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A B S T R A C T

Cu-based composites were prepared by a facile preparation method and were employed as reactive catalysts for
the elimination of NOx. The characterizations of XRD (X-Ray Diffraction), BET (Brunauer-Emmet-Teller), LRS
(Laser Raman Spectra), H2-TPR (H2-Temperature-Program-Reduction), TGA-DSC (Thermo Gravimetric
Analyzer-Differential Scanning Calorimetry), ICP-AES (Inductively Coupled Plasma-Atomic Emission
Spectroscopy), HRTEM (High Resolution Transmission Electron Microscope), O2-TPD (O2-Temperature-
Program-Desorption) and in situ FT-IR (in situ Fourier Transform Infrared Spectroscopy) show the formation of
CuAl2O4 spinel during the calcination process and the coexistence and intergrowth effect among three-phases
CuO-CuAl2O4-CeO2, promoting the increase of the amount of surface active sites. These results further present
that the composite CCA800 exhibits the best catalytic performance in the elimination of NOx, completely con-
verting NO to N2 at only 220 °C, which exhibits more excellent catalytic properties than the same type of Cu/Ce/
Al catalysts applied in the field of the elimination of NOx. The coexistence and intergrowth effect among three-
phases CuO-CuAl2O4-CeO2 greatly promotes the catalytic performance in the elimination of NOx.

1. Introduction

Because of the serious pollution to the environment, eliminating the
NOx generated during the use of fossil fuels has attracted much

attention [1,2]. Not only on environmental aspects but also NOx does
harm to our human beings [3]. In order to cope with more strict en-
vironmental protection laws, it is very necessary to exploit environ-
ment-friendly catalysts to control the elimination of NOx availably.
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Nowadays, a lot of efforts have been made to investigate the ideal
materials in the application of eliminating NOx [4–7]. In all discoveries,
the Cu-based catalysts had been emphasized as they possessed more
oxygen carriers, low cost and excellent catalytic properties [8–10]. In
early years, Iwamoto et al found that Cu-ZSM5 catalysts could greatly
improve catalytic behaviors in the NOx dissociation [11]. After that, lots
of efforts about Cu-based catalysts had been made to the filed of
elimination of NOx. Chien et al investigated the effect of oxygen va-
cancy on the enhancement of catalytic activity and found that CuO/YSZ
catalyst was comparable to conventional Pt/Al2O3 catalyst in the
elimination of NOx [12]. Wen et al reported a Ce-promoted Cu/Ce/Mg/
Al/O catalyst and the catalyst showed a better performance in NO+CO
reaction [13]. Jiang suggested that CuO/TiO2 catalyst pre-treated in H2

showed higher activity than that pre-treated in air, they also discovered
that the dissociation of NO was a determining step in NO+CO reaction
[14]. Liu discovered that the crystal structures greatly affected the
dispersion ability of CuO and they found that synergistic interaction
was the reason for the difference in the lattice strains and coordination
environment [15]. Zhang prepared a series of Cu/CexZr1-xO2 catalysts
using the flame spray method, the best NO conversion of which reached
100% at 250 °C [16]. In addition, Ge et al. developed a new method to
prepare CuO/CeO2-Al2O3 catalysts by using H2O and HAc as the sol-
vent, they found the CuO/CeO2-Al2O3 catalyst showed the best catalytic
activity at 250 °C in NO+CO reaction when the ratio of H2O and HAc
was 20:1 [17]. The focus of these relevant researches were mainly ei-
ther on how to get the catalysts with best performance or different
methods to prepare catalysts or the reaction mechanism with different
catalysts. Few reports of the elimination of NOx were investigated on
the correlation of surface structure with the catalytic behaviors in the
elimination of NOx. Thus, it is meaningful to study how the surface
structure influences the catalytic behaviors.

