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A series of Ce20CusNi,Ox catalysts for CO oxidation at low temperature were prepared and charac-
terized by N2 adsorption, X-ray diffraction, temperature-program reduction by Hz, X-ray photoelec-
tron spectroscopy (XPS), and Raman spectroscopy. Cez0CusNio4Ox exhibited the highest catalytic
activity. The addition of NiO increased the amount of copper ions doped into the CeO2 matrix and
gave more oxygen vacancies in ceria by the formation of a Ni-O-Ce solid solution. XPS results
showed that large quantities of Cu*, Ce3+, and lattice oxygen existed in the fresh Ce20CusNio4Ox cata-
lyst. Cu* ions in the catalyst can easily migrate to the ceria lattice to form a Cu-O-Ce solid solution,
which enhanced the release of the lattice oxygen of the oxides under a reducing atmosphere. The
high catalytic activity of Ce20CusNio4Ox is due to the promoter giving increased amounts of Cu* in the
catalyst and the formation of solid solutions of both Cu-0-Ce and Ni-O-Ce.
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1. Introduction

In recent years, increasing attention has been focused on the
catalytic oxidation of carbon monoxide at ambient temperature
due to its important applications in mine rescue devices for
human safety, carbon dioxide lasers, proton exchange mem-
brane fuel cells as well as many other applications in air purifi-
cation devices, CO sensors, and even the burning of a cigarette
[1-4]. In addition, CO oxidation is an elementary step in many
important industrial processes such as the production of
methanol and the water-gas shift reaction [5,6]. Although the
kinetics and mechanism of CO oxidation to COz have been in-
vestigated by many researchers [1,7-9], many features of it are
not yet fully understood.

Precious metal catalysts based on supported gold have been
widely used for the low temperature oxidation of CO with the
precious metal deposited as nanoparticles on metal oxides [10-
13]. However, the limited availability and high cost of precious

metals have long motivated the search for substitute catalysts
and the development of non-noble metal catalysts [14,15].
Metal-ceria systems are several orders of magnitude more ac-
tive than other oxide supported catalysts for various redox
reactions because of the high oxygen storage capacity and re-
ducibility of ceria. The CuO/CeO2 system is a promising catalyst
for CO oxidation [7,16-20], because it has a specific activity that
is several orders of magnitude higher than that of conventional
Cu-based catalysts and which is comparable or even superior to
the activity of Pt-based catalysts. The role of ceria as a support
for non-noble metals is based on its oxygen storage capacity
and also its ability to improve the dispersion of the non-noble
metal active ingredients. The high mobility of its lattice oxygen
and the redox property of ceria are generally regarded as play-
ing key roles in governing the catalytic behavior. The oxygen
storage capacity of ceria and catalytic activity of Cu-Ce catalysts
can be improved by doping with zirconium, which can form a
Ce02-Zr02 solid solution and restrain the growth of CeO:z crys-
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tallites [21-23]. However, little attention has been given to the
influence of Ni doping on the performance of a CuO-CeO> cata-
lyst.

In CeOy, the facile Ce#+/Ce3* redox couple gives a high oxy-
gen storage capacity (OSC) by the reversible addition and re-
moval of oxygen in the fluorite structure of ceria. It has been
observed that the redox property of Ce1.AMO, solid solutions
formed by incorporating other metal ions into CeOz2 is better
than that of CeOz alone. This suggested the use of Ni2* cations
with a smaller size that can be incorporated into the cubic lat-
tice to form a solid solution and help the change of Ce#+to Ce3+.
In addition, it is also possible that Cu ions can have a more fac-
ile redox behavior during oxidation and reduction oscillations
from the introduction of NiO.

In the present work, Ce20CusNiyOx catalysts with various
nickel loadings (y = 0, 0.4, 5) were prepared by the reverse
co-precipitation method. The copper species of the catalysts
were studied by electron spin resonance (EPR) and X-ray pho-
toelectron spectroscopy (XPS). NiO promotion of the formation
of these Cu-promoting species was further discussed using
X-ray diffraction (XRD) and Raman characterization data.

