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Catalytic properties of Au nanoclusters deposited on a one-dimensional CeO, (1-D) nanorod and CeO,-
nanoparticles have been investigated during CO oxidation at ambient temperatures. The kinetic data
showed that the activity of Au catalysts could be remarkably improved by using CeO,-nanorods as support
compared to the CeO,-nanoparticles. The measured specific rate and apparent activation energy (E,) at
278 K were 4.02 molco ga, ' h™! and 15.9 k] mol~!, respectively, for the Au/CeO,-nanorods (Au-CR)
catalyst, while those for the Au/CeO,-nanoparticles (Au-CP) catalyst were 0.15 molco ga, ' h™! and

gql’ g’oms" 28.4 k] mol ™, respectively. Characterization by X-ray diffraction (XRD), transmission electron microscopy
C;ia (TEM), hydrogen temperature-programmed reduction (H,-TPR), X-ray photoelectron spectroscopy (XPS),

diffuse reflectance UV-Vis spectroscopy (DR UV-Vis) and in situ diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS) of CO adsorption reveal that the predominantly exposed {1 0 0}/{1 1 0}-
dominated surface structures of ceria nanorods show great superiority for anchoring and dispersing of gold
nanoclusters, which in turn leads to a higher reducibility and activity of the Au-CeO, surface for CO
oxidation. It is also confirmed that, arising from the strong metal-support interaction (SMSI), the presence

Low-temperature oxidation of CO
Morphology effect

of gold nanoclusters has a strong influence on the electronic state of the CeO, substrates.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Catalysts based on supported gold nanoparticles have attracted
significant recent attention owing to their unique catalytic proper-
ties for numerous reactions [1-3], the most prominent one being the
low-temperature CO oxidation [4]. It is generally agreed that the
catalytic activity of gold catalysts depends critically on the size of the
gold particles [5-7], but the nature of the support material, the
preparation method, and the activation procedure have also been
suggested to play a key role [8-14]. Exceptionally high activities for
oxidation of CO have been reported for finely dispersed Au on
reducible oxides, such as TiO,, Fe,03, and Co304 [6-16]. It has been
proposed that the reducible metal oxide support supplies reactive
oxygen (in the form of superoxide and peroxide species) to the active
gold sites [4,10]. In particular, sites at the gold-support interface
have been suggested to be responsible for the activity in CO
oxidation [15,16]. Other factors have also been considered in the
recent literature, including the charge transfer from the support,
metal cation sites and low-coordinated sites [17,18]. From the point
of view of an ultimate technological application of these materials,
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however, further improving the performance of the supported gold
catalyst is still a great challenge.

Ceria has been regarded as one of the most important com-
ponents in many catalytic systems due to its remarkable redox
properties. Of particular interest is that CeO, can act as an oxygen
buffer by releasing/uptaking oxygen through redox processes
involving the Ce?*/Ce®* couple, which plays an important role in
many oxidation reactions [19-21]. Nevertheless, until recently,
CeO, is not recognized as an excellent support for gold catalyzed
CO oxidation [1,2]. A notable study by Corma and his co-workers
showed that greatly improved catalysts can be achieved by using a
nanocrystalline form of CeO, (average primary crystallite size ca.
3-5nm) [22]. These catalysts have been found to be two orders of
magnitude more active than comparable catalysts prepared using
a conventional CeO, support for room temperature CO oxidation,
emphasizing the importance of the nanocrystalline nature of ceria
in genesis of high activity in gold catalysis. More recent studies,
however, indicate the very nature and catalytic origin of the Au-
CeO, system is far more complex than expected previously [23,24].
Complicated redox interplay between Au clusters and CeO, matrix
at interface has been identified [24]. In addition, the incorporation
of cationic Au into ceria lattice leading to the formation of a
modified Ce;_xAu,O,_s surface phase with enhanced redox activity
has also been suggested [24].
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One critical issue associated with the ceria-based catalysts is
the drastically improved activity or selectivity induced by strong
metal-support interactions (SMSI), which depends strongly on
the surface nature, i.e., morphology or exposed surface planes of
the ceria supports [25-28]. In this context, there has been
growing interest over the last few years in the use and the origin
of the shape-dependent or structure sensitive behavior of the
ceria systems [29-42]. One remarkable example is that single
crystalline CeO, with 1D-like morphology predominantly expos-
ing their {100} and {1 10} planes were found to be far more
reactive than polycrystalline CeO, powders in CO oxidation [29].
Subsequent DFT theoretical calculations have revealed that the
less compact {1 00} and {1 1 0} planes are more reactive with
respect to {1 1 1} facet in terms of CO adsorption and activation
[38,39]. Several recent studies have confirmed that the crystal
plane of ceria play an essential role in determining its catalytic
oxidation properties [30-33]. Moreover, it is shown that the
favorable synergistic interaction between CuO and the more
reactive {001} and {1 1 0} planes of CeO,-nanorods can lead to
significantly enhanced activity for CO oxidation [36]. Most
recently, a strong shape/crystal plane effect of CeO, on the gold-
ceria activity for water-gas shift (WGS) reaction has been also
demonstrated [37].