Copper aluminum spinel (CuAl2O4) is an auxiliary component than
helps to promote the active components of catalytic activity. Kim et al
studied the activity of the Cu/γ-Al2O3 catalysts calcined at different
temperatures in NO reduction by C3H6 and found the catalysts calcined
at 800 °C possessed the CuAl2O4 phase [18]. Gang found the catalysts
with coexistence of CuO and CuAl2O4 phase were more active than
those with single CuO phase, this meant that the CuAl2O4 could im-
prove the general catalytic performance [19]. Xu et al found the Pd-
doped aluminate spinel catalysts showed the following activity: Co-
AlPd > Zn-AlPd > Cu-AlPd, which was important in designing spinel
catalysts and improving their catalytic performance [20]. Though the
CuAl2O4 phase was proved to be useful in some catalytic reactions, the
correlation between the CuAl2O4 spinel phase and catalytic behaviors
was still a matter of concern. Previously, our group reported the in-
tergrowth and coexistence effect of CuO-CeO2 [21]. On that basis, the
present work approaches the perspectives that what a role the CuAl2O4

plays in the coexistence and intergrowth effect with three-phases CuO-
CuAl2O4-CeO2 and what is the correlation between surface structure
and catalytic behaviors.

In this paper, we studied the relationship between structure and
catalytic behaviors. These composites were characterized by the
methods of XRD, LRS, BET, H2-TPR, TGA-DSC, ICP-AES, HRTEM, O2-
TPD and In situ FT-IR. Subsequently, the Cu-based catalysts were in-
vestigated under NO+CO reaction to examine the catalytic perfor-
mance.

2. Experimental

2.1. Sample preparation

The precursors were prepared by the facile co-precipitation method.
A certain number of Cu(NO3)2·3H2O and Ce(NO3)3·6H2O and Al
(NO3)3·9H2O were dissolved into water with fixed molar ratio
(Cu:Ce:Al= 15:1:4). Then gradually added Na2CO3(aq) (150mL,
0.009mol/L) into the mixed solution. After that, got a certain amount

of NaOH(aq) to adjust the pH at the range of 10 and 11. For the else,
sluggishly stirred the mixture for 1 h. Afterwards, let the precipitate
sustain in the solution at room temperature for 18 h. Then after the
centrifugal procedure, got the precursor dried at 80 °C for 20 h before
crushing it. Later ground it into a fine powder and calcined it at dif-
ferent temperatures for 4 h (500 °C, 600 °C, 700 °C, 800 °C, 900 °C,
1000 °C). In order to simplify the appellations, these samples were la-
beld as CCAT (T stands for calcination temperature), the specific con-
tents were as follows: CCA500, CCA600, CCA700, CCA800, CCA900
and CCA1000.

2.2. Performance evaluation

XRD patterns were collected over the D/MAX-RB X-ray dif-
fractometer (Rigaku, Japan) working under 40 kV and 40mA. The
samples were scaned over the 2θ range (10°-80°) with 8°/min. To obtain
the data of laser Raman spectra, an excitation wavelength of 532 nm
(LRS) on the Renishaw RM1000 was used. The structural data were
gained from the Micrometrics TriStar II 3020 analyzer at 77 K by using
the BET method for the specific surface area. Around 0.1 g sample was
degassed in N2 at 90 °C for 1 h and in N2-He mixture at 300 °C for 3 h,
respectively. Then all the composites H2-TPR results were achieved by
FINESORB-3010 chemical adsorption machine. The U tube with 50mg
sample was first treated in the N2 atmosphere under 110 °C for 1 h.
Cooled the sample to environmental temperature before opening the
flow of H2/Ar (10mL/min). After that, kept the gas for 0.5 h. Then got
the complex heated from environmental temperature to 350 °C. TGA-
DSC analysis was carried out by the thermal analyzer (Simultaneous
DSC/TGA, TA Instruments Corporation, USA). ICP-AES results were
collected on a PerkinElmer Optima 5300 DV to analyse the composition
of samples, which were measured to calculate the amounts of Ce, Cu, Al
and O in different composites. HRTEM was employed by the model
JEM-200CX made in Japanese JEOL company and related TEM images
were obtained on this machine. O2-TPD was applied in Finesorb-3010
chemisorption analyzer with the thermal conductivity detector to
analyze the O2 adsorptive capacity, about 0.1 g sample was pretreated
with He (30mL/min) at 200 °C for 1 h. Then cooled it down to room
temperature, later, He (50mL/min) was switched into O2 (10mL/min)
and kept it for 0.5 h. Behind that, blew He for 0.5 h, then the whole
program was operated from 50 °C to 575 °C within 10 °C/min. The data
of in situ FT-IR was gained from Nicolet iS50 DRIFTS spectrometer. First
of all, got the sample pressed into the tiny crucible, which was placed in
a controlled room. Then made the sample treated with N2 for 1 h to
dislodge the impurities from the sample surface at 300 °C. Afterwards,
the sample was processed for 40min under the condition of NO-Ar (5%
NO) with CO-Ar (10% CO). Later, the NO+CO adsorption spectra were
collected from room temperature to 300 °C (per 50 °C, 10 °C/min),
which were further treated by the deduction of background adsorption
spectrum measured at room temperature.

