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Abstract A series of supported CuO/CeO, catalysts with
various CuO loadings (5-25 wt%) were prepared using a
solvothermal method with ethylene glycol as solvent. The
effects of CuO loading on physicochemical properties and
catalytic activity of the prepared CuO/CeO, catalysts have
been investigated by X-ray diffraction, Raman spec-
troscopy, BET surface area measurement, X-ray photo-
electron spectroscopy, temperature-programmed reduction
with H,, temperature-programmed desorption of CO tech-
niques, and low-temperature CO oxidation reaction test.
The results indicate that the catalyst with 10 wt% CuO
loading has the highest catalytic activity, which can be
attributed to the largest amounts of well-dispersed CuO
species strongly interacting with support CeO, and oxygen
vacancies caused by the incorporation of Cu*" into CeO,
lattice, and the highest concentration of and the most active
lattice oxygen. The activity for CO oxidation of the sup-
ported CuO/CeO, catalyst prepared by the present
solvothermal method was significantly higher than that of
the counterparts prepared by the commonly used impreg-
nation and deposition—precipitation methods.
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Introduction

In recent years, CeO; has attracted increasing attention and
it was widely applied in environmental catalysis, particu-
larly in the catalytic treatment of automotive exhaust due to
its high oxygen storage-release capacity associated with
Ce*t/Ce*™ redox cycles [1-3]. It was well documented that
the catalytic activity of CeO, catalyst was greatly promoted
not only by precious metals, but also by base metals, par-
ticularly copper species [3—8]. The advantages of low price
and high catalytic activity in many oxidation reactions,
which are comparable to the commercial noble metal cat-
alysts [4-6], make CuO/CeO, catalyst strongly competi-
tive. Nowadays, CuO/CeQO, catalysts are being extensively
studied in low-temperature CO oxidation [7—12].

In principle, the formation of Cu—Ce-O solid solution and
interaction at CuO-CeO,; junctures can make both compo-
nents to be reduced and then oxidized more readily. The
enhanced catalytic activity in oxidation reactions is believed
to be correlated with synergistic redox effect of CuO on
CeO; and vice versa [13]. The roles of CeO, with superior
oxygen storage capacity are to promote the dispersion of
CuO and to interact with CuO, thus changing their respective
physicochemical properties [8, 10, 11]. It is generally rec-
ognized that the better dispersion of CuO and the strength-
ened synergistic effect will be beneficial to the enhancement
of catalytic activity toward CO oxidation [8, 10-12].

For CuO/CeO, catalysts, different preparation methods
have a critical influence on their catalytic activity for CO
oxidation [14—18]. Currently, supported CuO/CeO, catalysts
are usually prepared by impregnation [5, 8, 9, 19] and depo-
sition—precipitation [3, 20] methods. Impregnation method
possesses the merit of simplicity and convenience [4], but
CuO particles over the CuO/CeO, catalysts tend to aggregate,
which leads to the poor dispersion of CuO even for low CuO
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loadings [9, 20]. The Cu species of samples prepared by
deposition—precipitation method are uniformly dispersed, but
the preparation process is complex and it is easy for the
impurities such as precipitants to get into the catalysts [20]. As
a result, various methods have been developed to obtain
highly active CuO/CeQO, catalyst such as template method
[21], modified sol-gel method [22], and flame spray pyrolysis
[23]. However, these methods generally suffer from some
harsh conditions, such as the use of templates [21], and
hyperthermal treatment [22, 23]. So it is necessary to explore
new simple and effective preparation methods. Compared
with the above methods, the solvothermal process has
advantages such as simple preparation, inexpensive operation
conditions. Besides, the size and shape of the obtained
nanoparticles are easily controlled by adjusting reaction time,
temperature, and pH in this process [24-26].

In this work, a series of supported CuO/CeO, catalysts
were prepared via a solvothermal method with ethylene
glycol as solvent. The effect of CuO loading on the cat-
alytic performances of the CuQO/CeQO, catalysts for CO
oxidation was investigated. For comparison, the catalytic
performance of the CuO/CeO, catalysts prepared by con-
ventional impregnation and deposition—precipitation
methods was also studied. The prepared catalysts were
characterized extensively by means of X-ray diffraction
(XRD), N, adsorption, Raman, XPS, H,-TPR, and CO-
TPD techniques. Furthermore, the catalytic performances
of the catalysts were discussed in relation to the results of
physicochemical characterization.

