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a b s t r a c t

The aim of this work was to improve the catalytic activity and stability of Cu0.13Ce0.87Oy catalyst for ace-
tone combustion by varying the preparation route. Nanocrystalline Cu0.13Ce0.87Oy catalyst was prepared
by a co-precipitation method combined with a supercritical drying technique and calcination steps. The
effect of calcination temperature on the structural feature and the catalytic behavior of the Cu0.13Ce0.87Oy

catalyst was examined in order to obtain the best catalytic performance and identify any factor that may
be favorable for acetone combustion. The structural characteristics of the catalysts calcined at different
temperatures were investigated in detail by X-ray diffraction (XRD), scanning electron microscopy (SEM),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and temperature-programmed reduction
atalytic combustion
tability

(TPR) techniques. The experimental results revealed that the structure and catalytic performance of the
as-prepared Cu0.13Ce0.87Oy catalyst were dependent on the calcination temperature. The catalyst calcined
at 700 ◦C exhibited the best catalytic activity for acetone combustion and could catalyze the complete
combustion of acetone at a temperature as low as 200 ◦C with almost 100% CO2 selectivity. The endurance
tests showed that the developed catalysts calcined from 400 to 700 ◦C possessed good stability for ace-
tone combustion over 50 h of continuous operation despite their different stability behaviors under the

ditio
present experimental con

. Introduction

Acetone is a common organic solvent widely used in modern
ndustrial production processes. Its emission can give rise to many
nvironmental problems and do harmful to human health. Var-
ous end-of-pipe techniques have been developed to reduce its
mission. Among them, catalytic combustion that converts it into
on-toxic carbon dioxide and water has been recognized as one of
he most promising techniques. The catalytic performance of the
mployed catalyst is one of the important factors determining the
ffectiveness of this technique. Generally, two types of catalysts,
oble metals and transition metal oxides, are used for the catalytic
ombustion of acetone. Although the former usually have higher
ctivities toward oxidation reactions [1,2], the high costs of noble
etals limit their wide applications. The development of highly
ctive and thermally stable metal oxide catalysts would be advanta-
eous to provide a low-cost alternative to noble metals for catalytic
ombustion of acetone.
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Up to now, transition metal oxides and their combinations,
such as Co3O4, MnOx, CuO and CeO2, have been evaluated as
catalysts for acetone combustion [3–10]. A favorable synergistic
effect between the metal oxides is always proposed to explain
their highly catalytic activities for oxidation reactions [11–13].
Our previous studies demonstrated that the Cu0.13Ce0.87Oy cata-
lyst prepared by a combustion method exhibited a high catalytic
activity for acetone combustion [14]. However, the stability of the
Cu0.13Ce0.87Oy catalyst for acetone combustion was poor under the
selected experimental conditions and an obvious deactivation was
observed under the reactant stream for 35 h. The deactivation of
the catalyst was mainly caused by the aggregation of highly dis-
persed copper species into bulk CuO phase, which prevented the
synergistic effect between CeO2 and CuO and thus decreased its
catalytic activity for acetone combustion. Similar deactivation of
CuO/CeO2 catalyst for oxidation reaction was also observed due
to the sintering of dispersed copper species on the catalyst surface
[15]. Thus, the inhibition of aggregation or sintering of the dispersed
copper species on the catalyst surface appears to be the key factor

in improving the catalyst stability for acetone combustion.

It has been widely accepted that catalytic performance of an
inorganic material catalyst is greatly related to the preparation
method that always has effect on the structural characteristics of
the catalyst. For mixed oxide catalysts, the interaction among oxide

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cqhu@home.ipe.ac.cn
mailto:cq_hu@hotmail.com
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hases and the dispersion of active phase are always considered to
e two main parameters that affect catalytic activity and stability of
he catalysts [16,17]. Wang and Ruckenstein reported that the for-

ation of CoO–MgO solid solution and a strong interaction between
hem were crucial to its stability for partial oxidation of methane
18]. Baylet et al. demonstrated that Pd doped hexaaluminate cat-
lyst exhibited stable catalytic activity for methane combustion
ue to the high dispersion of Pd in the catalyst [19]. It seems that
he stability of the Cu0.13Ce0.87Oy catalyst for acetone combustion

ay be enhanced by increasing the dispersion of copper species
nd strengthening the interaction between CuO and CeO2. In this
ase, nanoscale materials may offer significant promise due to their
mall crystallite sizes and high homogeneity of constituents, which
ould favor the formation of metal oxide solid solution and ensure
good dispersion of active phase.

In the present study, nanocrystalline Cu0.13Ce0.87Oy catalyst was
repared by a co-precipitation method followed by a supercritical
rying and calcination steps. The present method for preparation of
atalyst combines the advantages of co-precipitation method, such
s obtaining homogeneous mixed oxides with a good control of
toichiometry, and supercritical technique enabling maintenance
f the hydrogel structure and decrease in aggregation degree of
he nanocrystals. The effect of the calcination temperature on the
tructural feature and the catalytic performance of the catalyst was
nvestigated in detail.

