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In this work, tungsten oxide with different concentrations (0, 0.4 at%, 2.0 at% and 3.2 at%) was introduced
to the ceria nanorods via a deposition-precipitation (DP) approach, and copper species of ca. 10 at% were
sequentially anchored onto the modified ceria support by a similar DP route. The aim of the study was to
investigate the effect of the amount of tungsten oxide (0, 0.4 at%, 2.0 at%, and 3.2 at%) modifier on the
copper-ceria catalysts for CO oxidation reaction and shed light on the structure-activity relationship. By
the aids of multiple characterization techniques including N, adsorption, high-resolution transmission
electron microscopy (HRTEM), powder X-ray diffraction (XRD), X-ray absorption fine structure (XAFS),
and temperature-programmed reduction by hydrogen (H»-TPR) in combination with the catalytic per-
formance for CO oxidation reaction, it is found that the copper-ceria samples maintain the crystal
structure of the fluorite fcc CeO, phase with the same nanorod-like morphology with the introduction of
tungsten oxide, while the textural properties (the surface area, pore volume and pore size) of ceria
support and copper-ceria catalysts are changed, and the oxidation states of copper and tungsten are kept
the same as Cu®" and W8 before and after the reaction, but the introduction of tungsten oxide (WOs3)
significantly changes the metal-support interaction (transfer the CuOy clusters to Cu-[Ox]-Ce species),

which delivers to impair the catalytic activity of copper-ceria catalysts for CO oxidation reaction.
© 2021 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, an increasing amount of carbon monoxide (CO) from
industrial waste gas, automobile exhaust, and incomplete com-
bustion of fossil fuel is being emitted into the atmosphere, which
can cause serious safety and pollution problems."? An effective and
convenient strategy to solve these problems is transforming CO into
nontoxic CO, by appropriate catalytic processes. Hence, it is a great
challenge to develop efficient catalysts with high activity and
excellent stability. Up to now, oxide-supported noble metal (e.g.,
Au,®> Pt* and Pd°) catalysts with extremely high activity for CO
oxidation at relatively low temperature (lower than 80 °C, or even
below room-temperature) have been intensively investigated.
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However, industrial applications of these catalytic materials are
seriously hindered due to their high cost.°"® Therefore, it is
necessary to exploit inexpensive non-noble metal catalysts with
excellent reactivity for CO oxidation. Among them, copper was
confirmed as a promising candidate. For example, alumina-
supported CuMn bimetallic catalyst showed a high activity for CO
oxidation with 100% conversion temperature as low as 120 °C.°
Furthermore, Cu/ZnO/Al,03 has been used industrially for meth-
anol synthesis and water-gas shift reactions.'®!!

Ceria (CeO5), one of the most important functional rare-earth
oxides, has attracted increasing international interest due to its
excellent oxygen storage capacity and outstanding dispersibility of
active metal species.'” '* Nanoscaled ceria was reported as a su-
perior support for CO oxidation and water-gas shift reactions,
which can effectively improve the catalytic activity of the metal or
metal oxide catalysts.”> 7 Corma et al. showed that the reactivity of
CeO, supported catalysts is much better than that of TiO, or Fe;03
matrix.'® Among the various alternatives, copper-ceria catalysts
have been intensively studied due to their features of low cost and
high activity.'® To further improve the catalytic properties, an
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appropriate modification of ceria support was studied by many
researchers. For instance, the addition of Zr into CuO-CeO, catalysts
resulted in stronger synergistic interaction between copper and
ceria, easier reducibility of active copper species and higher
numbers of oxygen vacancies and active sites, which showed a
significantly positive effect on the catalytic performance.?’ %2
However, up to date, there is no available report on the effect of
tungsten oxide (WOy) on copper-ceria for the CO oxidation reac-
tion, even the previous investigation showed that W—0—Ce origi-
nating from the interaction between WO, and CeO, can promote
the formation of oxygen vacancies and enhance the reducibility of
ceria-supported metal/metal oxide catalysts.”®> Actually, tungsten
oxide was usually added as a component modifier for the supports
(5i0,,°* Al,03,%° etc.) of heterogeneous catalysts.