2.3. Catalytic reaction

Got 50mg catalyst (40–60 mesh) into a flow microreactor device to
check the performance in NO+CO reaction, using a stream of a firm
composition 5% NO, 10% CO, and 85% He at the space velocity of
12,000 h−1.The catalyst was piled into the tube and pretreated with N2

at 110 °C for 1 h. After that, cooled the catalyst to room temperature
before switching on the mixed gases. Then the reaction was operated
from 150 °C to 300 °C. And the gas chromatography was used to further
analyse the gas components after the NO+CO reaction. In addition,
the reaction equation of NO reduction by CO was described as follows:

+ → + +NO CO N N O CO
catalyst,Δ

2 2 2
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3. Results and discussion

3.1. Catalytic reactivity/selectivity results (NO+CO reaction)

As it can be emerged from Fig. 1(a). All these samples tested on
NO+CO reaction reflect a similar tendency. The NO conversion in-
creases slowly when the value of NO conversion is less than 0.3. After
that, it goes up sharply until the NO conversion reaches 100%. Different
catalysts cause different NO conversion temperature ranges in this re-
action. For the else, as it can be seen from Fig. 1(b), N2 selectivity of all

samples shows the same trend that it decreases primarily but then in-
creases rapidly, finally it reaches 100%. The reason that N2 selectivity
goes down at a lower range of temperature (150 °C–225 °C) is attributed
to the fact that N2O is formed by a side reaction at the low temperature.
As a consequence, the low temperature is beneficial for the generation
of N2O while the high temperature is propitious to the formation of N2.
Though CCA800 does not show a better function at the initial tem-
perature region (150 °C–175 °C), which reveals that the NO conversion
reaches only 26% and N2 selectivity falls off to 29%. NO conversion
quickly reaches 97% at 200 °C and N2 selectivity continues to maintain
a lower level of 23%. Furthermore, N2 selectivity then rises rapidly
from 175 °C to 200 °C. Afterwards, both NO conversion and N2 se-
lectivity reach 100% at only 220 °C.

As shown in Fig. 1(c), both the temperature of NO conversion and
N2 selectivity decrease firstly and then increase with the increase of
calcination temperature. It further implies that the catalytic perfor-
mance is enhanced firstly and then weakens. The catalyst especially for
CCA800 composite, shows a 90% NO conversion and N2 selectivity at
196 °C and 215 °C, respectively, which are quite lower than the pre-
vious reports [16,17]. The lowest temperature means that CCA800
composite possesses the best catalytic performance in all catalysts. The
high NO conversion and N2 selectivity of this composite are almost as
practical as some noble metal catalysts in the field of NOx elimination
[22,23].

