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Abstract

A series of CuO/Al2O3 catalysts for CO oxidation were prepared by impregnation method with different loadings. CuO species and
solid–solid interaction in CuO/Al2O3 catalysts were characterized by high-temperature in situ XRD, Raman spectroscopy and H2-TPR
techniques. CuAl2O4 is formed as a result of solid–solid interaction between CuO and Al2O3 when the calcination temperature reached
700◦C. Combine with XRD and Raman results, it is found that CuO species is on the surface region of CuO/Al2O3 catalysts, while CuAl2O4
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s in the internal layer of CuO. The formation of CuAl2O4 inhibits CuO diffusing into Al2O3 support, which indicates that CuO can stabi
n the surface region of the catalysts at high temperatures. There are three H2-TPR peaks namely,α1, α2 andβ, which are attributed to th
ighly dispersed CuO species, bulk CuO species, and spinel CuAl2O4, respectively. The activity of CuO/Al2O3 catalysts for CO oxidatio

ncreased with increasing CuO loading. However, the increase of calcination temperature from 400 to 900◦C resulted in a decrease of t
ctivity in CO oxidation. Combine with H2-TPR and CO oxidation activity, it is supposed that the catalytic activity is related to both the
ispersed CuO and bulk CuO.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Copper oxide supported on alumina system is one of the
ost important catalysts used for several organic reactions,
specially widely used in the environmental catalysis area

1,2]. For carbon monoxide oxidation, CuO/Al2O3 catalysts
ven may substitute the noble metals catalysts because of
heir high catalytic activity[3]. Therefore, CuO/Al2O3 cat-
lysts have been widely studied by a variety of instrumental

echniques, including X-ray diffraction (XRD), electron spin
esonance (ESR), X-ray photoelectron spectroscopy (XPS),
hermal analysis (TG-DTA), X-ray absorption fine struc-
ure (EXAFS), temperature-programmed reduction (TPR),
emperature-programmed desorption (TPD)[4–6], scanning
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electron micrography (SEM)[7], in situ Fourier trans
form infrared (FT-IR) [8] spectroscopy et al. Howev
when the calcination temperature is higher than 700◦C,
CuAl2O4 will be formed by solid–solid interaction betwe
CuO and Al2O3 [2,4,9]. Fand et al.[10] reported tha
conversion of CuO into CuAl2O4 via solid–solid inter
action with Al2O3 is normally followed by a decrea
in CO oxidation activity simply because CuO exhibi
activity higher than that of CuAl2O4. It is well known
that the catalytic activities and thermal stabilization
a great deal of solids can be modified by adding s
amount of foreign elements into them[11,12]. Consequently
the addition of small amounts of other cations such
Zn2+, Ca2+, Sr2+, La3+, Ga3+, Cr3+, Sm3+, Ge4+, Zr4+,
and Ce4+ to the CuO/Al2O3 catalysts have been found
influence the chemical interaction between the CuO
Al2O3 and exhibit high catalytic performance[3,13,14].
The CuO/Al2O3 catalysts also have been prepared in
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ferent methods in order to improve the catalytic proper-
ties of CuO/Al2O3 catalysts. Chang et al.[7] found the
Cu/Al2O3 catalysts prepared by electroless planting tech-
nique showed a relatively higher acidity than that prepared
by other methods. Bond et al.[15] studied the thermal anal-
ysis of CuO/Al2O3 catalysts precursors using three prepa-
ration methods, which were impregnation, ion exchanged,
and deposition–precipitation; Miyahara et al.[16] stud-
ied the liquid-phase oxidation of benzene to phenol on
CuO/Al2O3 catalysts prepared by co-precipitation method.
Although the oxidation of CO over copper oxide has been
studied since 1923, the effect of this solid–solid interac-
tion on the CO oxidation activity needs further investiga-
tions.