To obtain the reliable structure—activity relationship, advanced
characterization techniques are required to precisely detect the
complex structural properties of supported metal or metal oxide
nanocatalysts. As for heterogeneous catalysis, X-ray absorption fine
structure (XAFS) technique has been broadly applied to the ana-
lyses of the structural evolution of low-concentration active metal
or metal oxide species. Particularly, X-ray near edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS)
analyses are effective for the determination of both electronic
structure (oxidation state, charge transfer, etc.) and local coordi-
nation structure (coordination number, bond distance, etc.) up to
0.6—0.8 nm, respectively.”’® 3% On the other hand, temperature-
programmed reduction by hydrogen (H,-TPR), which is a conven-
tional catalytic approach, and plays key role in the investigation of
the reducibility and metal-support interaction of the supported
catalysts.>! Previously, by using XANES/EXAFS and H,-TPR, Wang
et al. determined that the highly dispersed CuOy, other than the Cu-
[Ox]-Ce structure, were the crucial active species for the preferen-
tial oxidation of CO reaction.*”

Therefore, in this work, ceria nanorods were used as the oxide
support to anchor copper species, and the support was modified by
introducing low-concentration tungsten oxide via a DP approach.
With the help of multiple characterization methods including N,
adsorption, XAFS, and H,-TPR, the effects of tungsten oxide on
copper-ceria catalysts for CO oxidation reaction were studied in
detail, in order to correlate the catalytic activity with the structure
of certain copper species and their interaction between the metal-
support to investigate the structure-activity relationship on these
copper-ceria catalysts. It is found that the introduction of tungsten
oxide (WO3) significantly changes the metal-support interaction in
Cu—Ce—0, which delivers to change the catalytic performance of
copper-ceria catalysts for CO oxidation. The study results are ex-
pected to give guidelines for modification of CeO, and will attract a
broad readership of copper-ceria catalysts for CO oxidation
reaction.

2. Experimental
2.1. Catalyst preparation

All the chemicals used in this work were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. without any
further purification.

The ceria nanorods were synthesized by a hydrothermal
method. Ce(NO3)3-6H,0 (3 mmol) was added into an aqueous
NaOH (6 mol/L, 60 ml) solution with vigorous stirring for about
30 min. After the precipitation process, the stock solution was
transferred into a Teflon bottle (inner volume: 100 mL), and further
tightly sealed in a stainless-steel autoclave. The hydrothermal
procedure was carried out in a temperature-controlled electric
oven at 100 °C for 24 h. Then, the precipitates were washed by

Millipore (>18 MQ) water for four times and by ethanol for once.
The ceria nanorods was obtained by drying the as-washed product
under vacuum at 80 °C for 12 h and further calcined in air at 400 °C
for 4 h (heating rate: 2 °C/min).

Tungsten oxide-modified ceria nanorods were synthesized via a
deposition-precipitation (DP) method. Typically, 1 g of as-calcined
ceria nanorods were suspended in 50 mL Millipore water. After
stirring for 15 min, ammonium carbonate solution (25 mL, 1 mol/L)
was added. Ammonium metatungstate (H43N10042W12040,
0.0049 mmol) was dissolved in 25 mL Millipore water, and then
added into the above stock solution dropwise. After stirring and
aging at room temperature for 1 h, the as-formed precipitates were
filtrated and then were washed by Millipore water. The as-washed
powders were dried under vacuum at 80 °C overnight and further
calcined in air at 400 °C for 4 h (heating rate: 2 °C/min). The as-
calcined tungsten oxide-modified ceria nanorods were denoted as
W;yCe (x is the molar ratio of W/Ce).