Experimental
Preparation of samples

Supported CuO/CeO, catalysts with different CuO load-
ings (5-25 wt%) were prepared by solvothermal method.
Commercial CeO, support was pretreated at 120 °C for 4 h
before use to remove the impurity adsorbed on the surface.
After that, support CeO, was added to the ethylene glycol
solution of Cu(NOs),-3H,0 and then reacted at 180 °C for
3 h in a Teflon-lined autoclave with continuous stirring.
The suspensions were allowed to cool down to room
temperature (RT). The precipitates were separated by fil-
tration, then repeated washing with ethanol, and dried at
120 °C for about 12 h. At last, the samples were calcined
in furnace under static air atmosphere at 450 °C for 4 h.
The CuO loadings in all the catalysts were expressed as the
CuO/(CuO + CeO,) wt% ratio. The CuO loadings of these
catalysts were 5, 10, 15, and 25 wt%, which were denoted
as 5-CC, 10-CC, 15-CC, and 25-CC, respectively.

For comparison, on one hand, CuO/CeO, catalyst was
prepared by impregnating support CeO, with an aqueous
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solution of Cu(NOs3), to obtain a CuO loading of 10 wt%.
After being impregnated quiescently at RT for 24 h, the
sample was dried at 120 °C for 12 h, followed by calci-
nation in static air at 450 °C for 4 h. This catalyst was
denoted as 10-CC-IM. On the other hand, CuO/CeO, cat-
alyst was prepared by deposition—precipitation method.
Briefly, two aqueous solutions of NaOH and Cu(NOs3),
were simultaneously added to the CeO, turbid liquid, and
the pH was controlled at approximately 8.0 in the whole
precipitation process, then aged in the water bath pot for
3 h at 80 °C. The obtained precipitate was washed with
distilled water until pH was decreased to 7.0, followed by
washing with ethanol before being dried at 120 °C for
about 12 h, and then the dried sample was roasted in static
air for 4 h at 450 °C. This catalyst with 10 wt% CuO
loading was denoted as 10-CC-DP.

All chemicals used in this work were of reagent grade
purity and used as received without further purification
(Shanghai Chemical Reagent Corporation, PR China).

Characterization techniques

XRD measurements were conducted with a Rigaku Ultima
IV using Cu K, radiation source generated at 30 kV and
25 mA. Two theta angles ranged from 10° to 90° with a
speed of 4° per minute. The crystallite size of CuO was
calculated from the XRD spectra by using the Scherrer
equation. The cell parameter values were calculated by
standard cubic indexation method using the intensity of the
CeO, (111) peak.

N, adsorption—desorption isotherms were obtained at
—196 °C on a Micrometrics ASAP- 2020 adsorption
apparatus, after all samples (ca. 0.5 g) were degassed under
vacuum at 200 °C for 10 h. The specific surface areas were
calculated from the linear part of the Brunauer—-Emmett—
Teller plot.

Raman spectra (at 4 cm™' resolution) were obtained
with a DXR-Raman instrument (Thermo Fisher Scientific,
American) using the 532 nm exciting line (200 mW beam),
5 scans for each spectrum.

Temperature-programmed reduction with H, (H,-TPR)
was carried out by using 10 vol% H,/N, as a reducing gas
in a quartz micro-reactor. Approximately, 0.02 g of a
freshly calcined catalyst was placed on top of glass wool in
the reactor. The outlet of the reactor was connected to a
glass column packed with molecular sieve 5 A in order to
remove the moisture produced from reduction. The flow
rate of the reducing gas was kept at 50 mL min~", and the
temperature was raised from 50 to 500 °C at a rate of
10 °C min~". The consumption of H, was measured by a
thermal conductivity detector (TCD).

