0,, and 3%-Ag/c-CeO,, respectively, as evi-
denced by their lattice fringe of 0.24 nm corresponding to that of
Ag{111}. The average size of observed Ag nanoparticles in 3%-Ag/
c-Ce0, is largest, agreeing with above XRD results.

Fig. 4 shows UV-Vis DRS spectra of CeO, and Ag/CeO, samples.
The UV-Vis DRS spectra of CeO, nanocubes and nanorods are sim-
ilar, but CeO, nanocubes exhibit slightly stronger absorbance in the
visible region than CeO, nanorods. The loading of silver greatly
enhances the absorbance of CeQ, in the visible light region, but
the enhancement effect is much lower in 1%-Ag/r-CeO, than in
other three Ag/CeO, samples. These experimental results well ex-
plain the colors of Ag/CeO, samples shown in Fig. 2. Meanwhile,
no new feature could be observed in the UV-Vis DRS spectrum of
1%-Ag/r-Ce0,, but a diffuse but clearly visible peak was observed
in the UV-Vis DRS spectra of 1%-Ag/c-CeO,, 3%-Ag/r-CeO,, and
3%-Ag/c-Ce0,, respectively, centering at 676, 642, and 809 nm. This
feature can be reasonably assigned to the surface plasmon
resonance (SPR) peak of Ag nanoparticles supported on CeO,. The
SPR peak of Ag nanoparticles red-shifts with their particle size

el |

Fig. 1. TEM and HRTEM images of CeO, nanocubes (a and c¢) and nanorods (b and d).
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Fig. 2. XRD patterns and photographs of (a) c-CeO, (b) r-CeO, (c) 1%-Ag/c-CeOs, (d)
1%-Ag[r-Ce0,, (e) 3%-Ag/c-CeO,, and (f) 3%-Ag/r-Ce0,.

Table 1
Ag loadings, specific surface areas, and surface compositions of various samples.

Sample Ag loading (wt%) Specific surface area (m?/g)
c-Ce0, 359
r-CeO, 66.7
1%-Ag/c-Ce0, 0.76 33.2
1%-Ag/r-CeO, 0.89 65.6
3%-Ag/c-CeO, 247 27.9
3%-Ag/r-Ce0, 2.51 62.3

[44,45]; therefore, the average size of Ag nanoparticles in Ag/Ce0O,
samples follows the order: 3%-Ag/c-CeO, > 1%-Ag/c-CeO, ~ 3%-Ag/
r-CeO,.

XPS was employed to probe the structure of silver species in Ag/
Ce0, samples (Fig. 5). The Ag 3d XPS spectra of all samples are
symmetric and with similar full-width at half-maximum (FWHM)
of ~2.0 eV. 1%-Ag/c-Ce0,, 3%-Ag/r-Ce0,, and 3%-Ag/c-CeO, exhibit
their Ag 3ds); binding energy at 368.4 eV that could be assigned to
Ag nanoparticles supported on CeO, [38]; however, 1%-Ag/r-CeO,
exhibit its Ag 3dsj, binding energy at 367.6 eV. Due to the final
state effect, positively charged silver species (Ag; ) exhibits a lower
Ag 3ds; binding energy than metallic silver [46]. Therefore, posi-
tively charged Ag; species dominates in 1%-Ag/r-CeO,, whereas
metallic Ag nanoparticles dominate in 1%-Ag/c-CeO,, 3%-Ag/r-
Ce0,, and 3%-Ag/c-Ce0,. XAS was further employed to elucidate
the nature of silver species in Ag/CeO, samples (Fig. 6). The refer-
ence samples, Ag foil, AgNO3; powder and Ag,0 powder, display
distinctly different Ag K-edge XANES spectra. The Ag K-edge
XANES spectra of 1%-Ag/c-CeO, and 3%-Ag/c-CeO, are similar to
that of Ag foil, evidencing the formation of metallic Ag nanoparti-
cles. The features in the Ag K-edge XANES spectrum of 1%-Ag/r-
Ce0, are still similar to those of AgNOs; powder, but impregnated
AgNOs on r-Ce0, should completely decompose after calcination
at 500 °C. Similar experimental results were previously observed
during the calcination process of AgNOs-impregnated SiO, in
which the formation of positively charged Ag, clusters were pro-
posed [29]. Therefore, the dominating silver species in 1%-Ag/r-
CeO, is positively charged Ag clusters, agreeing with XPS results.
The Ag K-edge XANES spectrum of 3%-Ag/r-CeO, mainly consists of
the features arising from Ag foil, but the features of positively

charged Ag, clusters are still visible. Thus, metallic Ag nanoparti-
cles dominate in 3%-Ag/r-Ce0,, but positively charged Ag, clusters
also exist.