Copper catalysts supported on tungsten oxide-modified ceria
nanorods were also synthesized via a DP approach. Specifically,
copper nitrate (Cu(NOs3);-3H,0, 0.1543 g) and the as-calcined
Wo4Ce (1 g) were dissolved or suspended in 100 mL Millipore
water by vigorous stirring. Then, Na,CO3 aqueous solution (0.5 mol/
L) was dropped into the above mentioned solution until the pH
value reached 9. After stirring and aging at 80 °C for another 3 h, the
as-obtained precipitates were gathered by filtration and then
washed with Millipore water for three times. The as-washed
powders were dried under vacuum at 80 °C overnight and then
calcined in air at 400 °C for 4 h (heating rate: 2 °C/min). The as-
calcined copper catalysts supported on tungsten oxide-modified
ceria nanorods were denoted as CuyW,Ce (x and y are the molar
ratios of W/Ce and Cu/Ce, respectively).

2.2. Characterization

The experimental ratios of Cu/W/Ce were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) on an IRIS Intrepid II XSP instrument (Thermo Electron
Corporation).

The nitrogen adsorption-desorption characterization was
analyzed on an ASAP2020-HD88 analyzer (Micromeritics Co., Ltd.)
at 77 K. The measured powders were degassed at 250 °C under
vacuum (<100 pm Hg) for over 4 h before the introduction of Na.
The pore-size (rp) distribution of each sample was calculated ac-
cording to the desorption branch of the obtained isotherms with
the BJH method. The BET specific surface areas (Sggr) were calcu-
lated from the data between 0.05 and 0.20 relative pressure.

The powder X-ray diffraction (XRD) patterns were obtained on a
Bruker D8 Advance diffractometer (40 kV and 40 mA) or a Malvern
Panalytical X Pert powder diffractometer (40 kV and 40 mA), using
Cu Ka1 radiation (A = 0.15406 nm) with a scanning rate of 4 °C/min.
The 26 angles were calibrated with a pm-scale alumina (¢-Al,03)
standard. The diffraction patterns were gathered from 10° to 90°
with a step of 0.02°. The ground sample was planished on a quartz
sample holder before each test. Cell dimensions of cubic CeO, were
obtained from the corresponding powder data with a “LAPOD”
software of least-squares refinement by the Cohen's method.>*3*

The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were obtained from an FEI Tec-
nai G2 F20 microscope (200 kV). The measured samples were ul-
trasonic dispersed in absolute alcohol for 5 min, and then placed a
drop of liquid supernatant on an ultra-thin (3—5 nm) carbon film-
coated Mo grid. The sample grid was dried naturally under dark
conditions before inserted into the sample holder.

The X-ray absorption fine structure (XAFS) spectroscopy at the
Cu K (Ep = 8979 eV) edge and W L3 (Eg = 10207 eV) edge was
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operated at the BL14W1 beamline of Shanghai Synchrotron Radi-
ation Facility (SSRF) at 3.5 GeV in “top-up” mode with a constant
current of 240 mA. The XAFS spectra of Cu K edge and W L3 edge
were recorded in transmission mode and fluorescence mode with a
Lytle ion chamber, respectively. The X-ray energy was calibrated
with the absorption edge of pure Cu foil and W foil, respectively.
Athena and Artemis codes were used to extract the data and fit the
profiles. For the X-ray absorption near edge structure (XANES) part,
the experimental absorption coefficients as a function of energies
w(E) were processed by background subtraction and normalization
procedures, and reported as “normalized absorption”. The chemical
valences of Cuand W were determined with the linear combination
fit by comparison to the corresponding references of Cu/CuO/Cu,0
and W/WOs based on the normalized XANES profiles in the Athena
software. For the extended X-ray absorption fine structure (EXAFS)
part, the Fourier transformed (FT) data in R space were analyzed by
applying the first shell approximation model for Cu—0O and W—-0O
contributions. The passive electron factors 5§ were determined by
fitting the experimental data on Cu foil and W foil and fixing the
coordination number (CN) of Cu—Cu and W—W to be 12, and then
fixed for further analyses of the measured samples. The parameters
describing the electronic structure such as correction to the
photoelectron energy origin Eg and local coordination structure
including CN, bond distance (R) and Debye-Waller (D.W.) factor
around the absorbing atoms could be varied during the fitting
process. The fitted ranges for k and R spaces were selected to be
k =20—109 nm ™! with R = 0.10—0.19 (Cu—0) nm (k> weighted) and
k = 20—11.9 nm~! with R = 0.11-0.21 (W—0) nm (k> weighted),
respectively.