The CO adsorption property was measured by temperature-
programmed desorption of CO (CO-TPD). The catalyst (0.1 g)
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was pretreated under He flow (50 mL min_l) with the tem-
perature ramping from 20 to 500 °C at a rate of 10 °C min ™",
and then held at 500 °C for 40 min before being cooled down
to RT in He flow. The next step was CO adsorption at RT for
30 min, and then the catalyst was swept again with He for 3 h.
Subsequently, the sample was heated in flowing He
(50 mL min_l) up to 500 °C at a rate of 10 °C min~", while
the desorbed species was detected with a quadrupole mass
spectrometer (QMS, Balzers Omni Star 200).

The surface compositions and chemical states of the
samples were investigated by X-ray photoelectron spec-
troscopy (XPS, kratos Axis Ultra DLD spectrometer),
using Al Ka radiation. All the binding energy values were
calibrated by using C 1s = 284.6 eV as a reference.

Catalyst activity measurement

The activity measurement was carried out in a fixed bed
reactor using 0.2 g of catalyst in 40-60 mesh. The catalyst
was loaded between quartz wool plugs in the middle of the
reactor. The feed gas consists of 4 vol% CO and 10 vol%
0, in N, at a flow rate of 30 mL min~'. The samples were
heated in N, (50 mL min~ ") at a rate of 10 °C min~"' from
RT to 200 °C and held at this temperature for 40 min in
order to remove possible impurities. After cooling to RT in
N, the feed gas was introduced into the system. The tem-
perature was increased stepwise (by 5—10 °C), and the cat-
alyst was held for about 30 min at each fixed temperature to
achieve steady-state activity. In this case, changes in the
catalyst temperature due to heat release because of the
possible occurrence of exothermic reactions of CO oxidation
were not detected. To allow for the detection of CO and CO,
with a flame ionization detector (FID), a methanator was
inserted between one GC column and the FID. The gas
composition after the reaction was analyzed by an on-line
gas chromatography with a FID, connected with a computer
integrator system. The activity was expressed by the con-
version of CO and calculated as follows:

CO conversion (%) = 100 x ([COJ,,—[CO],,,)/[COl,,

“In” and “out” as subscripts mean inlet and outlet
gaseous stream.
Results and discussion
Characterization of catalysts
XRD study
To clarify the Cu species and crystal phases of the CuO/

CeO, catalysts with different CuO loadings, the as-pre-
pared samples were identified by XRD. As shown in Fig. 1,
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Fig. 1 XRD patterns of CuO/CeO, catalysts with different CuO
loadings

all the samples exhibit four main reflections at 20 of 28.8°,
33.3°,47.9°, and 56.8°, corresponding to the cubic, fluorite
structure of CeO, phase (JCPDS 34-0394) [27], and the
intensity of these peaks remains essentially constant
regardless of CuO loading. On the other hand, weak
diffraction peaks corresponding to CuO appear at 26 of
35.5° and 38.7° [JCPDS 41-0254] for all the samples, and
the intensity of these peaks increases progressively with the
CuO loading increasing from 5 to 25 wt%.

Table 1 shows the crystal sizes of CuO and CeO, on the
different CuO/CeO, catalysts estimated by the Scherrer
formula. It can be seen that the crystal size of CuO enlarges
with the increase in CuO loading from 5 to 25 wt%, which
is connected to excessive Cu species aggregation on the
surface of CeO,. On the other hand, the crystal size of
CeO, is essentially constant in all of the catalysts, which
can be attributed to the commercial CeO, support used in
these experiments through the high-temperature roasting
process.

The lattice parameters obtained from the CeO,(111)
plane are also shown in Table 1. Clearly, lattice constric-
tion has happened on all the CuO/CeO, catalysts compar-
ing with support CeO,, suggesting that some Cu®" ions
have been incorporated into the CeO, lattice in our cata-
lysts [7, 12].