To the best of our knowledge, very little is known for Au-CeO,-
nanocomposites with respect to the surface structural effect of
CeO5 on the redox interplay between Au and CeO, for CO oxidation.
To clarify the possible morphology or shape effects of nanoscale
ceria on the redox activity of Au/CeO, catalysts, we synthesized a
one-dimensional CeO,-nanorod and deposited Au species on its
surface. The catalytic activity of the Au/CeO,-nanorod is examined
in CO oxidation under mild conditions. The remarkable improve-
ment of the activity for Au/CeO,-nanorod relative to a conventional
nanoparticle CeO, supported Au has been elucidated in accordance
with a preliminary studies of X-ray diffraction (XRD), transmission
electron microscopy (TEM), diffuse reflectance UV-Vis spectro-
scopy (DR UV-Vis), in situ infrared spectroscopy (IR) coupled with
CO adsorption, temperature-programmed reduction (H,-TPR) and
X-ray photoelectron spectroscopy (XPS).

2. Experimental
2.1. Catalyst preparation

The CeO,-nanorods were synthesized by a modified hydro-
thermal method following the reported procedure [32]. Typically,
Ce(NOs3)3-6H,0 (1.5 g) was dissolved in an aqueous solution of
NaOH (Cnaou =6 M), which was then transferred into a 50 mL
Teflon-lined stainless steel autoclave, sealed and maintained at
373 Kfor 24 h. After the reaction was completed, the resulting solid
product was recovered by filtration and washed thoroughly with
deionized (DI) water. The final product was dried at 333 K and
calcined at 673 K for 4 h.

The CeO,-nanoparticles were prepared by a process that
involves the homogeneous precipitation of a solution of cerium
nitrate with a base: Ce(NOs)3-6H,0 was dissolved in distilled
water, and then the pH value of the solution was rapidly adjusted
to 10 with 10% NaOH solution with stirring. The precipitate was
filtrated, washed with DI water, dried at 333 K for 24 h, and then
calcined at 673 K for 4 h. The BET surface area of the pure support
material is 55 and 62 m? g~! for ceria nanorods and nanoparticles,
respectively.

The deposition of Au onto the ceria substrate was conducted
using a routine deposition—precipitation (DP) method originally
developed by Haruta et al. [8]. In brief, the CeO, substrates were
dispersed in an aqueous solution of HAuCl, at a fixed pH of 10. The
nominal Au loading was 1.0 wt%. The suspension was aged at 333 K

for 2 h and washed with DI water several times. The final Au-
containing material was obtained by calcination in air 473 K for
2 h. For brevity, the 1.0 wt% Au/CeO,-nanorods and 1.0 wt% Au/
CeO,-nanoparticle catalysts were denoted as Au-CR and Au-CP,
respectively.

2.2. Characterization

The BET surface area of catalyst was obtained from the
adsorption and desorption N, isotherms that were collected on
a Micromeritics TriStar 3000 instrument at 77 K. Prior to the
measurements, all samples were degassed at 573 K until a stable
vacuum of ca. 5 mTorr was reached. Elemental analysis with
respect to Au loading was performed using ion-coupled plasma
atomic emission spectroscopy (ICP-AES) on a Thermo Electron IRIS
Intrepid II XSP spectrometer. Powder X-ray diffraction data were
obtained with a Bruker D8 diffractometer using Cu Ka radiation
(A =1.540589 A). The diffraction patterns were taken in the Bragg’s
angle (26) range from 10° to 90° at room temperature. Transmis-
sion electron microscopy images were recorded on a JEOL 2011
electron microscope operating at 200kV. Energy dispersion
spectra (EDS) were obtained from an attached Oxford Link ISIS
energy-dispersive spectrometer fixed on the JEM-2011 electron
microscope.