2.3. Catalytic tests

The temperature-programmed reduction by hydrogen (H,-TPR)
was conducted in a Micromeritics Auto Chem II (Micromeritics Co.,
Ltd., US) equipped with a thermal conductivity detector (TCD). The
50 mg laminar and sieved (40—60 mesh) powders were pretreated
in Oy (5%02/He) at 300 °C for 30 min, and then cooled down
naturally to room temperature before reduction. The reduction
process was performed with a gas mixture of 5% Hy/N; (99.997%
purity, Shanghai Weichuang Co., China) from room temperature to
800 °C (flow rate: 50 mL/min; heating rate: 10 °C/min).

The CO oxidation activities of the copper-catalysts supported on
tungsten oxide-modified ceria nanorods were estimated in a
Micromeritics Auto Chem II (Micromeritics Co., Ltd., US). The 25 mg
of sieved (40—60 mesh) powders were pre-oxidized (5%0,/He) at
300 °C for 30 min before each test. After cooling down to room
temperature in the same pretreated atmosphere, the tested sample
was then switched to pure He for another 5 min. For the CO
oxidation reaction, a gas mixture of 2%C0/1%0,/97%He (99.997%
purity, Shanghai Weichuang Co., China) passed through the cata-
lysts at a flow rate of 50 mL/min, corresponding to a space velocity
of 120000 mL/(h-gca¢). The variations of CO and CO, were moni-
tored by a micro gas chromatography (GC) (INFICON Co., Ltd.,
United States) in outlets. The CO conversion (COcqpy,) Was calculated
accordingly to the following equation: COcony = (COjn—COout)/
COin x 100%.

3. Results and discussion

In this work, the copper catalysts supported on tungsten oxide-
modified ceria nanorods were prepared via a two-step sequential
deposition-precipitation method. Table 1 shows the experimental
loadings of copper and tungsten, determined by ICP-AES. It can be
seen that the copper concentrations (7.8 at%—10 at%) are close to
that of the designed value (10 at%) whether with or without the

Table 1

Metal ratios of Cu/W/Ce (Ccywice), BET Specific surface areas (Sger), BJH pore volume
(Vp), lattice constants (a) of CeO, and average particle sizes calculated from XRD
(Dxgrp) or TEM (Drgm) for copper catalysts supported on tungsten oxide-modified
ceria nanorods.

Sample Ceuwice * Seer” Vp" a‘ Dxgrp ¢ Drem ©
(at%) (m?/g) (cm®[g) (nm) (nm)  (nm)

CeO, - 122 0.57 0.54039 (7) 12 81+14

WosCe — — 120 044 0.54033 (3) 12 -

WyoCe — — 123 0.45 0.53908 (9) 11 -

Wi,Ce  — 113 0.44 0.53947 (6) 11 -

CuCe 8.8/0/91.2 72 0.61 0.54051 (1) 12 7.8 +1.2¢
0.54046 (7)¢  12¢

CuWg4Ce 10.0/0.4/89.6 114  0.40 0.54047 (9) 11 -
0.54034 (1)¢ 10¢

CuW,oCe 9.0/2.0/89.0 97 0.45 0.53975(3) 12 -
0.53957 (9)¢ 11¢

CuWs;,Ce 7.8/3.2/89.0 110 046 0.54029 (2) 11 8.0 + 1.3¢

(

0.53992 (1)¢ 12¢

2 Determined by ICP-AES.

b Calculated from nitrogen adsorption-desorption results.
¢ Calculated from XRD patterns.