Above structural characterizations clearly reveal that different
silver species form in Ag/CeO, samples employed CeO, nanocubes
and nanorods as the support. Fine Ag nanoparticles dominate 1%-
Ag/c-CeO, and grow in size in 3%-Ag/c-CeO,; however, positively
charged Ag;, clusters dominate in 1%-Ag/r-CeO,, and fine Ag nano-
particles dominate in 3%-Ag/r-CeO,. These results demonstrate that
the interaction between silver and CeO, nanorods exposing {110}
and {100} crystal planes is much stronger than that between silver
and CeO, nanocubes exposing {100} crystal planes so that posi-
tively charged Ag; clusters could be stabilized on CeO, nanorodes
but not on CeO, nanocubes when impregnated AgNOs thermally
decomposed at 500 °C. It was previously observed that CeO, nano-
rods enclosed by {110} and {100} crystal planes are most active for
gold stabilization/activation among CeO, nanorods, nanocubes, and
nanopolyhedra [16]. The Ag-CeO, interaction not only affects the
structure of silver species but also affects the concentration and
structure of oxygen vacancies in CeO, support. Figs. 7 and 8 show
Raman spectra of CeO, and Ag/CeO, excited by lasers with wave-
lengths of 514.5 (visible Raman) and 325 nm (UV Raman), respec-
tively. Excited by 514.5nm laser, both CeO, nanocubes and
nanorods exhibit a strong peak at 465 cm™! and two weak peaks
at 598 and 1174 cm™!, which correspond to the F,g, defect-induced
(D) and second-order longitudinal modes of cubic CeO, fluoride
phase, respectively [47-49]. The Raman spectra of CeO, nanocubes
and nanorods change in different ways after the loading of silver.
For CeO, nanocubes, the F»; and D bands, respectively, red-shift
to 458 and 545 cm ! after the loading of Ag nanoparticles; mean-
while, the D band obviously grows at the expense of the F,, mode.
For CeO, nanorods, the F,; band red-shifts to 462 cm~!in 1%-Ag/r-
Ce0, and further to 460 cm™' in 3%-Ag/r-Ce0,, and the D band
red-shifts to 590 cm~! in 1%-Ag/r-CeO, and further to 579 cm~! in
3%-Ag/r-Ce0,; meanwhile, the D band obviously grows at the
expense of the F,; mode in 3%-Ag/r-CeO,. Excited by 325 nm laser,
three peaks at 450, 587, and 1176 cm™! that respectively corre-
spond to the F,, D, and second-order longitudinal modes of cubic
Ce0, fluoride phase exhibit comparative intensities for both CeO,
nanocubes and nanorods. After the loading of silver, these three
bands do not shift, but their relative intensities of the bands change.
We performed peaking fitting of the F,g and defect-induced modes
in the Raman spectra of various samples and calculated their ratio
(Ip/Irzg). The results are summarized in Table 2.

Above Raman spectra of CeO, and Ag/CeO, samples demon-
strate several interesting results. Firstly, UV Raman gives much
stronger defect-induced and second-order longitudinal modes of
CeO, than visible Raman. This was observed previously and attrib-
uted to the resonance Raman effect [42,49,50] since CeO, strongly
absorbs in the UV region. Secondly, after the loading of silver, the
F.¢ and D bands red-shift more or less in the visible Raman spectra
but do not in the UV Raman spectra. Due to the much stronger
absorption of both CeO, and Ag/CeO, in the UV light region than
in the visible light region, UV Raman is more surface sensitive than
visible Raman. The red-shift of D band to around 550 cm~' was
previously observed in doped and reduced CeO, and was associ-
ated with the creation of oxygen vacancies in CeO, [42,49,50].
These observations suggest that the loading of silver creates oxy-
gen vacancies in the bulk region of CeO, rather than in the surface
region; however, the loaded silver species should reasonably inter-
act with the surface of CeO,. This could be due to the argument
that oxygen in the bulk of CeO, can migrate to the surface region
to fill oxygen vacancies created by the Ag-CeO, interaction to
some extents during the synthesis process, forming oxygen vacan-
cies in the bulk region. Thirdly, after the loading of silver, the
changes of Ip/Irg values are clearly shape-dependent. The Ip/Ifg
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3%-Ag/c-CeO,