The aim of the present work is to study the process of the
solid–solid interaction between CuO and Al2O3 and to inves-
tigate the transformation of surface CuO species, the effect
of the solid–solid interaction on the CO oxidation activity.
The results indicate that the formation of CuAl2O4 inhibits
the reaction of CuO and Al2O3, this will give new sight
on the study of CuO species and the formation process of
CuAl2O4.

2. Experimental
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2.3. Laser Raman spectra

Room-temperature Raman were excited at 632.8 nm using
a He–Ne laser. Spectra were obtained with a Renishaw
RM1000 confocal microscope. The resolution is±1 cm−1.

UV–vis absorption spectra were recorded on a JASCO V-
550 spectrophotometer equipped with an integrating sphere.

2.4. H2-TPR

The reduction properties of CuO/Al2O3 catalysts were
measured by means of temperature-programmed reduction
(TPR) techniques. A 10 mg sample was placed in a quartz
reactor which was connected to a conventional TPR appara-
tus, The reactor was heated form room temperature to 900◦C
at a heating rate of 20◦C min−1 and the amount of H2 uptake
during the reduction was measured by thermal conductivity
detector (TCD).

2.5. Catalytic activity of CO oxidation

Catalytic activity measurements were carried out in a fixed
bed reactor (6 mm i.d.) using 150 mg catalyst. The total flow
rate of the feed gas was 80 ml min−1. The catalysts were
directly exposed to reaction gas as the reactor temperature
stabilized at the reaction temperature without any pretreat-
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.1. Preparation of catalysts

CuO/Al2O3 catalysts were prepared by impregna
ethod with copper nitrate aqueous solution of the de

oncentrations. The support was�-Al2O3 with 40–60 meshe
nd BET surface area is 240 m2 g−1. The samples we
ried at 120◦C and followed calcined at 400, 500, 600, 7
00, and 900◦C, respectively. The loading amounts of C
xpressed as wt.% CuO in CuO/Al2O3 were 1.23, 2.44, 5.8
1.1, 20.0, 27.3, and 33.3%, respectively. The catalysts
enoted as CuO (x%)/Al2O3.

CuO was prepared by thermal decomposition
u(NO3)2·3H2O at 800◦C for 4 h in air. CuAl2O4 was pre
ared by mixing stoichiometric amounts of Cu(NO3)2·3H2O
nd Al(NO3)3·9H2O in distilled water and heating at 120◦C
vernight. The resultant mixture was finely ground and
equently calcined at 800◦C for 4 h.

.2. XRD analysis of crystal phase

X-ray diffraction (XRD) patterns were collected on
HILIPS PW 3040/60 powder diffractometer using Cu�

adiation. The working voltage of the instrument was 40
nd the current was 40 mA. The intensity data were colle
t 25◦C in a 2θ range from 20◦ to 75◦ with a scan rate o
.1◦ s−1. The high-temperature experiments were carried
sing an X-ray reactor chamber XRK-900 Anton Paa
hich the scan rate was 0.1◦ s−1 and the XRD patterns we

ecorded at the reductive atmosphere. The reductive ga
ained 5% H2 and 95% N2.
ent. For CO oxidation, the gas consisted of 2.4% CO
.2% O2 in N2 with a total flow rate 80 ml (NTP) min−1.
he analysis of the CO2 concentration in the reactor efflue
as performed by means of a GC (13× molecular sieve an
ropark Q) equipped with a thermal conductivity dete

TCD).

. Results and discussion

.1. Phase analysis of catalysts

The XRD patterns of CuO (33.3%)/Al2O3 catalysts cal
ined at different temperatures are shown inFig. 1. The crys
alline phase were identified in comparison with ICDD fi
CuO, PDF No. 80-1268; CuAl2O4, PDF No. 78-1605.) Th
iffraction peaks of CuO gradually decrease with increa
alcination temperature. On the other hand, CuAl2O4 diffrac-
ion peaks appear at 700◦C, and the intensity of CuAl2O4
iffraction peaks increases with increasing calcination
erature from 700 to 800◦C, but further increasing the ca
ination temperature, the intensity of the diffraction peak
00◦C is closed to that at 800◦C. This indicates that CuAl2O4

ayer formed by solid–solid interaction between CuO
l2O3 inhibits CuO diffusing into Al2O3 support.
Fig. 2 shows the XRD patterns of CuO (x%)/Al2O3 cat-

lysts calcined at 800◦C. For Al2O3 support calcined a
00◦C, weak diffraction peaks of�-Al2O3 and�-Al2O3 are
bserved. There are no visible diffraction lines due to C
t low CuO loading (<5.88%). This indicates CuO spe
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Fig. 1. XRD patterns of CuO (33.3%)/Al2O3 catalysts calcined at different
temperatures.