TPR measurements were carried out on a U-shape quartz
reactor with a home made apparatus. Before the experiment, the
samples were pretreated with a flowing gas mixture of 5% O, in He
at atmospheric pressure, at 393 K for 1 h. The gas mixture of 5% H,
in Ar was then left flowing on the samples with a flow rate of
40 mL min~!, while heating from 293 to 1150K at the rate of
5Kmin~'. XPS analysis was performed on a Perkin Elmer PHI
5000C spectrometer using Mg Ka radiation (1253.6 eV, pass
energy of 20.0 eV). The carbonaceous C1 s line (284.6 eV) was used
as the reference to calibrate the binding energies (BE). Diffuse
Reflectance (DR) UV-Vis spectra of the solids diluted in BaSO4 were
recorded at room temperature on a Shimadzu UV 2450 Spectro-
meter equipped with an integrating sphere and using BaSO, as
reference. The in situ DRIFT spectra were recorded using Bruker
Vector 22 FT-IR spectrometer equipped with Harrick diffuse
reflectance accessory and a high-temperature in situ cell with ZnSe
windows. CO adsorption on the ceria matrix and Au catalysts were
conducted in a reaction cell (modified Harrick model HV-DR2) to
allow gas to flow continuously through the catalyst bed (ca. 0.02 g)
during spectra acquisition. Contributions from gas-phase CO were
eliminated by subtracting the corresponding spectra from the pure
KBr powder.

2.3. Activity measurements

The catalytic activity tests were performed at atmospheric
pressure in a quartz tube micro reactor (i.d. 3 mm). The catalyst
weight was 20 mg, and the total flow rate of the reaction gas was
37 mLmin~!, with a composition of 1%C0-20%0, (balanced
with He). Before reaction, the catalysts were pretreated with He
(50mLmin~!) at 373K for 0.5h. Kinetic measurements
were performed under differential reaction conditions, with
typically 1-2 mg catalyst powder. In order to limit the con-
version to values typically between 5 and 20%, the catalyst
samples were diluted with chemically inert a-Al,03. Reactions
were carried out with a flux of 100 mL min~! at 298 K in CO and
0, and He as balance. Kinetic data were acquired after 60 min
reaction time. The composition of the influent and effluent gas
was detected with an online GC-17A gas chromatograph
equipped with a TDX-01 column. The conversion of CO was
calculated from the change in CO concentrations in the inlet and
outlet gases.
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Fig. 1. XRD patterns of (a) Au-CR and (b) Au-CP.

3. Results and discussion
3.1. Catalysts characterization: XRD, TEM and TPR

The XRD patterns (Fig. 1) of the two as-synthesized Au-CeO,
catalysts show only the face-centered cubic (fcc) structure of CeO,
(a=5.411A, space group: Fm3m) without any Au phase. The TEM
images in Fig. 2 show that the two differently shaped ceria
nanoparticles maintain their original crystal shapes after gold
deposition—the CeO,-nanorods display a uniform width of
(15 4+ 2.8) nm with a length of 80-100 nm (Fig. 2a), and the CeO,-
nanoparticles have a diameter of (8.0 &+ 2.1) nm (Fig. 2c, Table 2). A
typical HRTEM image combined with a fast Fourier transform (FFT)
analysis was provided in Fig. 2b. A recent TEM investigation of a
similarly prepared CeO,-nanorods by Zhou et al. [29] has revealed
that the CeO,-nanorods predominantly expose the well-defined and
less stable {00 1} and {1 1 0} planes. On the other hand, the CeO,-
nanoparticles are dominated by a truncated octahedral shape
enclosed by the {11 1} and {1 0 0} facets. Notably, the HRTEM data
did not reveal evidence of gold particles. The high dispersion nature of
the Au species was confirmed by the EDS spectra (Fig. 2e and f) of the
two samples, which gave similar mean value of surface compositions
(about 1 wt% Au), in good consistent with the ICP-AES results in
Table 1.