3.2. XRD analysis

The relevant data of X-ray diffraction (XRD) are shown in Fig. 2. The
series of samples present different diffraction peaks attributed to mono-
clinic crystal structure CuO phase {JCPDS cards (PDF-ICDD80-1916)}
and cubic fluorite-type CeO2 phase {JCPDS cards (PDF-ICDD34-0394)}.
Moreover, the samples CCAT (T= 600, 700, 800, 900, 1000) also
emerge a new CuAl2O4 spinel phase {JCPDS cards (PDF-ICDD33-0448)}
[24]. The Al2O3 phase is highly dispersed with the amorphous state so
that it is absent in XRD patterns [25]. In addition, the existence of no
other impurity peaks suggests a high purity of catalysts. Furthermore,
the movement of CuO peaks of CCAT catalysts shifts to a smaller angle
compared with that of pure CuO. Firstly, the ionic radii of Ce4+ is
0.102 nm and the ionic radii of Cu2+ is 0.072 nm. When Ce4+ sub-
stitutes for Cu2+, the lattices of mono-clinic CuO consequently expand
according to the Bragg formula =d θ nλ2 sin . Thus the plane interval
distance naturally increases. This makes the diffraction peak move to a
smaller angle. Moreover, the peaks of CeO2 of CCAT catalysts shifts
towards larger angle compared with those of pure CeO2. This phe-
nomenon indicates that CuO also goes into the CeO2 lattice, which
further testifies that the coexistence and intergrowth effect occurs be-
tween CuO and CeO2 phases. Not only that, but there is also the co-
existence and intergrowth effect among CuAl2O4 and CuO and CeO2

phases. As seen in Fig. 2, the peaks of CuAl2O4 phase formed in the
samples are deflected compared to the {JCPDS cards (PDF-ICDD33-
0448)} [24]. It implies that the CuO and CeO2 phases dope into the
CuAl2O4 lattices. The intensity of all peaks becomes stronger but the
width of them becomes more narrow, as the increasing calcination
temperature is favor of promoting the development of CuO and CeO2

and CuAl2O4 phases [26]. To some extent, it reveals that grain size of
those samples gets larger with the increasing calcination temperature,
which surely makes the BET surface become smaller.

As described in Fig. 2, the diffraction peaks of CuAl2O4 spinel phases
become more sharply with increasing calcination temperature. More
CuAl2O4 spinel particles gather together to form a larger particle, which
aggravates the collapse of structure. This indirectly leads to a decrease
of active sites on the surface [27]. In all catalysts, the catalytic per-
formance of CCA800 is enhanced by the coexistence and intergrowth
effect over three-phases CuO-CeO2-CuAl2O4 which possesses the most
amount of active sites on the surface.

Fig. 1. The results of (a) NO conversion and (b) N2 selectivity and (c) T90 of
CCAT catalysts (T90 is often described as corresponding temperature when the
NO conversion or N2 selectivity reaches 90%.)
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3.3. LRS analysis

Raman spectra was carried out to further explore the crystal struc-
ture of these composites. As shown in Fig. 3, the generation of three
wide bands at about 283, 336 and 623 cm−1 are ascribed to the CuO
crystal vibration [28]. These Raman peaks gradually move to the di-
rection of lower wave-number and the width of them also become
narrowed with the increase of calcining temperature of precursor,
which is in agreement with the XRD results. It reveals that the amount
of crystal CuO increases when the calcining temperature increases.
Furthermore, a Raman peak centred at around 462 cm−1 is attributed

to CeO2 crystal F2g vibration caused by its unique fluorite structure
[29]. This peak intensity gets enhanced with the increase of calcining
temperature, as the higher calcining temperature is beneficial for the
improvement of crystallinity of CeO2 phase. Both the peaks values of
CuO and CeO2 are smaller than pure CuO and pure CeO2. This is due to
the coexistence and intergrowth effect among phases [30].

3.4. Textural characterization (BET)

The correlative textural data are collected in Table 1. As performed
in Fig. 4. All samples possess a classical IV-type isotherms with a clear

Fig. 2. The XRD patterns of these samples.