4 Used after CO oxidation reaction.

€ Average width statistic from TEM images.

addition of W, identifying the successful deposition of Cu during
the synthesis process. However, there is a severe deviation in the
tungsten concentrations between the theoretical values (1.0 at%,
5.0 at%, and 15.0 at%) and the measured levels (0.4 at%, 2.0 at%, and
3.2 at%), resulting in 60%—80% loss of W during the applied DP
process (see Table 1). This could be due to the ineffective precipi-
tation of W8 jon from the tungsten precursor and/or the formation
of soluble tungsten-ammonia complex during the DP process.

Table 1 summaries the nitrogen adsorption results on the
copper-ceria catalysts (CuCe and CuWCe), as well as the corre-
sponding tungsten oxide-modified ceria supports (CeO, and WCe).
It can be clearly seen that the BET specific surface areas of WCe
(113—123 m?/g) are in good agreement with that of pure CeO,
(122 m?/g), revealing that the addition of a small-amount tungsten
does not modify the aggregation of primary grains of the ceria
nanorods. However, for copper-containing samples, the Sggr values
of CuWCe (97—114 m?/g) are significantly larger than that of CuCe
(72 m?/g), indicating that the introduction of secondary tungsten
oxide can well disperse the copper species onto ceria surface
without partial coverage of pores. The related nitrogen adsorption/
desorption isotherms and pore-size distribution histograms are
shown in Fig. 1. Obviously, all the adsorption/desorption curves
with or without the deposition of copper, can be assigned to type
IV isotherm and the hysteresis loops in the p/pg range of 0.8—1.0
can be classified to type H3 (Fig. 1 (a) and (c)), which suggests that
the materials consist of aggregated particles.>® Interestingly, it
shows that both CeO, and CuCe show slightly larger average pore
diameters (Fig. 1 (b,d)) and higher BJH pore volumes (see Table 1)
than those of the tungsten-modified samples (WCe and CuWCe).
Therefore, it is confirmed that the introduction of secondary
tungsten oxide into ceria nanorods increases the surface area for
copper-ceria catalysts, while decreases the pore volume and the
pore size for both ceria supports and copper-ceria catalysts.

CO oxidation reaction (2CO + O, = 2C0O,) with a space velocity
as high as 120000 mL/(h-ga¢) was used to evaluate the catalytic
performance of copper catalysts supported on tungsten oxide-
modified ceria nanorods. The “light off” profiles in Fig. 2 (a) under
transient mode display a high CO conversion. As a result of the fact
that the “light off” temperatures for all the measured samples are
narrow (ca. 60—120 °C), the stability tests on these preoxidized
copper-ceria catalysts at 100 °C in 1%0,/2%C0/97%He were carried
out to enlarge the differences on CO oxidation reactivity. It can be
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found from Fig. 2(b) that the CO conversions are nearly unchanged
throughout the whole measurements up to 12 h, and the activity of
each sample follows the sequence of CuCe > CuW; gCe > CuWs3,Ce.
This indicates that the introduction of tungsten oxide to the ceria
nanorods has a negative effect, instead of positive contribution, on
the catalytic performance of our copper catalysts.

XRD analyses were performed to determine the crystal structure
of copper catalysts supported on tungsten oxide-modified ceria
nanorods. The XRD patterns in Fig. 3 (a) indicates a fcc fluorite CeO,
phase (JCPDS card No. 34-394) with lattice constants (a) of
0.53975—0.54051 nm (see Table 1) for all the fresh samples before
the CO oxidation reaction. No peaks can be assigned to copper-
containing (Cu/Cu0/Cuy0) or tungsten-involved (W/WO2/WOs3)

phase in both Cu/Ce and CuW/Ce samples, revealing that the
deposited copper and tungsten species are either ultra-small in
grain size and/or in very low concentration below the detection
limit. Fig. 3(b) displays that the used catalysts after CO oxidation
maintained the same CeO, phase as the fresh ones, verifying the
good structural stability on the studied copper catalysts during the
reaction up to 300 °C in 1%02/2%C0/97%He. The a values of ceria
nanorods slightly decreases to 0.53957—0.54046 nm (see Table 1),
indicating the removal of surface hydroxyls under the CO oxidation
reaction conditions.>®