The redox behavior of the ceria materials and Au-containing
samples has been studied by TPR. As shown in Fig. 3 and Table 1,
the TPR profile of ceria nanoparticles exhibits two reduction
peaks. The low-temperature (LT) reduction peak (at ca. 750K,
0.58 mmoly, g71) is attributed to the reduction of the most easily
reducible surface-capping oxygen of CeO, and the high-tempera-
ture (HT) peak (at ca. 1070 K, 0.85 mmoly, g~!) is attributed to
the bulk reduction of ceria. The profile of ceria nanorods showed

a similar peak of bulk reduction (at ca. 1050 K, 0.71 mmoly, g1
but quite a different LT peak with much lower reduction tem-
perature (640 K) and larger H, consumption (0.89 mmoly, g .
Traditionally, the higher amount of hydrogen consumed in the LT
reduction peak with respect to the bulk process can be related with
the proportion of surface CeO, species in the small nanoparticles
present in the support [43]. However, considering the smaller BET
surface area and larger particle sizes of ceria nanorods, other
critical factors must be considered in determining the TPR trace of
ceria nanorods. Most likely, the higher H, consumption of the LT
reduction peak as well as the downward shift observed for the
ceria nanorods support may be associated with the easier
migration of the lattice oxygen from bulk to surface on the
exposed more reactive (1 0 0)and (1 1 0) planes in comparing with
the ceria nanoparticle support, as suggested by Yan et al. [32].

The incorporation of gold significantly modifies the TPR
profiles. The surface ceria reduction peaks at ca. 600-800 K are
completely lacking, giving rise to new LT reduction peaks, centered
at 372 K for Au-CR and 422 K for Au-CP, together with the bulk
ceria reduction centered at 1034 K for Au-CR and 1073 K for Au-CP.
The LT peak can be mainly attributed to the reduction of the surface
ceria, while the reduction of the ionic gold species (estimated to be
0.01-0.02mmoly, g.,,~') can be neglected. Thus the different
temperature shift could be viewed as an indication of the different
extent of increased surface oxygen reducibility. It is known that
metallic gold in analogy with other noble metals could activate the
hydrogen with subsequent spillover on the support and promotion
of the ceria reduction at lower temperature [44]. Venezia et al. have
recently shown that a high Au dispersion can lead to a high
reducibility of the ceria support [24]. It has also been suggested
that the surface oxygen reducibility may be enhanced through a
lattice substitution effect, i.e., the vacant Ce*" sites filled with the
ions Au* or Au>* would lead to the formation of oxygen vacancies
and thus increase the oxygen mobility and reducibility [45].
Consequently, the greater easiness of H, reduction of Au-CR
indicates the enhanced surface oxygen reducibility and higher gold
dispersion.

3.2. Chemical and electronic states

The chemical states of the Au species on the catalyst surface
were investigated by XPS. In Fig. 4, the XP spectrum of Au 4f for Au-
CR showed strongly broadened peaks, with the FWHMs around
2.7 eV, suggesting a contribution of Au species with varying
electronic states. After the Au 4f curve fitting, the spectrum
consists of a pair of distinct peaks at 83.8 and 87.5 eV, which are
typical of metallic Au® species [46]. The additional shoulders at
85.5 and 89.2 eV with a BE shift of +1.7 eV in the latter doublet,
close to that reported for small metallic clusters or oxidized surface
gold species, represents an oxidation state close to Au®, possibly
Au®* species [47]. Such two doublets also exists in the Au-CP
sample, with the fraction of Au®* being much smaller, as indicated
by the weaker shoulder as well as the fitting results reported in

Table 1
Au loading, reduction peak position, H, consumption, surface composition, and band gaps of various samples.
Catalyst Au loading? Peak position® (K) H, consumption (mmol/g) Surface content Surface content Band gap
(W) - 7 of Au”™ (%)° of Ce* (%)° (eV)
T, T, ny ny
Au-CR 0.98% 372 1034 1.05 0.68 29 30 2.65
Au-CP 0.94% 422 1073 0.97 0.80 14 32 2.37
CR - 640 1070 0.89 0.71 - 18 2.77
CP - 756 1073 0.58 0.85 - 25 2.70

@ Determined by ICP-AES analysis.

b The temperature at the maximum of the main reduction peak in the TPR profiles.

¢ Determined by XPS curve fitting.
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Fig. 2. Representative TEM images and EDS analysis of Au-CR (a, b, €) and Au-CP (c, d, f). The inset in figure b is the Fourier transform of individual domains in the HRTEM

images.