Fig. 3. The Raman spectra of these samples.
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hysteresis loop of H3-type, which means that they contain mesopores
and narrow plate-like particle [31]. As for each sample, it presents a
precipitous desorption branch at higher pressure range. This branch
further testifies that these samples have dense mesopores [32]. The
hysteresis loop of CCA800 gets bigger and turns to higher pressure
among all samples. It means that CCA800 owns a large and broad pore
size distribution [33]. It is apparent that a higher calcination tem-
perature will result in a deep collapse of material structure. In addition,
the amount of CuAl2O4 is increased when the calcination temperature
increases, and CuAl2O4 spinel particles gather with each other to form a
new interparticle mesopore system consisted of broad pore size dis-
tribution and large sizes [34]. Besides, it can be seen that the pore canal
extends firstly but then gradually decreases with the increasing calci-
nation temperature. Interestingly, the sample CCA800 presents a pore
volume of 0.198 cm3/g even it was calcined at 800 °C, which further
indicates that CCA800 possesses the best N2 selectivity, as the large
pore is helpful to promote the selectivity of catalyst [35]. Furthermore,
the BET surface also decreases when the calcination temperature in-
creases, which agrees with the XRD results.

3.5. Reductive properties (H2-TPR)

H2-TPR characterization was implemented to investigate the sam-
ples reductive properties. As exposed in Fig. 5, these samples all present
the similar graphic curves with three reductive peaks (noted as α, β, γ),
which matches the reductive processes of various oxidation states of
copper species and CuO crystalline phase [36]. CeO2 displays the re-
ductive peaks more than 500 °C [37]. Thus, these peaks are attributed
to CuO reduction. These two peaks α and β are ascribed to the reduc-
tion steps of Cu2+→ Cu+ and Cu+→ Cu0, respectively [38]. Besides,
the γ peak is attributed to the reduction of crystalline CuO [39], which
agrees with the XRD results. Usually, this reductive peak of crystalline
CuO occurs at a higher temperature than the first two steps reduction

reactions. A detailed summary of H2-TPR information is collected in the
Table 2. As seen from the table, the value of α peak decreases at first but
then increases and the composite CCA800 shows the lowest position of
213 °C in all samples. This lowest temperature reveals that the Cu2+ in
CCA800 is easier to be reduced than others. While there is no significant
difference in the values of β and γ peaks of all samples. In addition, it
can be seen that the proportion of β peak in all the samples is the largest
one by comparing the three reduction peaks. It means that the step of
Cu+→ Cu0 is the core step in the catalytic reaction, which further re-
flects the distinction of different composites in catalytic properties. As
the main active substance, Cu+ species plays a vital role in promoting
the catalytic performance [40]. It can be seen that the area ratio of β
peak increases first and then decreases with the increase of calcining
temperature, and this proportion in CCA800 is the largest, reaching
91%. It proves an excellent reductive performance. Furthermore, it can
be seen that the proportion of γ peak increases gradually as the calci-
nation temperature rises, which corresponds to the results of XRD.

3.6. Composition and thermal stability (ICP-AES and TGA-DSC)

The analysis of compositions were characterized with samples
CCA500, CCA800 and CCA1000 according to the ICP-AES, and the
specific information was shown in Table 3. From the table we can see
that the theoretical ratios of Cu/Ce/Al for all samples are smaller than
the corresponding actual value. It reveals that these three elements
have been lost in the preparation process. In addition, the content of
bulk O decreases with the increasing calcination temperatures, which is
related to the activity of catalysts.[21]

The TGA-DSC result of composite precursor is presented in Fig. 6.
The weight losses of material are divided into three stages between
25 °C and 1000 °C. The removal of physical adsorbed water and inter-
layer water occurs between 25 °C and 175 °C, besides the weightlessness
rate of this material is around 8%. This temperature range between
175 °C and 500 °C belongs to weight loss of the water which is formed in
the dehydroxylation reaction [41]. The mass loss in this period is about
8.25%. In addition, the structure of material starts to be destroyed from
this temperature interval. The third part with mass loss of 2.08% occurs
between 500 °C and 1000 °C, which is attributed to the formation of
copper aluminum oxide, such as CuAl2O4 [42].