2. Experimental
2.1. Catalyst preparation

Ce20CusNiyOx catalysts with different nickel contents were
prepared by the reverse co-precipitation method.
Cu(NO03)2:3H20, Ce(N03)3-6H20, and Ni(NO3)2:6H20 were used
as sources of Cu, Ce, and Ni, respectively. A mixed solution of
weighed quantities of copper nitrate, cerium nitrate, and nickel
nitrate was added to a solution of sodium hydroxide at a rate of
3-4 ml/min under vigorous stirring at 60 °C. The pH value was
adjusted to 9.7-10 with sodium hydroxide to produce a precip-
itate suspension. Then, a small amount of L-glutamate surfac-
tant was added to the suspension after 5 min. The precipitate
obtained was aged at 60 °C for one hour under stirring and
then filtered and washed with hot distilled water several times
to remove excess ions, followed by drying at 110 °C for 4 h. The
dried material was crushed and calcined in air at 350 °C for 3 h
to give the final powder Cez0CusNi,Ox catalyst. A CezoCusOx
sample was prepared by the same method as a reference.

2.2. Catalytic activity measurement

The activity of the catalyst was tested in a quartz tubular
fixed-bed reactor with 0.2 g of catalyst. The reaction tempera-
ture ranged from 40 to 120 °C. The total feed gas flow rate was
60 ml/min, corresponding to a gas hourly space velocity
(GHSV) of 18000 h-1. The composition of the feed gas was 1%
CO, 1% Oz, and 98% N2. The product was analyzed by an online
gas chromatograph equipped with a carbon molecular sieve
column (1 m x 3 mm) and a 5A molecular sieve column (2 m x
3 mm) connected in parallel and a thermal conductivity detec-
tor.

2.3. Catalyst characterization

The specific surface area, pore volume, and pore diameter
were determined by the BET method on a Quantachrome Au-
tosorb-1 instrument at -196 °C with N2 adsorbent. Powder XRD
patterns were measured on a Panalytical X’Pert PRO X-ray dif-
fractometer using Cu K« radiation. The XRD patterns were
referenced to powder diffraction files (ICDD-FDP data base) for
identification. Visible Raman spectra were recorded on a com-
puter-controlled Renishaw Invia spectrometer system using a
532 nm argon ion laser beam as exciting source. The spectra
resolution was 2 cm-tand the laser power was 20 mW. All Ra-
man spectra were recorded under ambient conditions. UV Ra-
man spectra were recorded on a UV Raman spectrograph using
a 325 nm argon ion laser beam as exciting source. The laser
power was below 4.0 mW for the 325 nm radiation. All the UV
Raman spectra were also recorded at room temperature.

XPS characterization was performed on a PHI-Quantum
2000 spectrometer. The sample powder was pressed into a
wafer for the analysis. The C 1s line (284.6 eV) of adventitious
carbon was used as the reference to calibrate the binding en-
ergy (BE). Temperature-programmed reduction (Hz-TPR)
measurement was carried out on a quartz reactor. After treat-
ment at 300 °C in Ar for 1 h, the sample was cooled to room
temperature in the same atmosphere, and then the gas was
switched to a mixed gas of 5%H2-95%N: at a rate of 30 ml/min.
When there was a stable baseline, the sample was heated at a
rate of 10 °C/min in 5%H2-95%Nz. The spectra were recorded
after the reaction reached steady state.

3. Results and discussion
3.1. Textural characterization results

Table 1 lists the surface texture data of the support and cat-
alysts obtained from N2 adsorption measurements. As com-
pared with the pure CeOz, after loading of copper, the specific
surface area and pore volume of Cez0CusOx were increased
from 86 m2/g and 0.121 cm3/g to 135.1 m2/g and 0.184 cm3/g,
respectively. The Cez0CusNio.4Ox catalyst with a small amount of
Ni had a similar pore volume and average pore diameter to
Ce20CusOx, but had a higher specific surface area. The
Ce20CusNisOx catalyst with a high loading of Ni had the smaller
specific surface area (125.5 m2/g), pore volume (0.117 cm3/g),
and average pore diameter (3.73 nm). These were ascribed to
the existence of some CeOz crystallites surrounded by small NiO
crystallites, leading to fewer pores and hence a smaller specific
surface area.

The N2z adsorption isotherms and pore diameter distribution
curves of the catalysts are shown in Fig. 1. All isotherms were
typical Type IV curves, which are characteristic of mesoporous

Table 1
Surface texture of the support and catalysts.