BET surface area measurement
The BET specific surface areas (Sggt) of CeO, support and
CuO/CeO, catalysts are listed in Table 1. It can be seen

that the CuO/CeO, catalysts exhibit lower Sggr compared
to CeO, support, probably due to the blocking of the pores
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Lattice
parameterb (nm)

Do (nm) Sger (m*/g)

920

Table 1 Structural and textural Sample D0 (nm)

properties of the CeO, support

and CuO/CeO, catalysts
CeO, -
5-CC 11.3
10-CC 15.7
15-CC 19.3
25-CC 222

37.9 11.1 0.5414
40.8 7.7 0.5400
40.6 8.1 0.5397
40.0 73 0.5400
38.4 6.9 0.5397

? The particle size of CuO is the average of the calculated values based on CuO(002) and CuO(111)

> The particle size and lattice parameter of CeO, are based on CeO,(111) plane

of CeO, by Cu species. On the other hand, all the catalysts
show similar BET surface areas (6.9-8.1 m? gfl) irre-
spective of the CuO loading.

Raman analysis

Raman analysis is a potential tool to obtain additional
structural information, because it is sensitive to the crys-
talline symmetry and oxygen lattice vibrations in contrast
to the XRD results [28]. Raman spectra of CeO, support
and different CuO/CeO, catalysts are shown in Fig. 2. As
shown, all samples exhibit a strong vibration band at about
460 cm™ ", corresponding to the F,, Raman vibration mode
of fluorite CeO, [23]. Clearly, a distinct redshift and a
small broadening of the F,, band are observed on all the
CuO/CeO, catalysts compared with support CeO,
(466 cm_l). According to the literature [29], the reason of
shifting and broadening of the F,, band may be the pres-
ence of oxygen vacancies, which is related to structural
defects derived from partial incorporation of copper into

459/
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— 15-CC
3
8 455
>
Z 10-CC
g ]
E 458
5-CC
466 ceo,
\
T T T T T T T T
200 300 400 500 600 700

Raman shift (cm’1)

Fig. 2 Raman patterns of CeO, support and CuO/CeO, catalysts with
different CuO loadings
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the ceria lattice, in good agreement with the decrease of
lattice parameter microstrain values as shown in Table 1.

More specifically, as shown in Fig. 2, for the 5-CC and
10-CC catalysts, the peak of the F,, band, respectively,
shifts from 466 cm™' for support CeO, to 458 and
455 cm™', and the width of band gradually becomes big-
ger. However, when the CuO loading is higher than
10 wt%, the peak, respectively, shifts from 455 cm™! for
10-CC to 457 cm™" for 15-CC and 459 cm™" for 25-CC,
and the band width decreases slightly. This result suggests
that the amount of oxygen vacancies increases first and
then decreases with the increase in CuO content, i.e., the
10-CC sample has the largest amount of oxygen vacancies
[29].

X-ray photoelectron spectroscopy

In order to illuminate the surface compositions and
chemical states of the elements existing in the CuO/CeO,
catalysts, we further conduct XPS experiments. Table 2
displays the surface atomic compositions of the represen-
tative catalysts. It can be seen that the surface Cu/Ce ratios
are about 2—4 times higher than the nominal values, which
can be expected by the fact that the Cu species mainly
deposited on the surface of CeO, support. Furthermore, the
surface Cu/Ce ratio of the catalyst 15-CC is lower than that
of the catalyst 10-CC indicating a poorer dispersion of CuO
on the former, which is in good agreement with the for-
mation of larger bulk CuO particles evidenced by the above
XRD measurement.

The O 1s, Ce 3d, and Cu 2p3,, XPS spectra of the rep-
resentative CuO/CeQO, catalysts are shown in Fig. 3a—c. As
shown in Fig. 3a, there are two components on the O 1s
spectra for all the CuO/CeO, catalysts. In addition to the
presence of the main peak O’ at 529.5 eV representing the
lattice oxygen (Oy,) of the metal oxides, an apparent
shoulder peak O” at 531.3 eV attributed to the absorbed
oxygen or oxygen in hydroxyl groups is also observed [30].
The percentages of the Oy, peak in total O 1s peak for the
three catalysts are shown in Table 2. It can be seen that the
percentage of Oy, peak in the catalyst 10-CC is the largest,
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Table 2 XPS data measured ] . . a b d
for CuO/CeO, catalysts with Catalyst Cu/Ce atomic ratio Ce (III) (%) Ot (%) Isatllf,p Cu () (%)
different CuO loadings 5-CC 0.22(0.11) 13.8 524 0.505 39