Table 1. It has been reported that rare earth oxide supports like
ceria can efficiently stabilize the oxidized gold species, such as
AuO~ [48,49]. The properties of the finely dispersed gold clusters
were found to be greatly influenced by the shape or crystal plane
structure of the ceria supports and a direct influence of CeO, on the
electronic states of anchored gold species has been reported [46].
Hence, the higher fraction of Au®* species in Au-CR sample may
arise from the well-defined surface structures, especially the
dominant {1 1 0} directed facets.

The complex XP spectra of Ce (3d) region of the supports before
and after gold loading are evaluated by the method introduced by
Hilaire et al. [50]. As shown in Fig. 5, 10 peaks are identified: 2
doublets resulting from Ce,03 (dashed lines) and 3 doublets from
CeO, (solid lines). The content of Ce®>" compiled in Table 1 is
derived from the ratio of the integral intensities of dashed lines to
the five doublets [51,52]. Further details on the evaluation of
ceria XP spectra have been given in the above-cited references.
The deconvolution results agreed well with the broad literature
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Fig. 3. H,-TPR profiles of: (a) Au-CR, (b) Au-CP, (c) CR, (d) CP.

[24,53,54]. The amount of Ce3* detected in the CR sample is about
half of that for CP, possibly due to the higher surface crystallinity of
CR. However, the deposition of gold increases the Ce>* contribution
on CR to a larger extent, i.e., ca. 12% for Au-CR and 7% for Au-CP. A
similar gold-induced modification of ceria has been reported and
evidenced by IR study where cerium is reduced to Ce>* along with
the formation of uncoordinated sites near the very small gold
clusters with d < 1 nm [55]. Thus it can be suggested that for Au-
CR, the higher fraction of Ce>* species increased by gold (ACe3")
indicates a stronger gold-induced modification of the surface
properties of CR.

Additional information on the surface electronic states can be
obtained from UV-Vis diffuse reflectance measurements. The UV-
Vis spectra of various samples are presented in Fig. 6. The spectra of
CR and CP (a and c) exhibited an intense absorption band with
maximum at about 307 nm. According to the literature, the bands
at 278 and 313 nm for pure CeO, can be ascribed to the overlapping
of the Ce* «— 02 charge transfer and interband transitions,
respectively [56,57]. The introduction of gold induced a slight shift
of the maximum to higher wavelength. This can be explained as an
introduction of energy levels in the interband gap, implying a
decrease in the band gap of the ceria material when doping with
transition metal ions [58,59]. By plotting the square root of the
Kubelka-Munk function multiplied by the photo energy versus the
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Fig. 4. Au 4f XPS spectra of (a) Au-CR and (b) Au-CP.
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Fig. 5. (a) XPS spectra of the Ce(3d) region of Au-CR and Au-CP. (b) XPS spectra of the
Ce(3d) region of CR and CP.

photon energy and extrapolating the linear part of the rising curve
to zero [60-62], the band gaps of the materials can be estimated. As
depicted in Table 1, the band gap was 2.65 and 2.37 eV for Au-CR
and Au-CP, respectively. It has been reported that the catalytic
activity of CeO,-based materials increases proportionally with the
band gap [63]. Higher catalytic activity could be obtained when the
energy levels are closer to the ones of 0%~ (3.1eV), since the
electron transfer between oxygen atoms of ceria and gold is easier.
The higher band gap of Au-CR also indicates a better synergic effect
between gold and the support due to stronger interaction. In
addition to the charge-transfer bands due to CeO,, the UV-Vis
spectra of Au-containing samples present a weak and wide band in
the region 450-700 nm which does not appear for the pure
supports. This band is due to the surface plasmon resonance of the
metallic Au nanoparticles and is affected by the morphology of
gold particles and the dielectric properties of the chemical
environment [64]. The Au-CR catalyst exhibits a band with smaller
wavelength and weaker wave strength compared to Au-CP,
indicating smaller particle sizes with better Au dispersion.

Note that both the XPS and UV-Vis characterization were
performed under ex situ conditions and a direct correlation
between chemical states and active sites is not valid. Therefore,
in situ DRIFT was used to study the adsorption of CO under
simulated reaction conditions (1%C0/20%0,/He) at RT to gain
further insight into the nature of the exposed Au sites. As shown in



X.-S. Huang et al./Applied Catalysis B: Environmental 90 (2009) 224-232 229

24 26 28 30 32
EnergyleV

N 70 g

x10

Kubelka-Munk Intensity (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)
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of the square root of the Kubelka-Munk function multiplied by the photon energy vs
the photon energy of (a) Au-CR, (b) Au-CP.