Surface area Pore volume Average pore

Sample (mz/g) (cms/g) diameter (nm)
CeO2 86.0 0.121 7.30
Ce20CusO0x 135.1 0.184 5.45
Ce20CusNio40x 142.2 0.178 4.99
Ce20CusNisOx 125.5 0.117 3.73
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Fig. 1. N2 adsorption-desorption isotherms and pore size distribution of
the catalysts. (1) Cez0CusOs; (2) Ce20CusNio4Ox; (3) CezoCusNisOx.

materials, with the Hz hysteresis loop. The observed isotherms
indicated ink bottle-type pores with narrow orifices and a
broader interior. The capillary condensation step for the
Ce20CusNio4O0x sample was shifted to a lower relative pressure
in comparison to that of the Ce20CusOx catalyst without NiO
addition, which indicated a smaller mesopore size of the ceria
powder. Moreover, the condensation step for all the catalysts
was very steep, indicating a highly uniform distribution of the
pore size and good pore connectivity [24]. The pore diameter
distribution was calculated from the adsorption branch of the
isotherms using the BJH algorithm. The peak of the pore diam-
eter distribution for Ce20CusNio4Ox was slightly narrower and
was shifted towards the left in comparison with that from the
Ce20Cus0x catalyst, indicating a decrease in pore diameter.
When the nickel loading was high, the peaks were obviously
narrower and tiny pores with diameters of 1.5-3 nm appeared.
Nickel and copper cannot enter the small diameter pores, but
existed at the mouth, which caused the mouths of the smaller
pores to be closed due to the blocking by nickel ions. This may
be the reason why the BET surface area and pore volume for
the Ce20CusNisOyx catalyst decreased. This result indicated that a
small nickel loading has a positive effect on the increase of the
surface area of a CuO-CeO: catalyst and made the mesopore
size of the ceria smaller. To explore what happened after the
introduction of NiO, further investigations on the catalysts
were performed, as discussed below.

3.2. XRD results

Figure 2 shows the XRD patterns of CeOz and the
Ce20CusNiyOx catalysts with different nickel loading. As can be
seen from Fig. 2, peaks that can be ascribed to CeOz with a
fluorite structure appeared for all the catalysts. No diffraction
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Fig. 2. XRD patterns of the CeOzsupport and the catalysts. (1) CeOz; (2)
Ce20CusOyx (3) Cez20CusNio205x; (4) Ce20CusNio30x (5) Ce20CusNio4Ox; (6)

Ce20CusNiosOx; (7) Ce20CusNiz2s0x; (8) Ce20CusNisOx.

peak corresponding to CuO (26 = 35.6° 38.8° 61.5°) was de-
tected, suggesting that the Cu species were highly dispersed on
the surface of the ceria support and produced various surface
Cu?+ species and clusters, and some Cu ions may be incorpo-
rated into the CeOz2 lattice. The Ni2+ion (26 = 37°, 44.3°, 62.9°)
peaks were also not detected by XRD. The existence of isolated
surface Cu?+ clusters were confirmed by the hyperfine structure
in EPR spectrum [14,15]. Note that the Cu2+ ionic radius (0.072
nm) is smaller than that of Ce4+ (0.092 nm). The lattice param-
eter from the XRD data also indicated that it is possible for
some Cu?+ ions to be incorporated into the cubic lattice to form
homogeneous Cu-Ce-O solid solutions.