on the alumina surface exist as highly dispersed species. As
the CuO loading increases to 5.88%, the diffraction peaks of
CuAl2O4 become apparented. However, the CuO phase is not
detected until CuO loading is higher than 11.1%. The inten-
sity of CuAl2O4 diffraction peaks increases with increasing
CuO loading from 5.88 to 20.0%. After CuO loading is higher
than 20.0%, the intensity of CuAl2O4 diffraction peak is
closed to that of 20.0%. This indicates that a part of CuO
changes into CuAl2O4 via solid–solid interaction with Al2O3
[10]. By the time that a large amount of CuAl2O4 has formed,
the CuAl2O4 layer inhibits CuO diffusing into Al2O3 support.

3.2. Raman spectra analysis of catalysts

Fig. 3 shows the laser Raman spectra of CuO (33.3%)/
Al2O3 catalysts calcined at different temperatures. For CuO
(33.3%)/Al2O3 catalysts calcined at different temperatures,

Fig. 3. Laser Raman spectra of CuO (33.3%)/Al2O3 catalysts calcined at
different temperatures.

three bands at 290, 340, and 628 cm−1 are observed. These
bands are attributed to the bulk CuO[17,18]. For CuAl2O4
sample, two bands at 1379 and 1402 cm−1 are observed.
Although XRD can detect both bulk CuO and spinel CuAl2O4
in CuO (33.3%)/Al2O3 catalysts, in Raman spectra only bulk
CuO is observed.

Fig. 4shows the laser Raman spectra of CuO/Al2O3 cat-
alysts calcined at 800◦C with different CuO loadings. For
Al2O3 calcined at 800◦C there are two obvious bands at 1179
and 1230 cm−1 are observed, and the relatively weak bands
at 1379 and 1402 cm−1 also can be observed. With increas-
ing CuO loading from 1.23 to 11.1%, the intensity of bands
at 1179 and 1230 cm−1 diminishes till disappears, while the
intensity of bands at 1379 and 1402 cm−1 increases obvi-
ously. When CuO loading is higher than 20.0%, the bands at
1379 and 1402 cm−1 disappear; meanwhile, the Raman bands
of bulk CuO appear. Under the excitation of 632.8 nm, the two
strongest bands at Raman shifts of 1379 and 1402 cm−1 are

F at
8
Fig. 2. XRD patterns of CuO (x%)/Al2O3 catalysts calcined at 800◦C.
ig. 4. Laser Raman spectra of CuO (x%)/Al2O3 catalysts calcined
00◦C.
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closed to the strong emission centered to band at 693.3 nm and
694.4 nm of the Cr3+ and Fe3+ fluorescence band in a spinel or
�-Al2O3 environment[19–22]. Meanwhile, the bands at 1179
and 1230 cm−1 are closed to emission bands centered at 683.8
and 686.2 nm of the Cr3+ fluorescence bands in�-Al2O3 envi-
ronment[19]. As �-Al2O3 is not observed in XRD patterns,
in addition,�-Al2O3 only forms at higher than 1100◦C. As
we know, CuAl2O4 has the same spinel structure as�-Al2O3
[20]. Therefore, the strong bands at 1379 and 1402 cm−1 are
attributed to the emission bands at 693.3 and 694.4 nm of the
impurity Cr3+ and Fe3+ fluorescence in CuAl2O4 environ-
ment.