The corresponding DSC curve of the material can also be seen in
Fig. 6. As shown in the picture, there is no exothermic heat flow ob-
served in DSC curve. The two endothermic heat flows at 145 °C and
190 °C are related to the mass loss in different temperature ranges,
which might come from the process of dehydration [43].

3.7. Structure analysis (HRTEM)

The CCA800 sample was characterized by High Resolution
Transmission Electron Microscopy (HRTEM) for the sake of compre-
hending the relationship between nano-structure and catalytic perfor-
mance. The HRTEM images are depicted in Fig. 7. As seen in Fig. 7a, the
transmission electron microscopy (TEM) image reveals that the esti-
mated particles size are in the range from 12 nm to 41 nm. In addition,
the particular distribution with different crystal surfaces are presented
in the Fig. 7b, it shows the lattice fringes of CuO crystallographic facet
(1 1 0) {lattice parameter (d=0.276 nm)}, and lattice fringes of
CuAl2O4 spinel phase (1 1 1) {lattice parameter (d=0.468 nm)}. Fur-
thermore, there is also different crystallographic image with d-spacing
of 0.313 nm, which is pertinent to cubic fluorite-type CeO2 (1 1 1).
From the results above, it is clear that the symbiotic three-phases CuO-
CuAl2O4-CeO2 do exist in CCA800 sample. The lattice fringes of CuO is
larger than the {JCPDS cards (PDF-ICDD80-1916)}, while the lattice
fringes of CuAl2O4 and CeO2 are smaller than {JCPDS cards (PDF-
ICDD33-0448)} and {JCPDS cards (PDF-ICDD34-0394)}, respectively.
It means that there must be some interaction occurring in this three
phases, which results in the lattice distortion. This relevant result

Table 1
The textural properties of these samples.

Samples BET surface Pore
volume

Average pore
diameter

Crystallite size of
CuAl2O4 spinel

(m2/g) (cm3/g) (nm) (nm)

CCA500 78 0.246 12.5 –
CCA600 75 0.241 12.7 less than10
CCA700 64 0.219 13.7 12.60
CCA800 48 0.198 16.5 20.96
CCA900 26 0.093 15.7 25.52
CCA1000 24 0.040 5.6 41.36

Fig. 4. The N2 adsorption-desorption isotherms of these samples.
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directly leads to the formation of interface among these three CuO-
CuAl2O4-CeO2 phases. As it can be observed in Fig. 7b, the blank area
formed among these three phases is the interface, where is originated
from the strong mutual effects with CuO-CuAl2O4-CeO2 phases [21].
This phenomenon further demonstrates the coexistence and inter-
growth effect in the three-phases CuO-CuAl2O4-CeO2.

3.8. Adsorption analysis of CCA800 composite

The O2-TPD experiment was implemented to further study the
surface oxygen species and oxygen vacancies of CCA800. As shown in
Fig. 8a, the surface oxygen species go through following process:
O2(ad)→O2

–(ad)→O−(ad)→O2–(ad/lattice) [44]. O2(ad) species are
referred to surface physically adsorbed oxygen, which have been often
removed by logging in He at the beginning of experiment. The adsorbed
oxygen species of O2

–(ad) and O−(ad) are not stable and they are easier
to desorb from the surface. Another O2–(ad/lattice) is attributed to the
surface lattice oxygen. The physically adsorbed oxygen species attrib-
uted to the first peak (∼113 °C) are easy to get away from the surface
and they are also unstable at low temperature [45]. The second peak at
278 °C is associated with O2

− species, which is formed by the adsorbed
O2 on the surface vacancies of sample [46]. These two oxygen species

on the surface are mainly involved in the redox reaction. The third peak
at 415 °C is related to surface O2–(ad/lattice) species, which usually has
nothing to do with the reaction as the temperature of desorption is too
high. All relevant data are concluded in Table 3. It is known from the
table that the physically adsorbed oxygen species and adsorbed O2

species on the surface vacancies take up the major part of O species, and
the total content of them is about 84%. The existence of surface oxygen
vacancies as active sites in CCA800 sample greatly improves the cata-
lytic performance.