. Experimental

.1. Catalyst preparation

All the reagents were of analytical grade and used as received
ithout further purification. Nanocrystalline Cu0.13Ce0.87Oy cat-

lyst was prepared using the raw materials of Cu(NO3)2·3H2O,
e(NO3)3·6H2O, NaOH and polyethyleneglycol (PEG). Typi-
ally, 1.30 mmol Cu(NO3)2·3H2O and 8.70 mmol Ce(NO3)3·6H2O
ogether with 5 mmol% PEG were dissolved into 1000 mL deionized
ater to form a solution with the total metal ion concentration of

.01 M. A 0.01 M NaOH solution was then added dropwise to the
bove solution under continuously vigorous stirring at room tem-
erature until the metal ions were completely precipitated. The pH
f the final solution was 9.0 ± 0.2. The resultant hydrogel was aged
or 2 h at room temperature, followed by filtering and repeatedly
ashing with deionized water and absolute ethanol to remove the

ree water involved in the hydrogel. The as-obtained gel was treated
n an autoclave at the ethanol supercritical drying (SCD) condition
f 260 ◦C and 8.0 MPa for 1 h. After the release of the ethanol vapor
t 260 ◦C, the dried powder was cooled down to room temperature
ith a continuous argon flow. The resultant powder was further

alcined in air at different temperatures for 4 h.

.2. Catalyst characterizations and catalytic performance
valuation

The composition of the as-prepared Cu0.13Ce0.87Oy sample
as confirmed by inductively coupled plasma atomic emission

pectroscopy (ICP-AES) on a PE OPTIMA 5300 DV spectrometer.
ifferential scanning calorimetric analysis (DSC) and thermo-
ravimetric analysis (TG) were carried out on a simultaneous
G–DTA/DSC apparatus (NETZSCH STA 449C, Germany) with a
eating rate of 20 ◦C/min in a flowing air atmosphere. The phase

tructure of all the samples was analyzed by an X-ray diffrac-
ometer (X’Pert MPD Pro, PANalytical, The Netherlands). The

orphology was examined by field-emission scanning electron
icroscopy (FESEM, JSM-6700F, JEOL). N2 adsorption/desportion

sotherms of the samples were obtained at 77 K using an autosorb-1
Fig. 1. TG–DSC curves of the as-prepared Cu0.13Ce0.87Oy precursor.

gas system (Quantachrome Instruments, USA). The specific sur-
face area was determined by using the linear portion of the
Brunauer–Emmett–Teller (BET) model and the average pore size
was calculated by using the Barret–Joyner–Halenda (BJH) formula
from the desorption branch of the isotherms. Prior to the mea-
surement, the sample was outgassed at 300 ◦C for 4 h. The Raman
spectrum was obtained on a LabRAM HR800 spectrometer (Horiba
Jobin Yvon, France) equipped with a 514 nm single-frequency laser
and a CCD detector at ambient temperature and moisture-free con-
ditions.

The details of the other characterization techniques and the
catalytic performance evaluation have been described in the previ-
ous work [14]. Briefly, acetone vapor was carried by an air stream
bubbling through a boat-shaped saturator in ice-bath and diluted
with another air-flow before reaching the catalyst bed that con-
sisted of 0.2 g catalyst (20–40 mesh) and certain amounts of silica
(20–40 mesh). The total flow rate was about 200 mL/min. To pre-
vent the physisorption of acetone in the initial stages of the test, the
catalyst was pretreated at 100 ◦C for 30 min under the test flows of
reactant mixture (1000 ppm acetone balanced by dry air). When
a steady state was attained, the temperature was raised stepwise
per 10 ◦C from 100 ◦C to the temperature that could achieve the
complete conversion of acetone. The acetone concentration in the
stream was determined by a GC with a FID (TP-2060F), while the
CO2 was analyzed by a GC with a TCD (SP-3420).

The specific activity based on per unit surface area (−r) was
calculated according to:

−r = Facetone,in − Facetone,out

SBETWcat
= Xacetone

SBETWcat/Facetone,in

where Facetone,in and Facetone,out are molar flow rates of acetone at
the inlet and outlet respectively, SBET is the BET surface area of the
catalyst, Wcat is the catalyst weight, and Xacetone is the acetone con-
version at a given temperature. The acetone conversion (Xacetone)
used in the calculation of the specific activity was measured by
monitoring the acetone conversion with time-on-stream at 160 ◦C
until stationary value was obtained.