Fig. 7, both Au-CR and Au-CP samples exhibited an asymmetry
peak related to CO adsorption (2050-2150 cm™!), which indicates
the presence of gold species with different chemical states. Also
notable are the prominent bands at 2361 and 2340 cm™~!, which
are associated with CO, in the gas phase produced by the oxidation
of CO, indicating that both catalysts are active at RT. The main peak
at 2114 cm™! is assigned to CO on the low-coordination sites of
metallic gold particles (CO-Au®) [65]. The shoulder band at
2127 cm™! could be related to CO co-adsorbed with oxygen
species on gold sites in close contact with the support [55]. One
may argue that the band at 2127 cm~! might be related to the
electronic transition related to Ce®*, however, such assignment

2114em’ A
5 05 2127em’ AU !
_¢!" | :
o :
(2] =
: '
@
- ]
= !
7 | S o W it 2y, s -
- [ I e e
-
= . . - - -
x‘a 2160 2140 2120 2100 2080
°
2
=
¥ laver [\ .
Au-CP /NN W
¥ T T T T T T T T
2500 2400 2300 2200 2100 2000

Wavenumber (cm™)

Fig. 7. DRIFT spectra of Au-CR and Au-CP after CO adsorption for 60 min under
1%C0/20%0,/He at 298 K (solid line), after outgassing at 298 K for 30 min (dash
line). Inset shows the spectra in the range 2170-2070 cm™".

is not applicable for Au/CeO, sample in the present work since
the spectra were collected under an oxygen-rich environment.
Similar conclusion has also been reached by Tabakova et al. [55].
Moreover, we did not detect such a band on the pure ceria sample
(spectra not shown) even after reduction pretreatment at 200 °C.
The spectra were also collected after evacuation for 30 min
subsequent to the CO + O, adsorption, as shown in Fig. 7. It can be
seen that the intensity of the band at 2114 cm~"' declined more
rapidly than that of the band at 2127 cm™!, indicating better
stability of the latter band. It is known that the interaction between
CO and positive Au clusters is stronger than that related to CO on
reduced gold [66]. Therefore, this fact further confirms the
assignment proposed. Furthermore, it can be clearly seen that
the asymmetric broadening from the high-frequency side is
significantly stronger for Au-CR sample, indicating the presence
of higher amount of positive gold species. This finding is in good
agreement with the XPS results and strongly suggests that the
interaction between gold and the ceria support is stronger in Au-CR
sample.

3.3. Catalytic CO oxidation

The catalytic performances of the Au-CeO, catalysts in CO
oxidation are shown in Fig. 8a, where the CO conversion is reported

CO conversion (%)
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Fig. 8. (a) CO oxidation activity of () Au-CR, (@) Au-CP, (A) CR, and (V) CP.
Reaction conditions: 20 mg catalyst for Au-CR and Au-CP, 50 mg catalyst for CR and
CP, 1%C0-20%0,, balanced with He, 37 mL min~". (b) Arrhenius plots of the reaction
rate In(r) vs 1/T for CO oxidation over (M) Au-CR and ( A) Au-CP catalysts.
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as a function of temperature (light-off test). For comparison, the
activities of the parent cerium oxides are also included. It is clear that
the activities of the Au-containing catalysts are markedly higher
than those for the corresponding parent support materials. The data
in Fig. 8a also indicate that the CO oxidation activity of CeO,-
nanorods is much higher than that for CeO,-nanoparticles, which is
in good agreement with the literature results measured under
similar conditions [22,24,33,34]. The temperature at which the
conversion was 50% (T4 2) for CRis 523 K, which is 250 K higher than
that for Au-CR. Moreover, one can see that complete oxidation of CO
could be attained at sub-ambient temperature over Au-CR. At 278 K,
the rate of CO oxidation over Au-CR was 4.02 molco ga, ! h™?, about
26 times higher that for Au-CP (0.15 molco gay~ ' h™'). Another
notable issue from Fig. 1a is the smooth light-off behavior for CeO,-
nanorod supported Au catalyst, in contrast to that on Au-CeO,-
nanoparticles. Likely, the physical structure of the CeO,-nanorod
support is advantageous in avoiding diffusion or mass-transfer
limitation.