3.3.  Raman spectra
Figure 3 shows the visible Raman spectra of the

Ce20CusNiyOy catalysts with different nickel loadings and the
reference samples (CeOz and Ce20CusOx). It can be seen from
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Fig. 3. Visible raman spectra of the support and the catalysts excited by
532-nm laser. (1) CeOz (2) Ce20CusOx; (3) Ce20CusNio20x; (4)
Ce20CusNio30x (5) Cez0CusNio4Ox; (6) Ce20CusNiosOx; (7) Cez0CusNizsOy
(8) Ce20CusNisOx.
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Fig. 3 that a Raman active band at 462 cm-!due to cubic CeO2
was observed, while the peak at 462 cm-1 was shifted to 444
cm-1for the catalysts. The peak shift indicated a change in the
lattice parameters [27], which was inconsistent with the lattice
parameters deduced from the XRD characterization results.
The most probable interpretation for the shift and broadening
of the peaks is the presence of oxygen vacancies, corresponding
to a stoichiometry of CeOz-x, which suggested the formation of
Cu-Ce-0 solid solutions [28]. It is known that the substitution of
Cu?+ for Ce# would generate oxygen vacancies around
Cu?+-0-Ce#* (denoted as *-Cu?+-0-Ce#+, the symbol * represents
an oxygen vacancy) in order to maintain charge neutrality [29].
As can be seen from Fig. 3, the peak at 444 cm-! became
broader and stronger with increasing nickel content. It was
strongest when the Cu/Ni atomic ratio was 5:0.4. The peak at
444 cm™1became broader and weaker after the introduction of
too much Ni and became just like that from Cez0CusOx. We did
not find the bands at 552 and 631 cm-!for NiO species [30].
This may mean that the substitution of Ni2+ for Ce** inside the
CeO2 structure to form a solid solution occurred.

Figure 4 shows the UV Raman spectra of the Ce20CusNi,Ox
catalysts and the reference sample (Ce20CusOx). For all the
samples, a broad band with a relatively high intensity was ob-
served at 432 cm-1, which was due to cubic CeOz, together with
two bands at 597 and 1196 cm-1, which are not normally ob-
served in the Raman spectra. The band at 432 cm-! was due to
the Fzg vibrational mode typical of the cubic structure, and the
bands at 597 and 1196 cm-! were attributed to oxygen vacan-
cies [28,31,32] generated as charge compensation for the de-
fects induced by the incorporation of other metal cations into
the ceria lattice. The band at 317 cm-! is an indication of some
distortion of the oxygen sublattice and can be attributed to the
t" phase [33]. This phase is a fluorite type cation sublattice with
oxygen atoms displaced from the ideal fluorite sites to give a
tetragonal phase [33]. In addition, we observed that the band at
802 cm-1! for the Ce20CusOxsamples was very weak. The addi-
tion of Ni enhanced these Raman peaks, and a broad band at
802 cm-1 was observed for the Ce20CusNiyOx catalysts. The in-
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Fig. 4. UV Raman spectra of the catalysts excited by a 325-nm laser. (1)
Ce20CusOy (2) Cez20CusNio20x; (3) Cez0CusNio30x (4) Ce20CusNio4Ox; (5)
Ce20CusNiosOx; (6) Ce20CusNizs0x; (7)Ce20CusNisOx.

tensity of the band at 802 cm-! due to Ce20CusNip4Ox was the
highest among the samples, which suggested a synergistic in-
teraction among Ni-O, Cu-0, and Ce-O. We ascribed the interfa-
cial metal oxide-support synergistic effect to the formation of a
0-Cuz?+-Ce#+-Ni2+-0 cluster. The synergistic effect of the copper,
ceria, and Ni species is believed to be beneficial for CO oxida-
tion. It should be kept in mind that the incorporation of metal
cations into the ceria fluorite lattice must be accompanied by
the formation of oxygen vacancies [34]. The presence of oxygen
vacancies in all the samples indicated the formation of a solid
solution between cerium oxide and the other oxide. As com-
pared with the Ce20CusOx catalyst, the Ce20CusNi,Ox catalysts
with loaded nickel showed enhanced Raman peaks at 594 and
1196 cm-1, indicating an increase in oxygen vacancies. Moreo-
ver, we observed that the relative amount of oxygen vacancies
in the Ce20CusNio.4Ox catalyst was more than those for the other
catalysts. This suggested the formation of a solid solution of
Ce-Ni-O by the incorporation of Ni2*ions into the ceria lattice.
The Ce20CusNio4Ox catalyst is in the form of an imperfect face
centered cubic structure, which gave increased oxygen vacan-
cies and the distortion of the lattice, and thus enhanced the
oxygen storage/release performance of the catalyst. In addi-
tion, the peaks at 802 cm-! for the Ce20CusNio4Ox sample were
stronger than those for the other samples, which suggested a
change of the surface structure of ceria and the relatively free
movement of oxygen atoms.