3. Results and discussion

3.1. TG–DSC analysis of the precursor

Fig. 1 shows the TG–DSC curves of the dried Cu0.13Ce0.87Oy pre-
cursor obtained from the SCD process. The TG curve in Fig. 1 shows
one apparent weight increment and two weight loss steps in the
temperature range from 30 to 350 ◦C. The weight increase about

◦
6.7 wt.% below 50 C may be attributed to the oxidation of certain
amounts of Ce3+ in the precursor, which is reflected by an exother-
mic peak at 42 ◦C in the DSC profile. The weight loss between 50
and 350 ◦C was about 21.3 wt.% with regard to the total weight of
the catalyst precursor, accompanied by a strong exothermic peak at



C. Hu / Chemical Engineering Journal 159 (2010) 129–137 131

Table 1
Average crystallite size, lattice constant, BET surface area, and pore volume of the Cu0.13Ce0.87Oy samples calcined at different temperatures.

Calcination temperature (◦C) Crystallite size (nm) Lattice constant (nm) Surface area (m2/g) Pore volume (cm3/g)
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the CeO2 lattice. Combined with the results of XRD, Raman, and
XPS discussed later, it is believed that the increase in the lattice
constants of the samples calcined from 600 to 700 ◦C was due to the
fact that parts of Cu2+ incorporated into CeO2 lattice was reduced
400 4.8 0.53
600 7.3 0.53
700 8.4 0.53
800 25.5 0.54

32 ◦C, which can be primarily attributed to desorption and com-
ustion of ethanol in the precursor. The thermal analysis results

ndicate that the possible carbon species in the precursor can be
emoved after calcination at 400 ◦C in air. Interestingly, a strong
ndothermic peak at 675 ◦C was observed in the DSC curve. The pre-
ious reported CuO–CeO2 catalyst precursor prepared by a sol–gel
r a co-precipitation method did not show this endothermic peak
n the TG–DSC/DTA curves [20,21]. This indicates that the thermal
ehavior of the catalyst precursor is greatly related to the prepara-
ion method. The presence of the endothermic peak at 675 ◦C may
e an indication of a structural change of the sample in this tem-
erature range. The XPS measurement described in later discussion
howed that parts of Cu2+ were reduced to Cu+ when increasing the
alcination temperature from 600 to 700 ◦C. Thus, the endothermic
eak at 675 ◦C in the DSC curve was ascribed to the reduction of
arts of Cu2+ to Cu+.

.2. XRD characterization

Fig. 2(a) presents the XRD patterns of the Cu0.13Ce0.87Oy sam-
les calcined at different temperatures. For comparison, the XRD
attern of pure CeO2 prepared by the present method and calcined
t 400 ◦C is also shown in Fig. 2(a). The typical diffraction peaks
f CeO2 could be seen in all the samples. The diffraction peaks of
he Cu0.13Ce0.87Oy samples became sharper with increase in the
alcination temperature due to the better crystallization of CeO2.
o peaks corresponding to CuO could be identified for the sam-
les with the calcination temperature up to 700 ◦C. After calcined
t 800 ◦C for 4 h, the sample showed two very small diffraction
eaks of CuO, indicating the formation of bulk CuO in the sample at
his calcination temperature. The average crystallite sizes of all the
amples calculated according to the Scherrer equation are shown in
able 1. As expected, an increase in the crystallite size was observed
or the samples with increasing the calcination temperature from
00 to 800 ◦C.

Compared to XRD pattern of the pure CeO2, the diffraction peaks
f the Cu0.13Ce0.87Oy samples shifted to higher angles (Fig. 2(b)).
he lattice constants of the samples were further calculated for
omparison and the results are also listed in Table 1. It can be seen
hat the calculated lattice constants of all the samples were much
ower than that of pure CeO2 (0.5423 nm), indicating at least parts
f copper species were incorporated into the CeO2 lattice since the
adius of Cu2+ (0.072 nm) is smaller than that of Ce4+ (0.092 nm).
he partial substitution of Ce4+ by Cu2+ would lead to the shrinkage
f the CeO2 lattice, and thus decrease the lattice constant. Com-
are with our previous reported sample [14], the present catalysts
ad smaller lattice constants, indicating more copper species were

ncorporated into the CeO2 lattice and thus more amounts of oxy-
en vacancies were formed in the catalyst. Obviously, the decrease
n the lattice constant of the sample with the same composition
esults from the different preparation method, which has effect on
he structural characteristics of the final product, such as crystallite

ize and homogeneity of the constituents.

It should be noted that the XRD patterns of the three samples
alcined from 600 to 800 ◦C displayed a slight shift in the CeO2
iffraction peaks to low 2� values (Fig. 2(b)), which can be taken
s an indication of lattice expansion. The lattice constants of CeO2
98.2 0.67
87.3 0.55
71.1 0.50
16.3 0.07

also increased from 0.5392 to 0.5400 nm for the samples calcined
in this temperature range. The increase in the lattice constants of
the samples may be related to many factors, such as reduction of
Cu2+ in the CeO lattice and segregation of copper species from
Fig. 2. (a) XRD patterns of pure CeO2 calcined at 400 ◦C and the Cu0.13Ce0.87Oy cata-
lysts calcined at different temperatures and (b) enlarged XRD patterns from 2� range
from 25◦ to 32◦ .
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With increasing the calcination temperature from 400 to 800 ◦C,
the band at 462 cm−1 became sharpened and more symmetrical.
This could be due to the better crystallization of CeO2 with increase
in the calcination temperature. It should be noted that no obvi-
Fig. 3. SEM images of the Cu0.13Ce0.87Oy catalysts calcined at di

o Cu+ since the radius of Cu+ (0.096 nm) is larger than that of Cu2+,
hile the second increase in the lattice constant from 700 to 800 ◦C
as mainly ascribed to the segregation of copper species from the
u–Ce–O solid solution.