TEM/HRTEM was used to observe the morphology of CeO,
support. As shown in Fig. 4 (a, b), CeO, support is composed of
nanorods with 20—110 nm in length and 8.1 + 1.4 nm in width (also
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Fig. 3. XRD patterns of copper catalysts supported on tungsten oxide-modified ceria nanorods. (a) Fresh; (b) Used after CO oxidation reaction.

see Table 1). After the CO oxidation reaction, both CuCe and CuWCe
catalysts show similar rod-like shape (Fig. 4 (c) and (d)) and close
average width (see Table 1) for ceria. HRTEM images (Fig. 4(b—d))
clearly resolve an interplanar distance of 3.2 nm, which is corre-
sponding to the (111) lattice fringes of CeO,. The missing of any Cu-
or W-containing component in HRTEM gives a hint that these
copper and tungsten species are in ultra-small atoms or clusters on
the surface of ceria nanorods, well consistent with the XRD results.

XANES analyses on Cu K and W L3 edges were conducted to
determine the oxidation states of copper and tungsten in different
samples. With the help of various copper standards (Cu foil for Cu®,
Cuy0 for Cu™ and CuO for Cu®*), it can be concluded that fully
oxidized copper (Cu®*) species were identified in both fresh and
used catalysts, whether with or without the addition of tungsten
oxide (Fig. 5 (a) and Table 2). Similarly, by the aids of multiple
tungsten references (W foil for W, WO, for W4+ and W03 for W),

Fig. 4. TEM (a) and HRTEM (b—d) images of copper catalysts supported on tungsten oxide-modified ceria nanorods. (a, b) CeO,; CuCe (c) and CuWs3,Ce (d) used after CO oxidation

reaction.
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Table 2

Averaged oxidation state of copper or tungsten (4) and the corresponding EXAFS fitting results for Cu K and W L3 edges (R: distance; CN: coordination number; ¢?: Debye-
Waller factor; AEq: inner potential correction) of copper catalysts supported on tungsten oxide-modified ceria nanorods.

Sample 0 Cu-0 W-0 & AEg (eV)

Cu w R (nm) CN R (nm) CN
CuCe (fresh) 2.0 - 0.193 + 0.001 3.7+03 — — 0.004 + 0.001 (Cu—0) 8.8 + 0.6 (Cu)
CuCe (used) 2.0 — 0.193 + 0.001 3.7+03 — - 0.005 + 0.002 (W—-0) 6.4 + 2.8 (W)
CuWs1Ce (fresh) 2.0 6.0 0.194 + 0.001 36+03 0.175 + 0.002 47 £ 1.1
CuWs 5Ce (used) 2.0 6.0 0.194 + 0.001 39+03 0.177 + 0.002 51+1.1

2 Determined by linear combination analysis on the XANES profiles with references of Cu foil (6 = 0)/CuO (6 = 2) and W foil (6 = 0)/WO3 (6 = 6) for Cu K and W L3 edges,

respectively.

the completely oxidized tungsten (W®*) species, without any
fraction of reduced components of W°/W** were detected in all the
investigated copper-ceria catalysts (Fig. 6(a) and Table 2). These
results indicate that the reaction conditions (1%02/2%C0/97%He, up
to 300 °C) still provided oxidation atmosphere on both CuCe and
CuWCe samples. Furthermore, the profile mismatches of XANES on
both Cu K and W L3 edges between the copper-ceria catalysts
supported on tungsten oxide-modified ceria nanorods and CuO/
WOs in Figs. 5(a) and 6(a) reveal the totally different local coordi-
nation structures around Cu and W atoms in the studied samples.>’
However, it should be noted that the XANES analyses cannot
distinguish the contributions from various Cu(Il) components such
as the crystallized CuO particles, the doped Cu?* ions in ceria and
the weakly/strongly bound surface CuOy clusters.