Fig. 8b shows the CO+NO co-adsorption in situ DRIFTS spectra of
CCA800 composite. As seen from the picture, these peaks
(1200–1700 cm−1) are assigned to the adsorption of carbonate and
nitrate species [47,48]. The intensities of these peaks get gradually
enhanced when the reaction temperature increases. It shows that the
amount of carbonate and nitrate is gradually increasing on the surface.
In addition, the symmetrical peaks appearing at (1800–2000 cm−1) are

Fig. 5. H2-TPR curves of these composites.

Table 2
The results of H2-TPR for these composites.

Samples Tα (°C) Tβ (°C) Tγ (°C) Area percentage
(Dispersed)

Area percentage
(Crystalline)

Peak α Peak β Peak γ

CCA500 224 262 288 19% 80% 1%
CCA600 221 265 289 14% 84% 2%
CCA700 219 265 291 11% 86% 3%
CCA800 213 265 286 5% 91% 4%
CCA900 219 266 289 11% 83% 6%
CCA1000 233 266 301 9% 79% 12%

Table 3
O2-TPD results of CCA800 and ICP-AES results of CCA500, CCA800 and CCA1000.

O2-TPD results ICP-AES results

Peaks Temperature Area percentage Samples Cu (wt%) Ce (wt%) Al (wt%) O (wt%)

First ∼113 °C 48% CCA500 62.8% 3.6% 5.5% 28.1%
Second ∼278 °C 36% CCA800 64.4% 3.8% 6.0% 25.8%
Third ∼415 °C 16% CCA1000 66.5% 4.2% 6.2% 23.1%

Fig. 6. The TGA-DSC profiles of precursor.
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ascribed to the physical adsorption NO molecules [21], and the amount
of physical adsorbed NO molecules is slowly decreasing as the tem-
perature increases. Moreover, the amount of adsorption of CO2

(2300–2400 cm−1) is increasing as the reaction proceeds. Besides, two
peaks between 2000 cm−1 and 2110 cm−1 are attributed to the mixture
of physical and chemical adsorption of CO molecules. The characteristic
band of chemically-adsorbed CO molecules appears at 2110 cm−1 from
50 °C to 300 °C. CO molecules adsorb on the oxygen vacancies on the
surface of the compound and further interact with Cu+ to generate
newly adsorbed species, which is described as the Cu+-CO species [49].
The formation of Cu+ is attributed to the coexistence and intergrowth
effect among phases. While the two parts of the symmetry is the phy-
sical adsorption peak of CO molecules. There is a significant change in
the peak at 2110 cm−1 until 200 °C. The intensity of this peak first in-
creases but then decreases, which means that the amount of Cu+ first
increases and then decreases. The amount of active components (Cu+

species) on the surface attain the maximum when the reaction tem-
perature is increased from 200 °C to 250 °C, which is corresponding to
the catalytic reactivity results.

3.9. Correlation of structure and catalytic properties

As is known to all, material structure has a significant effect on its

properties. In this Cu-based material system. For one hand, CuO-CeO2

phases: the existing Ce3+ in the CeO2 can be converted to Ce4+ by
gaining the oxygen from the surrounding air.

+ →
−

+ +
− − −

+

−

+

− −Ce Ce O m/4O Ce Ce Ox(1 )
4 3

(2 x/2) 2 [1 (x m)]
4
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Then Ce3+ can also get the O from CuO species on this two-phase
interface, thus the structure without O species generates the oxygen
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Set (x-m-a) as y, the above equation can be simplified as following:

+ →
−

+ +

− −

+ +

−Ce Ce O m/4O Ce Ce O(1 y)
4

y
3

(2 y/2) 2 (1 y)
4

y
3
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As for CuAl2O4-CeO2 phases, the Cu2+ existing in CuAl2O4 spinel is
thought to be one active site [50]. The following process can make the
defect structure in these phases interface as well as CuAl2O4-CuO
phases [51].