.3. SEM characterization and BET surface area

The particle sizes and the structure of the catalysts calcined at
ifferent temperatures were further investigated by SEM. As shown

n Fig. 3, the samples calcined below 800 ◦C consisted of nanocrys-
als with average diameters less than 100 nm. After calcined at
00 ◦C, the particles became larger (Fig. 3(d)), indicating the occur-
ence of sintering. The particle sizes observed from the SEM image
ere larger than the crystallite sizes calculated from the XRD pat-

ern, suggesting the powder particles were agglomerated to some
xtent. The surface area and pore volume of the Cu0.13Ce0.87Oy sam-
les calcined at different temperatures are listed in Table 1. It can be
een that there is a continuous decrease in the BET surface area with
ncreasing the calcination temperature and the decrease is greater
fter calcination at 800 ◦C. The dependence of the pore volume on
he calcination temperature is consistent with that of the BET sur-
ace area. The subsequent decline in the surface area upon thermal
reatment at higher temperatures could be due to various factors,
uch as growth of crystallite size, formation of various mixed oxide
hases, and sintering.

.4. Raman analysis

Fig. 4 shows the Raman spectra of the Cu0.13Ce0.87Oy sam-
les calcined at different temperatures. Three adsorption bands at

pproximately 462, 600 and 1122 cm−1 were observed for all the
amples. It is well known that the adsorption peak at 462 cm−1 is
scribed to the Raman active F2g mode of CeO2 cubic lattice, which
an be viewed as a symmetric breathing mode of the oxygen atoms
round cerium ions [22]. The weak and broad band observed near
t temperatures: (a) 400 ◦C, (b) 600 ◦C, (c) 700 ◦C, and (d) 800 ◦C.

600 cm−1 and the second-order peak at 1122 cm−1 are linked to
oxygen vacancies, which usually results from the replacement of
Ce4+ by metal ion with different valence and forms according to
the vacancy compensation mechanism [23–25]. This result further
confirmed that at least parts of copper species were truly incor-
porated into the CeO2 lattice and formed Cu–Ce–O solid solution,
in agreement with the above XRD results. The formation of oxy-
gen vacancies would increase the mobility of lattice oxygen, and
consequently the catalytic performance may be favored.
Fig. 4. Raman spectra of the Cu0.13Ce0.87Oy catalysts calcined at different tempera-
tures.
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us shift of the band at 462 cm−1 was detected for all the samples.
owever, the change in the lattice constant, as well as the parti-
le size of CeO2, should lead to a shift of this band in the Raman
pectrum. Spanier et al. observed the peak shift of about 10 cm−1

or the band at 462 cm−1 when changing the particle size of CeO2
rom 6 to 5 �m [25]. In the present study, the absence of the shift
f the F2g mode may be due to the minor change of the lattice con-
tant, resulting in minor variation of Ce–O bond length. In addition,
he presence of oxygen vacancies originated from the formation of
u–Ce–O solid solution may also stabilize the CeO2 environment
espite the growth of the particle size [24].

The intensity of the band at 600 cm−1 slightly increased with
he calcination temperature from 400 to 700 ◦C and then decreased
fter calcined at 800 ◦C, while the vibration of the band at
122 cm−1 weakened with increasing the calcination temperature.
he intensity ratio (I600/I462) of the band at about 600 and 462 cm−1

an be used to estimate the oxygen vacancy concentration in the
eO2 lattice [26]. A rough estimate of the I600/I462 showed that the

ntensity ratio decreased very slightly with increasing the calcina-
ion temperature from 400 to 700 ◦C and then decreased sharply
fter calcined at 800 ◦C, suggesting the decrease of oxygen vacancy
oncentration in the sample. It appears that the tendency of the
and at about 600 cm−1 is related to the oxygen vacancy concen-
ration and the intensity of the band at 462 cm−1. However, it is
ifficult to exactly quantify the I600/I462 values due to the broad
ature of the band. Thus, further analysis of the band at 600 cm−1

as not performed in the present study. In the case of the band
t 1122 cm−1, the band intensity is considered to be related to the
esonance Raman effect [24], which may be related to the crystal-
ite size of CeO2. Actually, Pu et al. did not observe this band in the
aman spectrum of Ce0.9Pr0.1O2−ı solid solution with a crystallite
ize of about 35 nm using an excitation wavelength of 514 nm [27].
he decrease in the band at 1122 cm−1 should be due to the increase
f CeO2 crystallite size with increasing the calcination temperature
f the sample.