10-CC 1.02(0.24) 13.8 59.8 0.504 35

15-CC 0.90(0.38) 134 49.0 0.504 35

* The data in parenthesis are nominal Cu/Ce ratio

® The relative intensity of the lattice oxygen to total O 1s peak

¢ The ratio of the intensity of Cu 2ps, satellite peak to that of the principal peak
4 The ratio of Cu™ peak area to the total area in Cu LMM
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Fig. 3 XPS spectra of CuO/CeO, catalysts with different CuO loadings:

indicating that the lattice oxygen amount of the catalyst
10-CC is more than that of the other two catalysts. As
mentioned above, oxygen vacancies were created by the
substitution of the tetravalent Ce*" cations by divalent
Cu’" cations. Oxygen chemisorbed on the catalyst surface
can be transformed into lattice oxygen at the oxygen
vacancies [31]. This result suggests that the doping of

Intensity (a.u.)
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T
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a O Is, b Ce 3d, ¢ Cu 2p3/,, and d Cu LMM

suitable amount of Cu can promote the generation of lattice
oxygen.

The Ce 3d XPS data obtained from different CuO/CeO,
catalysts are shown in Fig. 3b. As illustrated, the peaks
marked as u, u”, u”’ and v, v, v’ can be ascribed to Ce**,
while those labeled as v’ and v/ can be assigned to Ce*™.
Thus, the chemical valence of Ce on the surface of these

@ Springer
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catalysts is mainly in a +4 oxidation state, and a small
amount of Ce** co-exists. The amount of Ce®" present on
the catalyst surface can be determined by calculating the
ratio of area under the peaks of u” and v’ to the total area
according to the literature [32], and the results are listed in
Table 2. We can see that all the catalysts have the similar
Ce(IIl) % values. It should be noted that the values of
Ce(IIl) % for these catalysts are approximately two times
higher than that of pure CeO, reported in the literature
(Ce(II) % = 6.75 %) [33], but the lattice parameters of
these samples are similar with the reported one. This
phenomenon is probably resulted from the great difference
between the two kinds of analytical techniques (XPS and
XRD).

By comparing the XPS spectra of Cu 2p;,, for different
samples (Fig. 3c), Cu*" component (showing the principal
peak at about 934.0 eV and the satellite peak at about
942.0 eV) is observed on all the catalysts. Moreover, Cu™
or Cu’° component (at 932.5 eV) can also be found for these
catalysts, which may result from strong interaction of
copper species with the CeO, support [34, 35], though the
reduction of Cu?* under the procedure of XPS measure-
ment cannot be totally ignored [36]. The reduced degree of
Cu" can be investigated by calculating the ratio of the
intensities of the satellite peaks to those of the principal
peaks (Iso/Ip), which is 0.55 for pure Cu®* [37]. As shown
in Table 2, the I ,/I,, values of these CuO/CeO, catalysts
are similar and lower than 0.55, indicating the appearance
of low-valence Cu species in these CuO/CeO, catalysts.
However, it is less convincing to distinguish between Cu™
and Cu® because the Cu 2ps,, binding energies and peak
shapes of Cu™ and Cu® are essentially identical [38].

In order to clarify the low valence state of Cu species,
Auger Cu LMM lines were also investigated over these
mentioned catalysts. As shown in Fig. 3d, the broad feature
of the Cu LMM Auger kinetic energy spectra consists of
the contribution of two kinds of Cu species. The peaks at
917.6 and 914.2 eV should, respectively, correspond to the
Cu®" and Cu™ species as there are no literature data for
Cu® with such low Auger kinetic energy [39]. The ratios of
Cu' area to the total area (denoted as Cu(I) %), shown in
Table 2, for all the catalysts are almost the same, sug-
gesting that the Cu™ contents on them are very similar.
Note that the Cu(I) % is just calculated for comparison and
does not represent the accurate content of Cu® on these
CuO/CeO, catalysts due to the lower CuO loading and the
photoresolution of the spectrometer [40].