The band at 462 cm-! ascribed to cubic CeO that appeared
in the visible spectra was shifted for the other samples. A simi-
lar phenomenon was observed for the UV Raman spectra. This
also indicated the formation of a solid solution. We can deduce
that Cu-Ce-Ni-O was formed in the Cez20CusNio.4Ox sample. That
is, the Ce20CusNio.4Ox catalyst was in the form of an imperfect
face centered cubic structure, which caused the distortion of
the lattice and increased oxygen vacancies, thus enhancing the
dynamic oxygen storage and release performance of the cata-
lyst.

3.4. XPS results

In order to further characterize the surface composition and
chemical state of the elements on the catalyst surface, X-ray
photoelectron spectroscopy was carried out. The Cu 2p, O 1s,
and Ce 3d XPS and Cu LMM Auger spectra of the three samples
Ce20Cus0x, Cez0CusNio40x, and Cez0CusNisOx are presented in
Fig. 5. The Cu 2p XPS spectra of the three catalysts in Fig. 5(a)
showed two main peaks at 933.9 and 953.8 eV for Cu 2p3,2 and
Cu 2p1/2, respectively. According to the literatures [35-37], a
binding energy of Cu2+ of CuO of 934.0 eV and a shake-up satel-
lite feature in the range of 940-950 eV are characteristic of
CuO. In addition, the binding energy of either Cu+ or Cu®is near
933.0 eV and no satellite peak exists in the region of 940-950
eV. It was reported that Cu?+ exhibits satellite peaks while Cu*
does not [38,39]. The lower Cu 2p binding energy (933.9 eV)
and the absence of a shake-up satellite structure suggested that
a small amount of copper clusters was present on the surface
together with reduced copper species. This indicated the pres-
ence of Cu?+, Cut, or Cu® in the three catalysts.



326 CHEN Guoxing et al. / Chinese Journal of Catalysis 34 (2013) 322-329

Cu2p @ cuLmm (B 9169
915.6

Cu*

919.6
2 ® &
e |
= @
3

Ce3d C
‘ %03, (© 8853 |0O1s (d)

930 935 940 945 950 955960 906 909 912 915 918 921 920 912 904 896 888 880 526 528 530 532 534 536 538 540

Binding energy (eV) Binding energy (eV)

Binding energy (eV) Binding energy (eV)

Fig. 5. Cu 2p (a), Cu LMM (b), Ce 3d (C), and O 1s (d) XPS spectra of the catalysts. (1) Ce20CusOx; (2) Ce20CusNio40x; (3) Ce20CusNisOx

It is difficult to distinguish between Cu* and Cu®on the basis
of the Cu 2ps;2 binding energies alone because they are
essentially identical. The Cu LMM Auger lines can be used to
solve this problem. In Fig. 5(b), it can be observed that the Cu
LMM Auger spectrum had a broad feature centered at 916.9 eV
for the Ce20CusOx sample, indicating the presence of both Cu?+
and Cu+species on the catalyst surface [36]. For the other cata-
lysts with added Ni, the Cu LMM Auger spectra had a broad
feature at 915.6 €V, indicating that large quantities of the Cu+
species existed on the Cez0CusNio.4+Ox and Ce20CusNisOx catalyst
surface [35,37]. In addition, we only observed a peak at 919.6
eV from Ce20CusNio4Ox, which can be assigned to Cu[36,37].
Liu and Flytzani-Stephanopoulos [1] have proposed that a Cu*
species resulted from the strong interaction of a copper oxide
cluster with cerium oxide. The formation of Cu* might be in-
duced by the substitution between the two oxide phases at the
interface because of the similarity of the Ce*+ and Cu* ionic ra-
dii. The presence of large quantities of the Cu* species in the
Ce20CusNio.40x and Cez0CusNisOx catalysts suggested a synergis-
tic interaction among Ni-O, Cu-O, and Ce-O. This interfacial
metal oxide-support synergistic effect may be the reason for
the formation of Cutand Cu?in the fresh Ce20CusNio.4+Ox catalyst.
In addition, it is known that Cu* can enter the CeOz2 lattice to
form a solid solution. So we can deduce that the Cu* is a copper
species dissolved in the CeO: lattice and a Cu-0-Ce solid solu-
tion was formed in Ce20CusNio4Ox which agreed with the Ra-
man results.