Generally speaking, Raman spectra can record the Raman
bands of surface region and the bulk of the sample at the
same time, but when the sample has a strong absorption
on the Raman laser, then the Raman spectra mainly afford
the information at the surface region[23]. Fig. 5 shows the
UV–vis diffuse reflectance spectra of CuO (33.3%)/Al2O3
catalyst calcined at 800◦C. There is a broad absorption band
from 220 to 700 nm and the electronic absorption of CuO
(33.3%)/Al2O3 is very strong. The laser radiation used as
the excitation in this work was at 632.8 nm, which is in the
electronic adsorption area of the sample. So the catalyst can
adsorb most of the Raman laser that enter into the bulk of the
sample, then the Raman spectra can separate the information
of surface region from the bulk of the sample[23]. In another
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in low CuO loadings we cannot see obvious XRD diffraction
peaks or Raman bands that refer to CuO, it does not mean that
there are no CuO exist, as the highly dispersed CuO cannot
give the corresponding viewable information.

3.3. H2-TPR of catalysts

Fig. 6shows the H2-TPR profiles of CuO (33.3%)/Al2O3
catalysts calcined at different temperatures. It can be seen
there are three H2-TPR peaks, namely,α1 (230–255◦C), α2
(275–300◦C), andβ (450–490◦C). With increasing calci-
nation temperature the intensity of peakα1 increases slowly
and the position of that shifts to lower temperature. However,
the intensity of peakα1 reaches the maximum for the cata-
lyst calcined at 600◦C, and the position of that shifts to the
lowest temperature for the catalysts calcined at 700◦C. The
intensity of peakα2 monotonously decreases with increas-
ing calcination temperature. After the catalysts calcined at
700◦C, the intensity of peakα2 is closed to half of that at
600◦C. In addition, peakβ appears for the catalysts calcined
at 700◦C and above.

In order to reveal the attribution of TPR peaks, in situ XRD
patterns is measured under the flowing mixed gas whose com-
ponent is the same as the H2-TPR gas.Fig. 7 is in situ XRD
patterns of CuO (33.3%)/Al2O3 catalyst calcined at 800◦C.
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ords, the Raman spectroscopy is found to be more sen
t surface region while XRD supply the information mai

rom the bulk. As we know that the results from XRD rev
he information of the surface and bulk totally. At high C
oading only CuO is observed in Raman spectra. This l
s to conclude that CuAl2O4 is in the intermediate betwe
urface CuO and Al2O3 support. With increasing the yie
f CuAl2O4 at high temperature, in other words, to enha

he thickness of CuAl2O4 layer, CuO on the surface regi
ecomes more difficult to diffuse into Al2O3 support, then th
esidual CuO can stabilize on the surface region. Altho

ig. 5. UV–vis diffuse reflectance spectra of CuO (33.3%)/Al2O3 catalys
alcined at 800◦C.
rom Fig. 7, it can be seen that the intensity of diffract
eaks at 250◦C is similar to that at 25◦C. Diffraction peak
f CuO disappear after temperature reaches 300◦C while
rystalline Cu is observed. The intensity of diffraction pe
f CuAl2O4 gradually diminishes from 400 to 800◦C. Com-
ined withFig. 6, that TPR peakα1 is attributed to reductio
f highly dispersed CuO species, peakα2 is contributed to

he reduction of bulk CuO species; peakβ is attributed to
eduction of CuAl2O4.

ig. 6. H2-TPR profiles of CuO (33.3%)/Al2O3 catalysts calcined at diffe
nt temperatures.
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Fig. 7. In situ XRD patterns under the flowing mixture gas of H2 (5%)–N2

(95%) for CuO (33.3%)/Al2O3 catalyst calcined at 800◦C.