H,-TPR characterization
H,-TPR experiments were conducted to investigate the

reduction properties of the CuO/CeQO, catalysts. As shown
in Fig. 4, there are three peaks (denoted as «, f, and Y,
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Fig. 4 TPR profiles of CuO/CeO, catalysts with different CuO
loadings

respectively) being detected in all the catalysts. A quali-
tative attribution of the TPR peaks to different Cu species
over CeO, support has been proposed by many researchers.
For instance, Yen et al. [41] reported two reductive peaks
which are attributed to the reduction of well-dispersed
surface Cu species and Cu®" in the CeO, lattice, respec-
tively. Luo and Avgouropoulos et al. [9, 35] attributed the
lower and higher temperature peaks to finely dispersed
CuO strongly interacting with CeO, and larger CuO par-
ticles, respectively. Zou and Moretti et al. [42, 43] sug-
gested, for the more complex H,-TPR profiles, the
contribution of both Cu clusters and isolated Cu”" ions. In
this work, based on these literature data and the above
XRD results, the o, f, and y peaks are attributed to
reduction of the finely dispersed CuO strongly interacting
with CeO,, Cu species doped into the support CeO, lattice,
and small two- and three-dimensional clusters of CuO
weakly associated with the CeO, or larger bulk CuO par-
ticles, respectively.

As shown in Fig. 4, with the increasing of CuO loading
from 5 to 10 wt%, the intensity of « and f peaks increases
noticeably. However, when the CuO loading is higher than
10 wt%, the intensity of these peaks decreases evidently
with the increasing of CuO loading. On the other hand, «
peak shifts to a lower temperature first and then shifts
toward higher temperatures with the increasing of CuO
loading from 5 to 25 wt%. These results suggest that the
largest number and the lowest reduction temperature of
finely dispersed CuO are achieved on the 10-CC sample.
By contrast, the intensity of the y peak increases gradually
with the CuO loading, as a result of CuO particles coa-
lescence and growth, which is in agreement with the above
XRD result.
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CO-TPD study

TPD profiles of CO, after CO adsorption on different CuO/
CeO, catalysts are presented in Fig. 5. In the heating
process, the majority of adsorbed CO desorbs as CO,
resulting from different carbonates species produced by the
reaction of absorbed CO with lattice oxygen [44]. As
shown in Fig. 5, there are two CO, desorption peaks, i.e., a
main peak at lower temperatures and a shoulder peak at
higher temperatures. These peaks may be correlated to
different CO adsorption approaches: a fraction of CO has
formed CO, at RT, which probably reacts with CeO, sur-
face and adsorbs as carbonate, and then releases at about
100 °C; another fraction of CO probably develops into
bidentate carbonate on the reactive sites, which may evolve
across intermediate species (maybe as CO,) when the
temperature increases and eventually desorbs as CO, at
higher temperatures (200—400 °C) [44].

From Fig. 5, all CuO/CeO, catalysts exhibit a broad
CO, desorption peak at 50-250 °C. With the increasing of
CuO loading from 5 to 10 wt%, the intensity of CO, des-
orption peaks increases, implying that there are more active
lattice oxygen that can interact with the adsorbed CO to
form CO, at RT, which is beneficial for enhancing the
catalytic activity [45]. The enhanced activity of lattice
oxygen may result from more finely dispersed CuO and the
stronger CuO-CeO, synergistic effect. However, at CuO
loading higher than 10 wt%, the intensity of CO, desorp-
tion peaks decreases with the increase in CuO loading. On
the other hand, the temperatures of desorption peaks first
decrease and then increase with the increase in CuO

164

44) signal intensity / a.u.

CO,(m/z

100 200 300 400
Temperature / °C

Fig. 5 TPD profiles of CO, after CO adsorption at ambient
temperature for 30 min over the CuO/CeO, catalysts with different
CuO loadings

loading. Evidently, the 10-CC catalyst has the lowest
temperature for CO, desorption, implying that the pro-
duced carbonate species can desorb more easily. These
results suggest that the 10-CC catalyst has the largest
amount and the most active lattice oxygen among the
investigated CuO/CeO, catalysts.