The EXAFS fitting was carried out to reveal the local coordina-
tion structure around copper and tungsten centers in the samples.
On the basis of EXAFS fitting results (Figs. 5 (b), 6 (b) and Table 2), it
can be seen that a strong peak at R = 0.194 nm with CN of ca. 4 or
R = 0.175—0.177 nm with CN of ca. 5 was identified for the first
shell of Cu—0O or W—0, respectively, which reveals the dominant
oxidized Cu®** or W8+ species in both fresh and used catalysts.
Moreover, no direct metal-metal bonds (Cu—Cu and W—W) were
determined, which is in good agreement with the XANES data.
Furthermore, the copper species supported on either pure or
tungsten oxide-modified ceria shows much weaker intensity of
higher shells in the range of 0.3—0.4 nm (Fig. 5(b)), than the pre-
vious results on 5 wt%—10 wt% CuO-CeOj catalysts before and after
the preferential oxidation of CO,*® which could be probably caused
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Fig. 6. XANES profiles (a) and EXAFS spectra with fits in R space of W L3 edge (b) for copper catalysts supported on tungsten oxide-modified ceria nanorods.
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Fig. 7. H,-TPR profiles (a) and deconvoluted H, consumption normalized by Cu weight vs metal concentration of W (b) for copper catalysts supported on tungsten oxide-modified

ceria nanorods.

by the different aging conditions (Ref. 38: room-temperature, 1 h;
this work: 80 °C, 3 h) during the deposition of copper in synthesis.

H,-TPR was carried out to investigate the reducibility and metal-
support interaction for the copper-ceria catalysts. For the tungsten
oxide-modified ceria nanorods, the reduction peak does not appear
below 500 °C, and is still small till 800 °C (Fig. 7 (a)). It reveals that
the interaction between WO3; component and CeO, support,
possibly in the form of W-[Ox]-Ce, is very weak. For the copper-
involved samples (CuCe and CuWCe), the related H,-TPR profiles
show multiple peaks in Fig. 7 (a). According to the previous con-
clusions,? the reduction of various copper species supported on
ceria includes doped Cu®* ions in the ceria lattice, highly dispersed
CuOy clusters weakly bound to ceria, strongly bound Cu-[Oy]-Ce
interacting with the ceria surface and isolated CuO nanoparticles. In
this work, we do not find the reduction peaks of crystallized CuO
nanoparticles, which typically appears above 200 °C in H,-TPR.*?
The two major reduction peaks generated for the fresh samples
(Fig. 7(a)) can be assigned to the weakly bound CuOy clusters and

Table 3
H,-TPR reduction temperatures (Tg) and H, consumption rates (H, consp.) of copper
catalysts supported on tungsten oxide-modified ceria nanorods.

Sample Tr (°C) H; consp. (umol/g)

Experimental Theoretical®
CuCe 1297, 149° 1005 (808%, 197°) 541
CuWo 4Ce 1327, 147° 1050 (666%, 384") 620
CuW,oCe 146" 842° 554
CuWs,Ce 153" 739° 476

2 For low-temperature reduction.
b For high-temperature reduction.
¢ Calculated from complete reduction of Cu?* to Cu® theoretically.