The H2-TPR profiles of CuO/Al2O3 catalysts calcined at
800◦C with different CuO loadings are showed inFig. 8.
Compared withFig. 6, it implies that peaksα1, α2 and β

are attributed to the reduction of the highly dispersed CuO,
bulk CuO [24,25] and spinel CuAl2O4 [26], respectively.
With increasing the CuO loading the intensity of peakα1
increases and shifts to lower temperature, meanwhile, a new
and weak peakβ appears at relatively high temperature (about
470◦C). Peakβ obviously increases after the CuO load-
ing increases to 20.0%, at the same time the peakα2 is
observed. Further increasing CuO loading, the changes of
peakα1 andβ are not evidently, but peaksα2 has increased
obviously. This suggests that both the highly dispersed CuO
and CuAl2O4 exist at low CuO loading, contrarily, bulk CuO
appears merely at high CuO loading (>5.88%). From the TPR

results, it indicates that there are highly dispersed CuO on
the surface at low CuO loading. These highly dispersed CuO
(small CuO dust) are not detectable by XRD and Raman
spectroscopy.

3.4. The catalytic activity for CO oxidation

Fig. 9 shows the activity of CuO (33.3%)/Al2O3 cata-
lysts calcined at different temperatures for CO oxidation.
The activity of CuAl2O4 alone is also showed for compar-
ing. As the calcination temperature increasing from 400 to
600◦C, the catalytic activity decreases gradually. However,
the catalytic activities reduce obviously when the calcination
temperature exceeds 700◦C, and the activity of CuAl2O4 is
the lowest. Combined with H2-TPR (Fig. 6), due to the inten-
sity of peakα1 does not change evidently, but the intensity of
peakα2 for the catalysts calcined at 600, 700, and 800◦C is
closed to half of that at 400, 500, and 600◦C. This shows that
the CO oxidation activity of CuO (33.3%)/Al2O3 catalysts is
chiefly related to the bulk CuO.

Fig. 10 shows the activity of CuO/Al2O3 catalysts cal-
cined at 800◦C with various CuO loadings for CO oxidation.
The catalytic activity of CuO/Al2O3 catalysts enhances with
increasing the CuO loading. However, the activity increases
slowly when the CuO loading exceeds 5.88%. This indi-
c
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Fig. 8. H2-TPR profiles of CuO (x%)/Al2O3 catalysts calcined at 800◦C.
ates that conversion of CuO into CuAl2O4 via solid–solid
nteraction with Al2O3 is normally followed by a decrea
n CO oxidation activity simply because CuO exhibi
ctivity higher than that of CuAl2O4 [10]. Combined with
PR results inFig. 8, as the CuO loading exceeds 5.88

he intensity of peakα1 increases slowly and the positi
f that shifts to lower temperature, while peakα2 appear
nd increases quickly. This suggests that the CO oxid
ctivity of CuO/Al2O3 catalysts with different loading
ainly related to the highly dispersed CuO species. C
ect with Figs. 9 and 10, it is supposed that the CO o

ig. 9. Activity of CuO (33.3%)/Al2O3 catalysts calcined at different te
eratures for CO oxidation.
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Fig. 10. Activity of CuO (x%)/Al2O3 catalysts calcined at 800◦C for CO
oxidation.

dation activities are related to both the highly dispersed
CuO species and the bulk CuO species. The highly dis-
persed CuO has stronger effect on the catalytic activities
than the bulk CuO. In totally, the CO oxidation activity of
CuO/Al2O3 catalysts calcined at different temperatures is
related to the highly dispersed CuO species, meanwhile, the
catalysts with different loadings show better matching with
the bulk CuO.

4. Conclusions

Crystalline CuAl2O4 has formed by solid–solid interac-
tion in CuO/Al2O3 catalysts after calcined at 700◦C and
above. As the yield of CuAl2O4 increases, the CuO in the
surface region becomes more difficult to diffuse into the sup-
port then can stabilize on the surface of the catalysts. There
are three H2-TPR peaks for CuO/Al2O3 catalysts, namely,
α1, α2, andβ. Combined with in situ XRD, the three peaks
were attributed to the highly dispersed CuO species, bulk
CuO species and spinel CuAl2O4, respectively. The results
of CO oxidation activity indicate that the catalytic activities
are related to both the highly dispersed CuO species and bulk
CuO species.
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