No bands corresponding to CuO were observed in the Raman
pectra for all the samples. The usual interpretation for this phe-
omenon is that CuO is well dispersed in the support structure, and
hus cannot be detected by Raman technique. However, the previ-
us XRD pattern of the sample calcined at 800 ◦C clearly exhibited
wo weak diffraction peaks of CuO. Two Bg phonon modes located at
30 and 632 cm−1 of CuO [28] should appear in the Raman spectrum
f the sample calcined at 800 ◦C. There seems to be a contradiction
etween the Raman and the XRD results. Shan et al. observed that
he Raman bands of CuO could not be clearly distinguished even by
he direct physical mixture of CeO2 and CuO [24]. Instead, the sam-
le showed a reduced Raman mode compared with pure CeO2 due
o the strong adsorption of CuO in the region. In the present study,
imilar phenomenon was also observed between the samples cal-
ined at 700 and 800 ◦C. The intensity of the band at 462 cm−1 for
he two samples decreased slightly with increasing the calcination
emperature from 700 to 800 ◦C, which should be related to the
resence of bulk CuO in the sample calcined at 800 ◦C. Thus, it may
e concluded that the absence of CuO bands in the Raman spectrum
ay be due to its too strong adsorption to be detected or too weak

aman modes that may be overlapped by that of CeO2. The present
esults also indicate that the Raman technique is a powerful tool
o elucidate the oxygen vacancy, while fails to directly distinguish
he dispersion of CuO in CuO–CeO2 binary system.
.5. XPS analysis

XPS was further conducted to examine the chemical state of cop-
er and cerium in the samples calcined at different temperatures.
s shown in Fig. 5(a), the spectra of Cu 2p3/2 in all the samples
Fig. 5. (a) Cu 2p XPS of the Cu0.13Ce0.87Oy catalysts calcined at different tempera-
tures; (b) kinetic energy spectrum of the Auger L3VV electron of the sample calcined
at 700 ◦C.

contained an obvious shake-up peak at 939–944 eV and one main
peak at 933.9 eV, which are two important XPS characteristics of
Cu2+. In addition, the Cu 2p3/2 spectrum of the sample calcined at
700 ◦C exhibited a small shoulder peak at about 932.3 eV, which
is the characteristic of the reduced copper species [29]. Since the
binding energies of Cu+ and Cu0 are almost identical [29], the exact
judgment of the two copper species should be made according to
the Cu–Auger spectrum. Fig. 5(b) shows the kinetic energy spec-
trum of the Auger L3VV electron of the sample calcined at 700 ◦C.
The doublet peaks for the kinetic energy spectra of the Auger L3VV
electron indicated the presence of two copper species: the peak
at 916.9 eV could be ascribed to Cu2+ species and the other peak at
913.6 eV could be assigned to the Cu+ species. Therefore, the copper
atom existed in the form of Cu2+ and Cu+ for the sample calcined
at 700 ◦C, while only Cu2+ were presented in the other samples.
The Ce 3d region of the samples calcined at different temperatures
showed a typical CeO2 spectrum with two main peaks at 916.7 and
882.3 eV (not shown) [29]. There is no evidence of the presence of Ce
in lower oxidation states. XPS results indicated that parts of Cu2+

species in the sample underwent a reduction from +2 to +1 with
increasing the calcination temperature from 600 to 700 ◦C, which
may be responsible for the endothermic peak at about 675 ◦C in
the DSC curve (Fig. 1) and the shift of 2� in the XRD patterns for the
sample calcined from 600 to 700 ◦C (Fig. 2(b)).

The co-existence of Cu2+ and Cu+ species in CuO–CeO2 cat-
alysts has also been observed by other investigators [30–36].
Avgouropoulos et al. [31,32] and Martínez-Arias et al. [33] con-
sidered that the presence of reduced states (either Cu+ or Ce3+)
in the CuO–CeO2 catalyst was greatly related to the pretreatment

done on the catalysts or the preparation method of the catalyst.
Liu and Flytzani-Stephanopoulos [34] proposed that the reducibil-
ity of Ce4+ to Ce3+ made copper ions incorporated into CeO2 lattice
adapt to a different oxidation state while maintaining the electronic
neutrality of the lattice. Hočevar et al. [35] proposed that the for-
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Table 2
H2 uptake of the Cu0.13Ce0.87Oy samples calcined at different temperatures.