Figure 5(c) shows the Ce 3d XPS spectra from the three
samples. These are very complicated due to the overlap of the
spectra from the Ce4 and Ce3+ components. The Ce 3d spec-
trum consists of six peaks at 916.5, 903.5, 900.6, 898.4, 885.3,
and 882.2 eV for CeO: from the Ce 3d level, which can be as-
cribed to three pairs of spin-orbit doublets (3d3/2and 3ds/2). By
comparison with data reported in the literature [40], we can
assign the principal peaks of Ce 3d3/2 and Ce 3ds,2 to the peaks
at 898.4 and 882.2 eV, respectively, which are from the electron
configurations of 3d%4f° and 3d%4f? of Ce**. The peak at 916.3
eV (3d104f0 state of Ce#+) can be ascribed to Ce*+. It was report-
ed [41] that the peak at 900.6 eV was due to Ce 3d3,2 ionization.
In the literature [29,36], there are two peaks at 889.9 and 907.5
eV, which are assigned to the state of Ce(IV). However, no

peaks at 889.9 and 907.5 eV were found in Fig. 5(c). Instead,
strong peaks at 885.3 and 903.5 eV, which are the characteris-
tic peaks of Ce203, were found. Normally the peaks at 885.3 and
903.5 eV that are ascribed to Ce3* do not appear for the
CuO/CeOx2 catalysts. These peaks were observed clearly when
the catalyst was reduced with hydrogen or after the reaction
[29]. The presence of a large amount of Ce3* may be partly at-
tributed to the formation of a relative homogeneous Cu-Ce-O
solid solution because its Cu and Ce atoms facilitate the valence
change of Ce (Ce**— Ce3*). Another cause would be the substi-
tution of Cu?+ for Ce#* in the CeOz lattice and the spontaneous
transformation of the Ce#* ion (rces+ = 0.092 nm) into the larger
Ce3+ (rce3+ = 0.103 nm), making this substitution easier. Addi-
tionally, it was observed that the intensity of the Ce 3d signal
for the Ce20CusNio4Ox catalyst was stronger than that from the
Ce20CusOx sample and the intensities of the peaks correspond-
ing to Ce3* were also increased. Moreover, it can be seen that
the stronger peaks (885.3 and 903.5 eV) can be ascribed to the
Ce3* of the Ce20CusNio.40x and Cez20CusNisOx catalysts, leading to
the broadening and slight shifting of the Ce 3ds;2 peak. This
observation suggested that the presence of a large amount of
Ce3+was due to the presence of NiO.

From the Ce 3d XPS spectra, it is apparent that a large
amount of Ce present in these samples existed in +3 oxidation
state. The generation of both the Ce3+ and Cu* species (in Fig.
5(a) and (b)) is based on the redox equilibrium (Ce#* + Cu* &
Ce3+ + Cu?*) during the calcination process in the catalyst prep-
aration. This has been claimed to be the source of a synergistic
effect on catalytic properties [42]. We can deduce that Cu* and
Ce3+ were stabilized in the catalyst due to the formation of the
solid solution. Due to the similarity of the ion radii of Cu* (rcu+ =
0.096 nm), Ce3* (rces+ = 0.0103 nm) and Ce** (rces+= 0.092 nm),
which have the same face centered cubic crystal structure with
an octahedral coordination environment [29], Cu* can easily
enter the CeO: lattice.

In Fig. 5(d), the peak at 529.2 eV can be assigned to lattice
oxygen in the metal oxides [43], while the peak at 531.6 eV can
be ascribed to adsorbed oxygen or oxygen in hydroxyl groups
(adsorbed H:0, COz, surface -OH). It can be observed that the
shoulder peak at 529.1 eV from Cez0CusNio4Ox was much high-
er than those from the other two catalysts, while the intensity



CHEN Guoxing et al. / Chinese Journal of Catalysis 34 (2013) 322-329 327

of the peak at 531.6 eV for Cez0CusNio4Ox was the weakest
among the three samples. This suggested that adsorbed oxygen
can be transformed into lattice oxygen by the introduction of
NiO, thus promoting the catalytic activity. It is well known that
lattice oxygen plays a key role in CO oxidation. The increased
amount of lattice oxygen indicated the production of more ox-
ygen vacancies, which improves the ability of activating and
transferring oxygen, therefore facilitating the catalytic reaction.
This would be due to the presence of Cu* and Ce3+*in the cata-
lyst, which favor the formation of oxygen vacancies in the oxide
surface. The mechanism of CO oxidation on metal oxides is the
following: (1) CO + Omtice @ CO2 + Ovacan, (2) 02 + 20vacan =
20uattice [44]. The oxidation rate depends on the controlling step
of the redox reaction. Therefore, the increase of lattice oxygen
is favorable for the oxidation of CO.