Activity measurements

Figure 6 shows the CO oxidation activity patterns of the
CuO/CeO, catalysts with different CuO loadings. All the
catalysts present a similar behavior revealing that the
conversion of CO increases with the increase of the cat-
alytic reaction temperature. With the increasing of the CuO
loading from 5 to 10 wt%, the activity of the CuO/CeO,
catalyst is enhanced, but the activity decreases with the
further increasing of the CuO loading from 10 to 25 wt%.
Clearly, the catalyst with 10 wt% CuO loading exhibits the
best catalytic activity. This results indicate that increasing
CuO loading can promote the catalytic activity of the CuO/
CeO, catalysts to some extent, but it is not always so. Liu
and Flytzanistephanopoulos [5, 46] suggested that the
activity of Cu—Ce-O catalyst derives primarily from the
combination of dispersed copper—cerium oxide system,
while the bulk CuO particles have negative contribution
due to the coverage of active phase species on the catalyst
surface. This indicates that the easily reducible and finely
dispersed Cu species should be responsible for the activity
[47, 48]. Therefore, in our case, the highest activity of the
10-CC catalyst can be reasonably attributed to the largest
amount of the well-dispersed Cu species as revealed by the
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Fig. 6 CO oxidation activities of the CuO/CeO, catalysts with
different CuO loadings
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XRD, surface composition determination, and H,-TPR
results.

On the other hand, it is suggested that the oxidation of
CO on CuO/CeO, catalyst conforms to the following
mechanism [49]: (1) CO + Opy. & COy 4 Oyye., (2)
O, + 20y — 20y, where the Oy, and Oy,.. represent
lattice oxygen and oxygen vacancy, respectively. Obvi-
ously, the larger amounts of lattice oxygen and oxygen
vacancy will be favorable to the oxidation of CO. In the
case of our catalysts, the 10-CC catalyst possesses the
largest amount of and the most active lattice oxygen as
revealed by XPS and CO-TPD analyses, respectively, and
the largest amount of oxygen vacancy as revealed by
Raman analysis, thus exhibiting the highest activity for CO
oxidation. Similar results were also reported by other
researchers [12, 50].

In order to prove the advantages of the solvothermal
method, we have compared the activity of 10-CC prepared
by the present solvothermal method with the counterparts
prepared by conventional impregnation (10-CC-IM) and
deposition—precipitation (10-CC-DP) methods. The CO
oxidation activities of the three CuO/CeO, catalysts are
illustrated in Fig. 7. It can be seen that preparation methods
have a significant influence on the catalytic performance of
the CuO/CeO, catalysts. The catalytic activity of the CuO/
CeQO, catalyst prepared by the solvothermal method is
obviously higher than that of the counterparts prepared by
the other two methods. T (i.e., the temperature required
for 100 % conversion of CO) for 10-CC, 10-CC-IM, and
10-CC-DP are 105, 145, and 140 °C, respectively. These
results indicate that the solvothermal method is a highly
effective method for the preparation of CuO/CeO, catalyst
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Fig. 7 CO oxidation activities of the CuO/CeO, catalysts prepared
by different methods
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toward CO oxidation in comparison with the commonly
used impregnation and deposition—precipitation methods.

Conclusions

A series of CuO/CeO, catalysts with different CuO load-
ings were synthesized by the simple solvothermal method.
The catalyst with 10 wt% CuO (10-CC) shows the highest
activity due to the largest amount of well-dispersed CuO.
However, excess CuO loadings lead to the CuO aggrega-
tion on CeO, surface, and the redundant bulk CuO species
weaken the catalytic activity. On the other hand, the largest
amounts of lattice oxygen and the oxygen vacancies caused
by the incorporation of Cu®*" into CeO, lattice on the
10-CC catalyst are also responsible for the highest activity
of the 10-CC catalyst. Moreover, the solvothermal method
is a simple and effective method for the preparation of
highly active CuO/CeO, catalyst for CO oxidation at low
temperatures.
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