Calcination temperature (◦C) Cu/(Cu + Ce) (mol%)a H2 consumption (mmol/gcata)b

Peak � Peak � Total

400 23 0.59 0.85 1.44
600 30 0.55 0.81 1.36
700 31 0.50 0.80 1.30
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Kundakovic and Flytzani-Stephanopoulos [38] showed that copper
species, which presented as highly dispersed clusters or as isolated
Cu ions strongly interacting with the support, required higher tem-
perature to be reduced than that on the surface with a moderate
800 32

a The nominal value of Cu/(Cu + Ce) molar ratio is 13%.
b The nominal value of H2 uptake is 0.81 mmol/gcata.

ation of Cu+ might be induced by substitution at the interface of
he two oxide phases due to the similarity of Ce4+ and Cu+ ionic
adii. Combined with these references and the present XPS results,
t appears that the reduction of Cu2+ to Cu+ is due to the more
ize-compatibility of Cu+ in the CeO2 lattice since Cu–Ce–O solid
olution formed and no Ce3+ presented in the samples. Naturally
nother question is put forward: why Cu+ did not exist in the sam-
les calcined at other temperatures. Although the exact reason is
ot clear, the analysis of the effect of the calcination temperature
n the structures of the samples may shed light on understanding
his phenomenon. In the present study, various characterization
echniques showed that the calcination temperature mainly had
ffect on the crystallite sizes and redox properties of the samples.
pecifically, with increasing the calcination temperature from 400
o 700 ◦C, the crystallite size of the sample increased gradually and
he interaction between CuO and CeO2 became weaker, as dis-
ussed in the following TPR measurement. Based on these results,
t is reasonable to suggest that the presence of the Cu+ species in
he CuO–CeO2 results from not only the size-compatibility of the
e4+ and Cu+ due to the formation of Cu–Ce–O solid solution, but a
oderate interaction between the copper species and cerium oxide

robably being related to the crystallite size of the sample.
The surface composition calculated based on the XPS spectra,

xpressed as Cu/(Cu + Ce) molar ratio, is listed in Table 2. In all cases,
he surface Cu/(Cu + Ce) ratio is higher than the nominal value.
urthermore, the Cu/(Cu + Ce) ratio increased with increase in the
alcination temperature from 400 to 800 ◦C. The copper species
nrichment on the Cu–Ce–O catalyst surface has also been reported
y other investigators [32]. This phenomenon should be related to
he lower surface energies of copper species than that of Ce4+. The
opper species predominately located on the catalyst surface, and
he migration of copper species to the surface, are favorable for
educing the surface energy of Cu–Ce–O binary system.

.6. Redox properties

The TPR profiles of the Cu0.13Ce0.87Oy samples treated at differ-
nt calcination temperatures are shown in Fig. 6. For the samples
alcined from 400 to 700 ◦C, two reduction peaks (� and �) in the
ange of 150–300 ◦C were clearly observed. In contrast, the TPR
rofile of the sample calcined at 800 ◦C exhibited a broad reduction
eak with a small shoulder � at about 260 ◦C. The reduction fea-
ures of the samples in the present study seemed to be similar to
hat of the previous reported results [14].

To further understand the redox behaviors of the samples, the
uantitative analysis of the reduction peaks was carried out and the
esults are shown in Table 2. The amount of consumed hydrogen
f all the samples was larger than the one corresponding to the
eduction of CuO to Cu, indicating the reduction of CeO2 also took

lace alongside with the CuO reduction. The H2 consumption of
he peak � and the peak �, as well as the total H2 consumption,
ecreased with increase in the calcination temperature, which had
similar trend to the crystallite sizes of the samples. If the peak
only corresponds to the reduction of finely dispersed CuO, the
– – 0.87

trend of the consumed H2 for the peak � should be contrary to
that of the experimental values since the Cu/(Cu + Ce) molar ratio
increased with increasing the calcination temperature from 400 to
700 ◦C. Thus, it is highly possible that the low-temperature peak �
was due to the reduction of surface oxygen species and the high-
temperature peak � was ascribed to the reduction of bulk oxygen
in the Cu0.13Ce0.87Oy binary system. In addition, it should be noted
that the initial reduction (peak �) may not be confined to the surface
but extended deep into the bulk due to the formation of Cu–Ce–O
solid solution.

Interestingly, an increased redox behavior was observed for the
Cu0.13Ce0.87Oy samples with increasing the calcination tempera-
ture from 400 to 700 ◦C. Similar phenomenon was also observed
for CuO–CeO2 catalysts prepared by a co-precipitation method [21].
Generally, the reduction temperature is greatly related to the struc-
tural properties of the catalyst, such as chemical composition, BET
surface area, morphology, and particle size. Higher BET surface area
and smaller particle size would favor the accessibility of H2 and
reduction of the sample by H2. It is expected that the reducibility
should decrease with increase in the calcination temperature of the
sample due to the growth of crystallite size and loss of surface area.
Avgouropoulos et al. took the reduction temperature of CuO–CeO2
system as an indicator of the interaction strength between Cu2+ and
Ce4+: a lower reduction temperature could be seen as a stronger
interaction [32]. Indeed, the reduction behavior of mixed oxides
at nanoscale is usually different from that of the sample with large
particles due to the occurrence of a more intimate synergism effect.