Fig. 3. TEM and HRTEM images of various samples.

values of both visible and UV Raman of CeO, nanorods are larger
than those of CeO, nanocubes, indicating that CeO, nanorods have
more oxygen vacancies than CeO, nanocubes. Wu et al. [42] also
observed that CeO, nanorods have the most abundant oxygen
vacancy sites, followed by CeO, nanocubes and nano-octahedra.
Theoretical calculation studies show that the vacancies formation
energy on different crystal planes CeO, follows the order of
{110} <{100} <{111} [41]. After the loading of silver, the Ip/Irg
value of visible Raman increases from 0.01 for c-CeO, dramatically
to 1.15 for 1%-Ag/c-CeO, and then decreases to 0.79 for 3%-Ag/c-
Ce0,, and that of UV Raman increases from 0.6 for c-CeO, to 1.39
for 1%-Ag/c-CeO, and further to 1.74 for 3%-Ag/c-CeO,; meanwhile,
the Ip/lgg value of visible Raman increases from 0.03 for r-CeO,
slightly to 0.07 for 1%-Ag/r-CeO, and further to 0.25 for 3%-Ag/r-
Ce0,, but that of UV Raman does not vary much among r-CeO,,
1%-Ag/r-Ce0,, and 3%-Ag/r-Ce0,. Evidently, supported Ag nanopar-
ticles are much more capable of creating oxygen vacancies in CeO,
than supported positively charged Ag; clusters; meanwhile, much

more oxygen vacancies form in Ag/c-CeO, than in Ag/r-CeO,
although r-CeO, has more oxygen vacancies than c-CeO,. This for
the first time demonstrates that the formation of oxygen vacancies
in CeO, nanocrystals induced by the Ag-CeO, interaction depends
on the crystal planes exposed by CeO, nanocrystals. It is notewor-
thy that the order of oxygen vacancy formation between CeO,
nanocubes and nanorods in Ag/CeO, catalysts is opposite to that
in pure CeO, nanocrystals. This clearly demonstrates that the
Ag-CeO, interaction exerts great influences on the structure of
CeO, nanocrystals.

PALS, a well-established technique to study defects in materials
[21,50-55], was employed to further probe the structure of oxygen
vacancies in various samples. Fig. 9 displays PALS spectra that were
peak-fitted with three components. The results were summarized
in Table 2 (t, lifetime of the positron; I, corresponding intensity).
The lifetime of positrons is determined by the average electron den-
sity at the annihilation site, and it increases with the decrease of the
average electron density [54]. The component with longest lifetime
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Fig. 4. UV-Vis diffuse reflectance spectra of various samples.
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Fig. 5. Ag 3d XPS spectra of various samples.

T3 is generally due to the annihilation of ortho-positronium atoms
in the large voids in the material whose formation is a separate
physical process not related to positron trapping at defects
[50,51]. CeO, nanocubes exhibit two components with the lifetime
of 187 (71) and 350.2 ps (7). The 7, and 7, components respectively
correspond to the free annihilation of positrons in CeO, and the
annihilation of positrons in large oxygen vacancy clusters in CeO,
[21,52,53]. CeO, nanorods exhibit two components with the life-
time of 262 (7,) and 397 ps (1,). The 7, component corresponds
to the annihilation of positrons in large oxygen vacancy clusters
in CeO, while the 7; component arises from the annihilation of
positrons in small oxygen vacancies in CeO, such as Ce>*-oxygen
vacancy associates and mono-vacancies [21,52,53]. Therefore, PALS
results demonstrate that CeO, nanocubes and nanorods are with
different structures of oxygen vacancies. CeO, nanocubes are
mainly with large oxygen vacancy clusters while CeO, nanorods

XANES: Ag-K edge

- Agfoil
1 %-AgIc-Ce02
3%-Aglc-CeO,
1%-Aglr-CeO,
—— 3%-Ag/r-CeO,
—— Ag,0O powder

Normalized Intensity (arb. unit)

— J’i\gNO3 powder

T T
25550 25600

T
25500

25450 25650

Photon Energy (eV)
Fig. 6. Ag K-edge XANES spectra of various samples.

are with both small oxygen vacancies and large oxygen vacancy
clusters. Meanwhile, oxygen vacancy clusters in CeO, nanorods
are with a lower average electron density than those in CeO,
nanocubes.