Fig. 8b presents the reaction rates (ra,) that are normalized to
gold mass for these catalyst samples plotted against the reciprocal
of the temperature. Notably, Au-CR shows much lower apparent
activation energy (E,) as compared to Au-CP (15.9 kj mol~! vs
28.4 k] mol~!). Presumably, this can be attributed to the drama-
tically different synergistic redox interplay between gold and CeO,
as described above. Moreover, it is seen that the reaction rate is
governed by the pre-exponential term In A, inferring the presence
of a higher population of the active centers in the higher loaded
samples. Here it is also interesting to make a further comparison
of the catalytic performance of the Au-CR catalyst with other
reported CeO,-based Au catalysts in the oxidation of CO. It is
known that the activities of gold catalysts can be greatly influenced
by gold particle size, the nature of support and reaction conditions
[2,67]. Therefore, a straightforward comparison of activities for
different catalytic systems is usually difficult. However, there are
general agreements that small gold particle size is indispensable
for its high activity and that synergistic redox interplay between
gold and the reducible support is of vital importance for attaining
high oxidation activity [1-4,8-12]. These conclusions can also be
corroborated by the data listed in Table 2. A rough comparison of
the mass-specific reaction rate with other Au-CeO, catalysts under
similar reaction conditions reveals that the present Au-CR catalyst
appears to be among the most active ceria-based gold catalysts
reported thus far.

To clarify the essential role of ceria, particularly with respect to
its oxygen activation capability for CO oxidation, the activity tests
using different stream compositions were performed. Fig. 9
compares the temperatures at which the CO conversion over
Au-CeO, catalysts reached 10% and 50% (To, Tso) as a function of
the gas mixtures composition (CO/O, ratio). Presumably, if the
activity is controlled by O, activation, one would expect a decrease
in activity when the reaction is carried out in O,-lean gas mixtures.
Indeed, a decrease in O, concentration in gas mixture leading to a
pronounced increase in temperature at which 10 and 50% CO
conversion has been observed for Au-CP. Nevertheless, no

Table 2
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1:0.5:98.5 vol.%; O,-lean, CO:0,:He = 1:0.25:98.75 vol.%; W/F=0.32gscm >,

appreciable difference in the T¢ and Tso values is identified for
Au-CR. Note that this feature may be of particular interest for some
practical applications. The ability to preserve high activity in both
stoichiometric and O,-lean gas mixtures suggests participation of
the CeO,-nanorod support in the CO oxidation not only in
providing centers for oxygen activation but also as a more efficient
buffer in releasing-uptaking oxygen through the redox processes
realized by Ce*"/Ce3" redox couple.

3.4. Discussion

The results in this study indicate that the specific surface
structure of ceria plays an important role in determining the
chemisorptive and redox properties of the Au-CeO, system.
Although influence of the structure or morphology of ceria has
been observed previously for Au-CeO, in low-temperature CO
oxidation [22-24,33,35], in most cases the nanocrystalline nature
or crystallite size of the ceria support has been considered the key
parameter that determines the synergistic redox interplay
between gold and CeO, [22]. Based on the results of the present
work, it follows that not the crystallite size, but rather surface
structure, more specifically the exposed surface planes of the
crystalline CeO, support, is important for achieving a high redox
and catalytic activity of ceria supported Au material.

To explain the enhanced activity of the Au-CeO,-nanorod
catalysts, at least two factors should be considered. First, the
creation and stabilization of the “catalytically active” gold may
depend on the crystallographic orientation of ceria surface.
Compared to other oxides, perhaps the most important property
of ceria in catalysis is the readiness of the formation of oxygen
vacancies, which is believed to play an important role in many

Comparison of published literature data for CO oxidation rates on ceria supported Au catalysts with data obtained in this work.