A comprehensive review on the redox behaviors of mixed oxides
may shed light on the understanding the increased redox prop-
erties of the samples in the present study. Sagar et al. [37] and
Fig. 6. TPR profiles of the Cu0.13Ce0.87Oy catalysts calcined at different temperatures.
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ity. The stability as function of time on stream of the three catalysts
at 200 ◦C is indicated in Fig. 9. During the first 5 h on stream, the
catalysts calcined at 600 and 700 ◦C showed slight decrease in their
catalytic activities for acetone combustion, while the catalyst cal-
cined at 400 ◦C suffered a more noticeable deactivation. After this
ig. 7. Ignition curves of acetone over the Cu0.13Ce0.87Oy catalysts calcined at differ-
nt temperatures, acetone concentration = 1000 ppm, GHSV = 15 000 h−1.

uO loading. The reducibility of supported cobalt oxide was also
ound to be greatly related to the particle sizes. An enhanced redox
roperty of supported cobalt oxide from small to larger particles
as evidenced by some investigators [39,40]. Based on the above

eview, it can be proposed that the interaction between mixed
xides may be greatly related to their crystallite or particle sizes.
oo small crystallite size of mixed oxide sample may result in too
trong interaction of the oxide phases, and thus bring about nega-
ive effect on its reducibility. In the present study, the crystallite size
f CeO2 gradually increased and thus the interaction between CuO
nd CeO2 became weaker with increase in the calcination temper-
ture from 400 to 700 ◦C. Therefore, the reducibility of the CuO on
he catalyst surface was enhanced and the reduction temperature
f CuO on the catalyst surface decreased.

.7. Catalytic performance and structure–activity relationship

Fig. 7 shows the ignition curves of acetone over the
u0.13Ce0.87Oy catalysts calcined at different temperatures. Obvi-
usly, the acetone conversion increased with increasing the
eaction temperature for all the catalysts. Under the investigated
onditions, CO2 and H2O were the only reaction products detected.
o product of selective oxidation is observed for all the cata-

ysts. The carbon mass balances for acetone combustion over these
atalysts were in the range of 100 ± 5%. As shown in Fig. 7, the
u0.13Ce0.87Oy catalyst calcined at 800 ◦C exhibited a relatively

ower catalytic performance for acetone combustion than the other
amples, which might be due to its relatively lower surface area and
oorer CuO dispersion in the sample. The Cu0.13Ce0.87Oy catalyst
alcined at 700 ◦C showed the highest activity for acetone com-
ustion and the complete conversion of acetone was achieved at
00 ◦C. It should be noted that an increased catalytic activity was
bserved for the samples calcined from 400 to 700 ◦C, which had a
imilar trend to the reducibility of the samples. Our previous studies
nd other investigators have proven that acetone combustion over
he CuxCe1−xOy catalysts proceeds according to a Mars-van Kreve-
en mechanism [14,41]. Thus, it is reasonable that the relationship
etween catalytic activity and reducibility can be established when
he catalyst undergoes a redox cycle.
Compared with our previous Cu0.13Ce0.87Oy catalyst prepared
y the combustion method, the catalysts in the present study
ecreased the temperature required for the complete conversion
f acetone. However, the direct comparison of the acetone con-
ersion at a given temperature seems unmeaningful due to their
Fig. 8. Specific reaction rate of acetone combustion at 160 ◦C as a function of
Cu/(Cu + Ce) molar ratio on the catalyst surface.

different surface areas. In this case, the comparison of the specific
activity based on per unit surface area of the catalyst would be more
reasonable [42]. Fig. 8 shows the specific activity of each catalyst
for acetone combustion at 160 ◦C as function of Cu/(Cu + Ce) molar
ratio on the catalyst surface. It can be seen that the present cata-
lysts with higher Cu/(Cu + Ce) ratios truly exhibited higher specific
activities than the previous catalyst. This result further confirms
that the highly dispersed CuO exposed on the catalyst surface is the
main active site for the acetone combustion. In addition, it should
be noted that the specific activity of the sample calcined at 700 ◦C
increased much greater than the other samples. Taken into account
the XPS results, it may be concluded that the presence of Cu+ on
the catalyst surface has a positive effect on the acetone combus-
tion. However, due to the limitation of our techniques, the role of
the Cu+ for acetone combustion is still not clear and needed further
study.

3.8. Stability test

A series of long catalytic runs were performed with the reactor
operating at a constant temperature to evaluate the catalyst stabil-
Fig. 9. Evolution of acetone conversion at 200 ◦C with time-on-stream for
the Cu0.13Ce0.87Oy catalysts calcined from 400 to 700 ◦C, acetone concentra-
tion = 1000 ppm, GHSV = 15 000 h−1.
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ig. 10. Evolution of acetone conversion at 300 ◦C with time-on-stream for the
u0.13Ce0.87Oy catalysts calcined at different temperatures, acetone concentra-
ion = 1000 ppm, GHSV = 90 000 h−1.