The life times of two components of 1%-Ag/c-CeO, are 203.3 (7;)
and 366.1 ps (13), and those of 3%-Ag/c-CeO, are 198.9 () and
360.7 ps (72). These values are all larger than the corresponding
values of CeO, nanocubes. Thus, the loading of Ag nanoparticles
on CeO, nanocubes leads to the formation of small oxygen vacan-
cies and the decrease of the average electron density of oxygen va-
cancy clusters. The latter might be attributed to the increase in the
size of oxygen vacancy clusters after CeO, nanocubes are loaded
with Ag nanoparticles. The I;/I; ratio decreases from 1.75 for
Ce0, nanocubes to 1.32 for 1%-Ag/c-CeO, and 1.44 for 3%-Ag/c-
C602.

Interestingly, 1%-Ag/r-CeO, exhibits two components whose life
times (230.2 and 384.7 ps) are shorter than the corresponding val-
ues of CeO, nanorods, indicating that both small oxygen vacancies
and oxygen vacancy clusters in 1%-Ag/r-CeO, have the higher aver-
age electron density than those in CeO, nanorods. Positively
charged Ag' clusters dominate in 1%-Ag/r-CeO,, thus oxygen
vacancies in 1%-Ag/r-CeO, might bear extra charge for the charge
balance and are thus with the higher average charge density than
oxygen vacancies in CeO, nanorods. 3%-Ag/r-CeO, exhibits two
components with the life time of 250.2 (t1) and 409.3 ps (7>). Its
7, is longer than that of 1%-Ag/r-CeO, but still shorter than that
of CeO, nanorods, and its 7, is longer than that of CeO, nanorods.
Ag nanoparticles dominate in 3%-Ag/r-CeO, but positively charged
Ag, clusters also exist. Ag nanoparticles are associated with large
oxygen vacancy clusters in 3%-Ag/r-CeO,. Similar to the case in
Ag/c-Ce0,, oxygen vacancy clusters are larger in 3%-Ag/r-CeO, than
in CeO, nanorods and thus exhibit the lower average electron den-
sity. Positively charged Ag} clusters mainly interact with small
oxygen vacancies in 3%-Ag/r-CeO, that thus still exhibits the high-
er average electron density than those in CeO, nanorods. It is also
interesting that the I,/I; ratio increases from 2.18 for CeO, nano-
rods to 3.55 for 1%-Ag/r-CeO, with positively charged Ag, clusters,
but then decreases to 1.39 for 3%-Ag/r-CeO, with dominant Ag
nanoparticles that is similar to the I,/I; ratio for Ag/c-CeO, with
Ag nanoparticles.

Above structural characterization results for the first time reveal
the shape-dependent interplay between oxygen vacancies and Ag-
Ce0, interaction in Ag/CeO, samples. CeO, nanorods enclosed with
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Fig. 8. UV Raman spectra of (A) c-Ce0,, 1%-Ag/c-Ce0,, 3%-Ag/c-Ce0,, and (B) r-Ce0,, 1%-Ag/r-Ce0,, 3%-Ag/r-CeO,.

Table 2
Peak-fitting results of PALS spectra and Raman spectra of various samples.

Sample PALS spectra Raman spectra
71 (ps) 72 (ps) 73 (ns) I (%) I (%) I3 (%) L/ Ip/lr2g
325 nm 541.5 nm

c-Ce0, 187.0 350.2 1.50 35.99 63.16 0.85 1.75 0.60 0.01
1%-Ag/c-CeO, 203.3 366.1 2.10 42.82 56.48 0.70 1.32 1.39 1.15
3%-Ag/c-CeO, 198.9 360.7 1.74 40.6 58.5 0.9 1.44 1.74 0.79
r-CeO, 262.0 397.0 1.90 31.2 67.9 0.9 2.18 0.76 0.03
1%-Ag[r-CeO, 230.2 384.7 1.71 21.72 77.06 1.22 3.55 0.89 0.07
3%-Ag/r-CeO, 250.2 409.3 2.36 41.5 57.5 1.0 1.39 0.77 0.25