+ → +
+ + + +Ce Cu Ce Cu3 2 4

For CuAl2O4-CeO2 phases:

Fig. 7. The HRTEM images of CCA800 sample.

Fig. 8. The results of (a) O2-TPD profiles and (b) In situ DRIFTS spectra of NO+CO interaction (50 °C–300 °C) over CCA800 composite.
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For another CuAl2O4-CuO phases:

+ → + →
−

+ +

−CuAl O CuO CuAl O Cu Cu O2 4 2 4 (1 a)
2

a (1 a/2)

−

+ + −
−[Cu Cu (Al O ) ]O(2 a)

2
a 2 4

2
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The processes above reflect that how the coexistence and inter-
growth effect influences the three-phases CuO-CuAl2O4-CeO2 with each
other. Oxygen vacancy, as one structural defect on the surface, is clo-
sely related to the catalytic properties of most catalysts. Once oxygen is
separated from the lattice, it will cause the formation of oxygen va-
cancy on surface, which is usually considered as the active site.
Therefore, the amount of oxygen vacancy plays a crucial role in im-
proving the catalytic performance. In this CuO-CuAl2O4-CeO2 system,
these structures above correspondingly lead to the formation of dif-
ferent oxygen vacancies in different phases through the further sum-
mary of interaction between these phases. And these oxygen vacancies
are summarized as following four patterns:

−

+ +

−[Cu Cu ][O Δ ](1 a)
2

a (1 a/2) a/2 (1)

−

+ +

−[Ce Ce ][O Δ ](1 y)
4

y
3

[2 y/2] y/2 (2)

−

+ + −
−[Cu Cu (Al O ) ][O Δ ](2 a)

2
a 2 4

2
(1 a/2) a/2 (3)

−

+

−

+ + −
−[Ce Ce Cu (Al O ) ][O Δ ](2 x)

4
(x 1)
3

2 4
2

(2 x/2) x/2 (4)

Thus, the coexistence and intergrowth effect with three-phases CuO-
CuAl2O4-CeO2 greatly enhances the catalytic performance.

According to the previous characterizations, we make a description
about the formation process of the surface structure in Fig. 9. Firstly, it
is a process of the removal of surface and interlayer water from room
temperature to 200 °C. When the temperature is increased to 500 °C, the
water formed in the dehydroxylation reaction removes from the ma-
terial structure. Furthermore, the two-phases of CuO-CeO2 gradually

generate on the surface, accompanying the formation with active sites
between CuO-CeO2 phases. At the same time, the material structure is
slowly destroyed. While the temperature is further increased to 800 °C,
there is a new CuAl2O4 spinel phase formed on the surface in this
temperature range. Besides some new active sites are also generated
among three-phases CuO-CuAl2O4-CeO2, and the material structure
continues to be further destroyed. Finally, the material structure is
seriously destroyed and the size and amount of CuAl2O4 spinel particles
gets pretty enlarged on the surface when the temperature is increased to
1000 °C, which correspondingly causes the decrease of the active sites
on the surface.

In summary, we have developed CuO-CuAl2O4-CeO2 composites
according to a facile preparation method and employed them as the
reactive catalysts for the elimination of NOx. Besides, we investigated
the correlation between the catalytic performance and the structure and
composition. Combined the results of XRD, LRS, BET, H2-TPR, ICP-AES,
TGA-DSC, HRTEM, O2-TPD and in situ FT-IR, it can be revealed that (1)
different calcination temperatures greatly influence the catalytic re-
activity and selectivity. (2) The composite CCA800 exhibits the best
catalytic performance in NOx elimination, presenting the best results of
NO conversion and N2 selectivity at 220 °C. (3) The coexistence and
intergrowth effect among three-phases CuO-CuAl2O4-CeO2 possess a
big advantage in promoting the catalytic performance, which is helpful
for the generation of active sites on the composite surface.
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