eriod, the acetone conversion over the three catalysts remained
lmost constant in the following 45 h on stream. The presence of an
nitial transient period before reaching a steady state mainly lies in
he fact that time is always needed to get a constant coverage on
he catalyst surface by the reactants and the products [43]. The
ecrease in the acetone conversions over the catalysts may be due
o the adsorption of water on the active sites of the catalyst [44]. It
hould be noted that the extent of the decrease in acetone conver-
ion for the catalyst calcined at 400 ◦C was greater than that of the
ther two samples. It appears that the above reason is not the only
ne for the observed activity loss of the catalyst calcined at 400 ◦C.
nother factor that must be considered for catalyst is the surface
rea. Thus, the surface areas of the three catalysts after used for 50 h
ere determined. The results showed that the degree in the loss of

he surface areas differed from catalyst to catalyst under the same
onditions and was of the following order: the catalyst calcined
00 ◦C (7.4%) > 600 ◦C (2.0%) > 700 ◦C (1.1%). Therefore, the loss of
urface area of the catalysts may also contribute to the decrease in
atalytic activity, especially of the catalyst calcined at 400 ◦C.

The catalyst stability was further evaluated by conducting
ndurance test at higher temperature and GHSV. The evolution of
cetone conversion with time-on-stream at 300 ◦C is presented in
ig. 10. It should be noted that direct comparison of Figs. 9 and 10 is
ifficult due to the different reaction temperature and GHSV used

n the tests. As shown in Fig. 10, the catalysts calcined at 600 and
00 ◦C showed slight decrease in the acetone conversion at the ini-
ial stage, being similar to the endurance behaviors observed at
00 ◦C. Interestingly, the evolution of acetone conversion with time
n stream over the catalyst calcined at 400 ◦C was different from
hat of the other two catalysts. The acetone conversion decreased
or the first 6 h, then gradually increased to a higher value, and
nally sustained at a constant in the following time on stream.
he changes observed in the performance suggested that the cata-
yst calcined at 400 ◦C experienced structural change with time on
tream.

As discussed earlier, the catalytic activity of the Cu0.13Ce0.87Oy

atalyst for acetone combustion is greatly related to its reducibility
hat may be related to the crystallite size of the catalyst. In order to
nderstand this behavior of the catalyst, XRD and TPR were used
o characterize the used catalyst with different time on stream. For
omparison, the other two catalysts were also characterized. XRD

esults showed that the crystallite size of the catalyst calcined at
00 ◦C gradually increased from 4.8 to 6.3 nm with time on stream
t 300 ◦C, while the other two catalysts remained almost unchanged
Fig. 11). TPR result (not shown) revealed an enhanced reducibil-
Fig. 11. Crystallite sizes of the catalysts after different time-on-stream at 300 ◦C.

ity of the used catalyst than the fresh one calcined at 400 ◦C. Thus,
the change in the stability of the catalyst calcined at 400 ◦C can be
explained as follows: during the first 5 h on stream, the loss of sur-
face area and the adsorption of water on the active sites may be
responsible for the decrease in catalytic activity until a transitional
steady state was reached. Simultaneously, the crystallite size of the
sample increased with time on stream under the present experi-
mental conditions. It led to a relatively weak interaction between
CuO and CeO2 and an enhanced redox property, which resulted in
the improvement of its catalytic activity for acetone combustion.
Following this transition period, the formation of larger steady state
crystallite size of the catalyst was completed and a stable catalytic
activity was established.

4. Conclusions

In summary, Cu0.13Ce0.87Oy catalysts with enhanced catalytic
activity and stability compared to our previous reported sample
were prepared by a supercritical drying technique and calcination
steps. The structural characteristics of the as-prepared nanocrys-
talline Cu0.13Ce0.87Oy catalyst were found to be strongly depended
on the calcination temperature. The XRD and Raman results indi-
cated the Cu0.13Ce0.87Oy catalysts calcined from 400 to 800 ◦C were
in the form of Cu–Ce–O solid solution, while the XPS measure-
ments showed that the copper species were predominately located
on the surface of the CeO2 nanocrystalline aggregates. The redox
properties and the catalytic activities for acetone combustion of
the catalysts were also related to the calcination temperature and
their crystallite sizes. Too small crystallite size may bring about
negative influence on the redox property, which then affects the
catalytic activity of the catalyst. The Cu0.13Ce0.87Oy catalyst cal-
cined at 700 ◦C, which could convert acetone completely into CO2
and H2O at 200 ◦C, was the most active catalyst. Stability tests of the
Cu0.13Ce0.87Oy catalysts calcined from 400 to 700 ◦C suggested that
catalysts lost some activity in the initial time on stream but were
stabilized thereafter. The decrease in the catalytic activities of the
catalysts for acetone combustion may be due to the loss of the sur-
face area and adsorption of water on the active sites. In addition,
the presence of Cu+ on the catalyst surface seems to have positive
effect on acetone combustion. Further study is still needed to clar-
ify the exact role of Cu+ by using other characterization techniques,
such as in situ FTIR.
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