{110} and {100} crystal planes are with a slightly higher oxygen
vacancy concentration than CeO, nanocubes enclosed with {100}
crystal planes, and CeO, nanorods are with both small oxygen
vacancies and large oxygen vacancy clusters while CeO, nanocubes

are mainly with large oxygen vacancy clusters. When employed as
the support to prepare Ag/CeO, catalysts, CeO, nanocubes and
nanorods exhibit different Ag-CeO, interactions, not only forming
different silver species but also exerting different influences on
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their oxygen vacancies. Fine Ag nanoparticles form in 1%-Ag/c-CeO,
and grow in size in 3%-Ag/c-CeO,; however, positively charged Ag;
clusters dominate in 1%-Ag/r-Ce0O,, and fine Ag nanoparticles dom-
inate in 3%-Ag/r-CeO,. More oxygen vacancies form in Ag/c-CeO,
than in Ag/r-CeO,. Supported Ag nanoparticles are much more
capable of creating oxygen vacancies in CeO, than supported posi-
tively charged silver clusters. The average charge density of oxygen
vacancies and the ratio between large oxygen vacancy clusters and
small vacancies in CeO, nanocrystals are enhanced with supported
positively charged Ag, clusters but reduced with supported Ag
nanoparticles.

Oxygen vacancies play a decisive role in the surface reactivity
and catalytic performance of CeO, nanoparticles. Fig. 10 displays
H,-TPR spectra of various samples. The surface reduction peak of
CeO, nanorods is larger than that of CeO, nanocubes, which could
be associated with the difference of specific surface area between
Ce0-, nanocubes (35.9 m?/g) and nanorods (66.7 m?/g) (Table 1).
However, the surface reduction of CeO, nanocubes and nanorods
initiates at the similar temperature (350 °C), which could be attrib-
uted to the fact that CeO, nanorods are only with a slightly higher
oxygen vacancy concentration than CeO, nanocubes. Interestingly,
1%-Ag/c-Ce0,, 3%-Ag/c-Ce0,, and 3%-Ag/r-CeO, exhibit their sur-
face reduction at the same temperature (40 °C) with the peak max-
imum at 146, 138, and 165 °C, respectively. This can be well
explained similar silver and oxygen vacancy structures of 1%-Ag/
c-Ce0,, 3%-Ag/c-Ce0,, and 3%-Ag/r-Ce0,: Ag nanoparticles, high
oxygen vacancy concentrations, and similar ratios between large
oxygen vacancy clusters and small vacancies. Ag nanoparticles
activate surface lattice oxygen in CeO, and facilely dissociate H,,
greatly facilitating the surface reduction of CeO, nanocrystals at
low temperatures. 1%-Ag/r-CeO, with positively charged Ag, clus-
ters gets reduced at 95 °C with the peak maximum at 203 °C. It is
very likely that positively charged Ag, clusters in 1%-Ag/r-CeO,
are firstly reduced into Ag nanoparticles, subsequently promoting
the surface reduction of CeO,. Therefore, Ag nanoparticles greatly
promote the reduction of CeO, nanocrystals but positively charged
Ag, clusters do not.

Fig. 11A shows CO conversion as a function of reaction temper-
ature of various catalysts in CO oxidation. CeO, nanocubes become
active at 210 °C and CeO, nanorods are slightly active than CeO,
nanocubes, which could be associated with their specific surface
areas. The catalytic performances of Ag/CeO, catalysts are better
than CeO, nanocrystals, but vary with their structures of silver
and oxygen vacancies. 1%-Ag/r-CeO, with positively charged Ag,
clusters becomes active above 120 °C but only achieves a 80% CO

—c-CeO,
203 —r-CeO,
1 %-Ag:‘a::—CeO:2
1%-Agi/r-CeO,
3%-Aglc-CeO,
3%-Agir-CeO,

H, consumption
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Fig. 10. H,-TPR profiles of various samples.

conversion at 300 °C. 1%-Ag/c-CeO, with Ag nanoparticles is very
active, becoming active above 60 °C and achieving a 100% CO con-
version at 195 °C. With higher loadings of Ag nanoparticles, 3%-Ag/
c-Ce0, and 3%-Ag/r-CeO, are more catalytically active than 1%-Ag/
c-Ce0, and achieve a 100% CO conversion at 165 °C. The catalytic
performances of various CeO, and Ag/CeO, catalysts are in line
with their reducibility, indicating that surface lattice oxygen in
Ce0O, participates into catalytic CO oxidation. With this respect,
CeO, with a high oxygen vacancy concentration and appropriate
ratios between large oxygen vacancy clusters and small vacancies
are catalytically active. We have also calculated the corresponding
turn-over frequency (TOF) of various Ag/CeO, catalysts with re-
spect to the Ag loading in CO oxidation (Fig. 11B). The TOF values
of our catalysts are lower than those of Ag/CeO, composite cata-
lysts prepared by co-precipitation method [24].