Catalyst Preparation deeria (nm)  da, (nm)  W/F (gachmoleo™!)  Gas mixture Temp. (K)  ra, (molco gaw 'h™')  Ref
1%Au-CR NaOH-DP Nanorods n.d. 20 1% CO, 20% 02, 79%He 278 4.02 This study
1%Au-CP NaOH-DP 8-9 n.d. 20 1% CO, 20% 02, 79%He 278 0.15 This study
2.8%Au/Ce0, NaOH-DP 33 4 94 0.2% CO, 19.8% air, 80%He 278 0.38 22
3.0%Au/Ce0, Na,COs-DP 22 n.d. 37 1% CO, 1% 02, 98%He 278 0.87 24
1.5%Au/Ce0, IMP-NaBH,4 Nanorods 4.5 56 1% CO balanced with air 278 0.22 33
1%Au/CeO, (NH4),CO5-DP 7-8 n.d. 111 1% CO balanced with air 278 0.18 34
3.7%Au/Ce0, NaOH-DP 2-6 n.d. 0.05 0.5% CO in synthetic air 298 108.6 23
1%Au/CeO, NaOH-DP 12 2-5 0.52 3.6% CO, 21% 02, 75.4%Ar 303 176.4 35
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reactions such as the oxidation of CO [19]. It is known that the
formation energy of anion vacancies for different CeO, surfaces
follows the order {110} < {100} < {11 1}[68]. This means that
oxygen vacancies, which are indispensable for stabilizing
metals, are easier to form on the CeO, {1 1 0} planes. Therefore,
compared with ceria nanoparticles, ceria nanorods preferen-
tially expose its {110}/{100} surfaces should be better
supports for anchoring and dispersing very fine gold clusters.
This would explain why gold is dispersed and stabilized more
effectively on the CeO,-nanorods, which, in turn, leads to a
higher reducibility and activity of the Au-CeO, surface for the CO
oxidation reaction.

A second aspect to explain the observed structure sensitivity is
that the unique surface structure of {1 1 0} and {1 0 0} planes can
significantly increase the oxygen diffusion rates through the ceria
nanorods, as reflected from the experimental observation that the
Au-Ce0O,-nanorod catalysts can maintain its high activity even in
0O,-lean reaction mixtures. Very recently, on investigating the
shape effect of single crystalline CeO, on the redox behavior of a
series of hydrothermally derived CeO, materials, Yan et al.
disclosed that the CeO,-nanorod is much more active for CO
oxidation than CeO,-nanopolyhedra [32]. The reason of this effect
has been rationalized as the oxygen storage takes place both at the
surface and in the bulk for nanorods as opposed to the pure
surface-phenomena for nanoparticles. Our TPR data has confirmed
that the presence of Au can lead to a further activation of the ceria
nanorod, which can facilitate the migration of O-vacancies from
the bulk to the ceria surface. This may well account for why the Au-
CeO,-nanorod sample can preserve its high activity even in O,-lean
conditions.

The observation that dramatically enhanced activity can be
achieved for the one-dimensional structured Au-CeO,-nanorod
catalyst may provide new insight into methods of controlling the
synergistic interplay between gold and CeO, for gold catalysis.
Obviously, there is still much to learn about the nature of the
interactions between ceria and gold. A recent work by Venezia
et al. has emphasized the use of an already preformed ceria phase
as the support for preparation of extraordinarily active Au-CeO,
composites via a deposition-precipitation method, which show
activity dramatically higher than the coprecipitation-derived
materials [24]. In the present work, we have unambiguously
demonstrated the unique advantage of one-dimensional struc-
tured CeO,-nanorods as a new, promising support for the
generation of novel Au-containing materials with superior redox
properties for CO oxidation. Our results confirm that, by exposing
more reactive surfaces of the crystalline ceria nanostructures, it is
possible to design new improved ceria-based gold catalysts with
enhanced redox properties.

4. Conclusions

This study demonstrates that the surface structure or morphol-
ogy of ceria markedly affects the dispersion and reducibility of Au/
CeO, catalysts. The XRD, TEM, H,-TPR, UV-Vis, XPS and in situ CO
adsorption results presented in this paper indicate that that the
predominantly exposed {1 0 0}/{1 1 0} surface structures of ceria
nanorods show great superiority for dispersing and stabilizing of
Au nanoclusters, which in turn leads to a higher redox activity of
the Au-CeO, surface for both CO and O, activation. As compared
with the conventional CeO,-nanoparticles supported Au catalysts,
the superior activities of gold supported on CeO,-nanorods have
been attributed to the favorable creation of highly dispersed Au
nanoclusters as well as the synergetic effects arising from the
strong metal-support interaction between the electronically
modified Au nanoclusters and the well-defined “reactive” surface
of nanorods.
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