3.5.  H>-TPR results

The active species for CO oxidation are the reducible metals
on the surface of the catalysts. To investigate the reducibility of
the catalysts, H2-TPR experiments were performed. Figure 6
shows the H2-TPR profiles of the Ce20CusNi,Ox catalysts with
added nickel. For the Ce20CusOx catalyst, two reduction peaks at
203 and 226 °C were observed. The Cez0CusNisOx catalyst
showed a peak at 230 °C with a low temperature shoulder peak
(about 200 °C). Two reduction peaks were also found in the
Hz-TPR profile of the Cez0CusNio.4Ox catalysts, but the reduction
temperatures were lower than those of the Ce20CusOx catalyst.
These were at 185 and 212 °C. Based on the structure charac-
terization results, it can be suggested that a solid solution was
formed in the Ce20CusNio.4Ox catalyst. From the literature [29],
we can deduce that the oxygen vacancies of the Ce20CusNio.4Ox
solid solution and adsorbed oxygen from the surrounding can
be reduced at lower temperatures. Therefore, the peak at 185
°C can be ascribed to the reduction of these oxygen species. The
peak at 212 °C was due to the reduction of CuO and partial re-
duction of CeO2. These results imply that the addition of Ni
enhanced the redox properties of the Ce20CusOx catalyst. The
enhanced redox properties was because the formation of a
solid solution with oxygen vacancies not only decreased the
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Fig. 6. H2-TPR profiles of the catalysts. (1) Ce20CusOy; (2) Ce20CusNio4Ox;
(3) Ce20CusNisOx.
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Fig. 7. Activity of the Ce20CusNi,Ox catalysts for CO oxidation under the
experimental conditions of molar ratio 0z/CO = 1:1, 1 vol% CO.

reduction temperature but also promoted the mobility of bulk
oxygen which is beneficial for the CO oxidation reaction.

3.6. Catalytic performance of the catalysts for CO oxidation

The catalytic activities of the Ce20CusNiyOx catalysts with
added nickel for CO oxidation as a function of reaction temper-
ature are shown in Fig. 7. The Ce20CusOx sample exhibited poor
catalytic performance for CO oxidation in comparison with the
other catalysts, and showed complete CO conversion at 110 °C.
It can be observed that the addition of a small amount of Ni led
to a large increase in the catalytic activity for the reaction at
low temperature. With increasing nickel content, the catalytic
activity was initially increased and attained a maximum when
the Cu/Ni atomic ratio was 5:0.4. However, with a further in-
crease in nickel content, the catalytic activity decreased. The
Ce20CusNio4Ox catalyst presented the highest catalytic activity
for CO oxidation. Its temperature at which the complete oxida-
tion of CO occurred was lower than those for the other cata-
lysts, and it showed complete CO conversion at 70 °C. Kim and
Cha [18] reported that a 8 wt% CuO/CeOz2 catalyst gave the
highest CO conversion (> 99%) under the experimental condi-
tions of molar ratio 02/CO = 1:1, 1 vol% CO, and 120-190 °C.
Sirichalprasert et al. [45] reported that a a-Fe;03-promoted
Cu-Ce-O catalysts pretreated with oxygen exhibited a better
catalytic performance at 115 °C with 50% CO conversion. Park
et al. [46] demonstrated that the catalytic activity of a
Cu0-Ce02/y-Al203 catalyst for CO oxidation was significantly
improved by the addition of a small amount of Co, and it
showed complete CO conversion at 155 °C. It was found that
the Co added to the Cu-Ce catalyst facilitated the formation of
the active Cu species. Li et al. [47] studied the influence of add-
ed Mn on the performance of the CuO-CeO: catalyst and
showed that the catalyst exhibited high catalytic activity for CO
oxidation at 120 °C with 99.8% CO conversion. In the literature,
the temperature at which CO was oxidized completely is higher
than 110 °C for the Cu-Ce based catalysts. The addition of nickel
reduced significantly the reaction temperature at which the
complete oxidation of CO was reached.
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From the Raman results (based on the area of the peak from
oxygen vacancies in the UV Raman spectra), the amount of
Cu-0-Ce solid solution in the catalysts increased as follows:
Ce20CusNio.40x > Ce20CusNisOx > Ce20CusOx, which is the order of
the activity, indicating that the catalytic activity is related to the
solid solution structure.