Surface lattice oxygen and oxygen vacancies are always in-
volved in oxidation reactions catalyzed by CeO,-based catalysts;
therefore, tuning the reactivity of surface lattice oxygen and the
oxygen vacancy structure in CeO, is the key to optimize the cata-
lytic activity, which can be achieved via the loading of noble met-
als. Our results demonstrate that different structures of supported
noble metals exert different influences on the oxygen vacancy
structure of CeO,. Supported Ag nanoparticles are much more
capable of activating the surface lattice oxygen, creating oxygen
vacancies, promoting the surface reduction, and catalytic activity
of CeO, than supported Ag; clusters. More importantly, our results
demonstrate that, under the same preparation procedure, the
structure of silver supported on CeO, is controlled by the shape
of CeO, via the shape-dependent interplay between oxygen vacan-
cies and Ag-Ce0, interaction. CeO, nanorods enclosed with {110}
and {100} crystal planes and CeO, nanocubes enclosed with {100}
crystal planes are with different concentrations and structures of
oxygen vacancies, and CeO, nanorods exhibit the stronger silver—
CeO, interaction than CeO, nanocubes. On one hand, these results
demonstrate that the interplay between oxygen vacancies and Ag-
CeO, interaction controls the structures of silver and CeO, in Ag/
Ce0, catalysts and thus their catalytic activity, deepening the fun-
damental understanding of metal/CeO, catalysts. On the other
hand, these results reveal that the interplay between oxygen
vacancies and Ag-CeO, interaction depends on the shape of CeO,
support, opening up a new strategy for the design of efficient
and economic metal/CeO, catalysts by engineering the shape of
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Fig. 11. (A) CO conversion as a function of reaction temperature of various CeO, and Ag/CeO, catalysts in CO oxidation and (B) corresponding turn-over frequency calculated

with respect to the Ag loading of various.

CeO, support. Ag nanoparticles and CeO, with a high oxygen
vacancy concentration and appropriate ratios between large oxy-
gen vacancy clusters and small vacancies compose the active struc-
ture in catalyzing CO oxidation; therefore, CeO, nanocubes are
better than CeO, nanorods as the support to prepare Ag/CeO, cat-
alysts with a low silver loading but a high catalytic activity.

4. Conclusions

Employing CeO, nanocubes and nanorods as the support, we
have successfully revealed the shape-dependent interplay between
oxygen vacancies and Ag-CeO, interaction in Ag/CeO, catalysts
and the active structure of Ag/CeO, catalysts in CO oxidation:

(1) CeO, nanocrystals with different shapes are with different
concentrations and structures of oxygen vacancies. CeO,
nanorods enclosed with {110} and {100} crystal planes
are with a higher oxygen vacancy concentration than CeO,
nanocubes enclosed with {100} crystal planes, and CeO,
nanorods are with both small oxygen vacancies and large
oxygen vacancy clusters while CeO, nanocubes are mainly
with large oxygen vacancy clusters.

(2) The concentration and structure of oxygen vacancies in CeO,
determine the metal-CeO, interaction and the structure of
supported metal in metal/CeO, catalysts. CeO, nanorods
exhibit the stronger silver-CeO, interaction than CeO, nano-
cubes. Positively charged Ag! clusters dominate in 1%-Ag/r-
CeO,, and fine Ag nanoparticles dominate in 3%-Ag/r-CeO,;
however, fine Ag nanoparticles form in 1%-Ag/c-CeO, and
grow in size in 3%-Ag/c-CeO,.

(3) Supported noble metals with different structures exert
different influences on the concentration and structure of
oxygen vacancies in CeO, of metal/CeO, catalysts. Supported
Ag nanoparticles are much more capable of activating the
surface lattice oxygen, creating oxygen vacancies, and pro-
moting the surface reduction of CeO, than supported Ag;
clusters in Ag/CeO, catalysts. The average charge density of
oxygen vacancies and the ratio between large oxygen
vacancy clusters and small vacancies in CeO, nanocrystals
are enhanced with supported positively charged Ag; clus-
ters but reduced with supported Ag nanoparticles.

(4) Ag nanoparticles and CeO, with a high oxygen vacancy con-
centration and appropriate ratios between large oxygen
vacancy clusters and small vacancies compose the active
structure in catalyzing CO oxidation. CeO, nanocubes are a
better support than CeO, nanorods to prepare Ag/CeO, cata-
lysts with a low silver loading but a high catalytic activity.

These conclusions not only deepen the fundamental under-
standing of metal/CeO, catalysts, but also open up a new strategy
for the design of efficient and economic metal/CeO, catalysts by
engineering the shape of CeO, support.
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