strongly bound Cu-[Ox]-Ce species at the low and high tempera-
tures, respectively.>>® With an increase in the tungsten content,
the intensity of low-temperature reduction is obviously lower,
while the intensity of high-temperature reduction becames
significantly higher. Table 3 displays that the experimental H;
consumption rates are significantly higher than the calculated
values based on the transformation of Cu®* to Cu® only (Table 3). In
another word, one copper atom interacts with more than one ox-
ygen atoms, indicating that copper can effectively activate the
surface oxygen of ceria support.>’ In order to eliminate the influ-
ence of slightly differences on copper concentration in CuCe and
CuWCe (see Table 1), we calculated the H, consumption rates and
normalized the values by the actual Cu amount determined by ICP-
AES. From Fig. 7 (b), it is clearly observed that the H, consumption
rate per copper weight of the CuOy clusters decreases, while that of
the Cu-[Ox]-Ce species increases monotonously with an increase in
the tungsten concentration from 0 (CuCe) to 2.0 at% (CuW;oCe).
The addition of more tungsten oxide (CuWs;Ce) does not further
promote the reduction of strongly bound Cu-[Ox]-Ce, since few
weakly bound CuOy clusters still exist in CuW, gCe (Fig. 7 (a) and
Table 3). Therefore, on the basis of the H,-TPR results, it can be
concluded that the major function of introduced tungsten oxide to
ceria nanorods is to transfer the weakly bound CuOy clusters to
strongly bound Cu-[Ox]-Ce structure, and finally change the metal-
support interaction of copper-ceria catalysts. Interestingly, these
two distinguishable copper species do not reflect obvious differ-
ences in EXAFS, which is different from the previous findings,>®
indicating that H,-TPR is a highly effective method to uncover
such metal-support interaction.

As discussed as above, by the aids of multiple characterization
techniques, we now have a full view on the structural evolution, as

2’\/1
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NN,

CuCe CuW, ,Ce CuW, Ce
CeO, === Cu-O,-Ce ® CuOy cluster = WO,
8 CO 80, § CO,

o

Fig. 8. Schematic demonstration of structural evolution on copper catalysts supported on tungsten oxide-modified ceria nanorods.
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well as the structure-activity relationship of the studied copper
catalysts supported on tungsten oxide-modified ceria nanorods
(Fig. 8). First, the addition of tungsten maintains its W®* valence and
does not change the initial Cu®* oxidation state (XANES), which
verifies that the electronic structure is not the important factor
governing the catalytic performance of copper-ceria in this system.
Second, the short-range (up to 0.6 nm) coordination structure
around copper center does not show significant modifications after
the introduction of tungsten oxide (EXAFS), revealing that the major
formation is still Cu—O for both CuCe and CuWCe. Third, the
investigated copper species are actually non-crystalline without any
observable generation of observable particles (as confirmed by XRD
and HRTEM), but both the textural properties (surface area, pore
volume and pore size) and the metal-support interaction (H,-TPR)
are clearly modified by the addition of tungsten. In details, the
presence of both the weakly bound CuOy clusters (see the green dots
in Fig. 8) and strongly bound Cu-[Oy]-Ce structure (see the green bar
in Fig. 8) in CuCe is converted to the creation of strongly bound
copper species only in CuW oCe. Finally, the effect of tungsten oxide
(see the blue square) to ceria is to transfer the CuOy clusters to Cu-
[Ox]-Ce species, and thus impair the catalytic activity of copper-ceria
catalysts for the CO oxidation reaction.

4. Conclusions

In summary, small-amount tungsten oxide was introduced into
the copper-ceria catalysts by a two-step sequential deposition-
precipitation approach. The addition of tungsten in the formation
of W8 jon maintains the Cu®>" species on the surface of ceria
nanorods, and the local coordination structure around copper
center is still dominant by the first shell of Cu—0. No crystallized
component appears with the introduction of tungsten oxide, but
the textural properties of both ceria support and copper-ceria cat-
alysts change. Indeed, the metal-support interaction is significantly
modified by the addition of tungsten with the transformation of
weakly bound CuOy clusters to strongly bound Cu-[Ox]-Ce struc-
ture. However, the negative effect of tungsten oxide to ceria imp-
aires the catalytic activity of copper-ceria catalyst for the CO
oxidation reaction.
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