For the Cu-Ce catalyst system, the interaction and synergism
between copper nanoparticles and the ceria support, as well as
the activating action of the Ce* + Cu* — Ce3+ + Cu?* pairs
[44,48] play very important roles. The XPS results showed
large amounts of Cu* and Ce*3 existing in the Ce20CusNio.4Ox
catalyst, suggesting that Cu+ and Ce3* were stabilized in the
catalyst. Moreover, a synergistic function between Cu?+/Cu*
and Ce#+/Ce3+ was found in the redox cycle. The results imply
that the addition of Ni enhanced the interaction and synergism
between copper oxide nanoparticles and ceria. This modifica-
tion is beneficial for the CO oxidation reaction because it in-
volves electron transfer between the catalyst and the reactants.
The presence of Ni in the catalyst favors the segregation of me-
tallic ions to form CuO clusters on the surface of ceria, and it
increased ion mobility by the formation of a Ni-O-Ce solid solu-
tion and more easily released lattice oxygen. Incorporating Ni2+
into cerium oxide promoted the reducibility of Ce4+ (Ni2+) to
Ce3+ (Ni+), enhanced the flexibility of copper ions to adapt the
oxidation state of Cu* while maintaining the electronic neutral-
ity of the lattice. The smaller particle size and higher surface
area expose more unsaturated coordination sites to gas mole-
cules and thus increased the catalytic activity. Doping NiO into
the CuO-CeOz2 catalyst decreased the activation temperature of
the Cu*-CO species, which is a key intermediate for CO conver-
sion.

Meanwhile, it is known that when Ce#* in the CeOz2 lattice is
replaced by Cu?+, defect centers are created. Doping copper into
ceria also promoted the formation of Ce3+ ions due to the
smaller size of the Cu?+ that takes part in releasing the strain
associated with the increase of the ionic size accompanying the
change of Ce#+to Ce3*. The substitution of Cu?+ for Ce#* in the
CeO: lattice would lead to the creation of oxygen vacancies.
Surface oxygen and oxygen vacancies are involved in the cata-
lytic activity, and enhancing oxygen mobility will enable the
redox process to occur at lower temperatures. The migration of
oxygen on the surface of the catalysts plays a very important
role for CO oxidation. For the Ce20CusNio.4Ox catalyst, the for-
mation of the Ni-O-Ce solid solution increased ion mobility,
leading to more Cu-O-Ce solid solution being formed. There-
fore, oxygen vacancies were created and a higher activity
achieved.

4. Conclusions

The Ce20CusNio4Ox catalyst was the most active of the
NiO-promoted CuO-CeO: catalysts prepared in the present
work for CO oxidation at low temperature. XPS characterization
showed that large amounts of Cu* and Ce3* existed in the fresh
catalysts. Raman results showed a large amount of oxygen va-
cancies from the generation of Ce*+*/Ce3* couples and active
oxygen species in the Cez0CusNio4Ox catalyst. These results

indicated the formation of a solid solution of Cu-O-Ce. The in-
troduction of NiO increased the BET surface area of the cata-
lyst, increased the dispersion of CuO on CeOz, and gave more
isolated Cu?+ in the octahedral sites of CeO2. The addition of NiO
also led to the generation of more oxygen vacancies in ceria by
the formation of a Ni-O-Ce solid solution. Moreover, the for-
mation of surface Cu* indicated a strong interaction among Cu,
Ni, and Ce, which improved the reducibility of CuO. The high
catalytic activity of the catalyst was mainly due to Cu* in the
catalyst and the formation of solid solutions of both Cu-0-Ce
and Ni-O-Ce.
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Low temperature CO oxidation on Ni-promoted CuO-CeO: catalysts
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The high catalytic activity of Ni-promoted CuO-CeO2 is due to the promoter giving
increased amounts of Cu* in the catalyst and the formation of solid solutions of

Cu-0O-Ce and Ni-O-Ce.
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