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Abstract

XRD, BET, TPR, UV–vis DRS and in situ FT-IR were employed to investigate the dispersion, reduction and CO2-adsorption behaviors of
copper oxide supported on magnesia modified γ -Al2O3 (Mg–Al) samples. The results indicate that magnesia could be highly dispersed on the
surface of γ -Al2O3 to form a monolayer and the dispersion capacity is about 1.55 mmol/(100 m2 γ -Al2O3). For copper oxide supported on
Mg–Al samples, both the dispersion capacity and the reduction temperature of surface CuO decrease with the MgO loading. CO2-adsorption
IR results show that the surface strong basic amount for the catalysts increases with the dispersed MgO loading. In addition, the activity of CO
oxidation suggests that the main active species in this system should be small CuO cluster and the existence of dispersed MgO enhances the
activity of CO oxidation. The catalysts might be applied in pollution control devices for vehicle exhaust, CO gas sensors, catalytic combustion
and gas purification of CO2 lasers. All the results have been discussed by the consideration of the variation of γ -Al2O3 surface structure before
and after magnesia modification.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In the past decades, great attention has been paid to the in-
teraction between active component and support in supported
metal oxides due to their extensive uses in a variety of impor-
tant industrial reactions, e.g., ranging from hydrodesulfuriza-
tion (HDS), cracking, polymerization, and partial oxidation of
hydrocarbons to selective reduction of nitrogen oxides [1–5].
It is well documented that the physicochemical and catalytic
properties of these catalysts would be influenced greatly by
many factors, such as the loading amount of active component,
promoter, temperature for calcination and precursor [6].

γ -Al2O3 is one of the major supports because of its unique
mechanical and chemical properties [7–10] and γ -Al2O3 sup-
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ported catalysts show favorable activity in many reactions such
as Fe–K/γ -Al2O3 for CO2 hydrogenation [11], MoNi/γ -Al2O3
for hydrodesulfurization [12], V/γ -Al2O3 for NH3 selected re-
duction of NOx [13]. Among these catalysts, CuO/γ -Al2O3
shows a potential catalytic activity for the elimination of NOx

and CO oxidation and special attention has been paid to the
substitution of noble metal catalysts in these systems. As re-
ported elsewhere, alumina supported copper oxide is an alter-
native catalysts in practical lean-burn NOx removal application
[14]. Park and Ledford have investigated the activity of CuO/
γ -Al2O3 for CO oxidation and the results suggest that the
turnover frequency (TOF) for CO oxidation would increase
with CuO content [15].

Magnesia, as a promoter, could increase the catalytic activ-
ity in many catalysts. For example, magnesia in Co/γ -Al2O3
catalysts would inhibit interaction between cobalt and alumina,
which results in the enhancement of reducibility of cobalt oxide
and the catalytic activity in CO hydrogenation [16]. Moreover,
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addition of magnesia in NiMo/Al2O3 could increase the cat-
alytic activity of hydrogenolysis [17]. Therefore, many efforts
have been made to investigate the influence of magnesia on the
activity of these catalysts so that the optimal adding amount
and the existing states of magnesia could be controlled. How-
ever, the role of magnesia, the interactions among magnesia,
other active species and support are unclear yet.

In the present work, magnesia was introduced to the CuO/
γ -Al2O3 catalysts as a promoter and attention was mainly paid
to investigate the influence of magnesia loading amounts on the
dispersion, reduction behavior and catalytic activity of copper
oxide in “CO + O2” reaction. Based on the incorporation model
[4], a possible diagram of MgO on the surface of γ -Al2O3 has
been proposed to approach the variation of the properties of
CuO/MgO/γ -Al2O3 catalysts.

2. Materials and methods

2.1. Materials

γ -Al2O3 support, obtained from Fushun Petrochemical In-
stitute of China, was calcined in flowing air at 700 ◦C for 7 h
and the BET surface area is 155.9 m2/g after treatment. Mag-
nesium nitrate and copper nitrate purchased from Shanghai
Reagent Company in China were of analytical grade and used
without further purification. Distilled water was used to prepare
the aqueous solutions.

2.2. Catalyst preparation

MgO/γ -Al2O3 samples were prepared by impregnating
γ -Al2O3 support with an aqueous solution containing the req-
uisite amount of Mg(NO3)2, followed by drying in air at 100 ◦C
overnight and then calcining in flowing air at 450 ◦C for 7 h. For
simplicity, MgO/γ -Al2O3 samples were denoted as xMg–Al,
e.g., 02Mg–Al corresponded to the sample with MgO loading
amount of 0.2 mmol/(100 m2 γ -Al2O3).

CuO/MgO/γ -Al2O3 samples were prepared by impregnat-
ing MgO/γ -Al2O3 support with an aqueous solution containing
the requisite amount of Cu(NO3)2. The samples were dried
in air at 100 ◦C overnight and then calcined in flowing air at
450 ◦C for 7 h. For simplicity, CuO/MgO/γ -Al2O3 samples
were denoted as xCu–yMg–Al, e.g. 04Cu–06Mg–Al repre-
sented the sample with CuO and MgO loading amounts of 0.4
and 0.6 mmol/(100 m2 γ -Al2O3), respectively.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained with a
Philips X’pert Pro diffractometer using Ni-filtered CuKα ra-
diation (0.15418 nm). The X-ray tube was operated at 40 kV
and 40 mA.

Brunauer–Emmett–Teller (BET) surface areas were mea-
sured by nitrogen adsorption at 77 K on a Micromeritics ASAP-
2020 adsorption apparatus.

UV–vis diffuse reflectance spectra (UV–vis DRS) were
recorded in the range of 200–900 nm by a Shimadzu UV-2401
spectrophotometer with BaSO4 as reference.
In situ Fourier-transform infrared spectroscopy (FT-IR) was
carried out on a Nicolet 5700 FT-IR instrument running at
4 cm−1 resolution. The high temperature cell, equipped with
KBr windows, was connected to an all-Pyrex glass Gas/Vac sys-
tem and evacuated to <10−1 Pa. The FT-IR signal was collected
after CO2 adsorption at room temperature and sequential evac-
uation at increasing temperatures.

Temperature-programmed reduction (TPR) was carried out
in a quartz U-tube reactor, and a 100 mg sample was used for
each measurement. Before reduction, the sample was pretreated
in N2 stream at 100 ◦C for 1 h and then cooled to the room
temperature. After that, the H2–Ar mixture (7% H2 by volume)
was switched on and the temperature was increased at a rate of
10 ◦C/min. A thermal conductivity cell was used as a detector.

The activities for “CO + O2” reaction were measured un-
der steady state, using a feed stream with a fixed composition,
CO 1.6%, O2 20.8% and N2 77.6% by volume. 50 mg sam-
ple was used for each test and a quartz tube was employed
as the reactor. The catalysts were pretreated in N2 stream at
100 ◦C for 1 h and then heated to reaction temperature. After
that, the mixed gases were switched on. The reactions were car-
ried out at different temperatures with the same space velocity
of 15,000 ml (g h)−1. Two chromatogram columns and thermal
conduction detector (TCD) were used to analyze the products.
Column A was packed with 13X molecular sieve for separat-
ing O2, N2 and CO; column B with Porapak Q for monitoring
CO2.

3. Results and discussion

3.1. Dispersion of magnesia on γ -Al2O3

Fig. 1A shows XRD patterns of γ -Al2O3 and xMg–Al
samples with different magnesia loading amounts. When the
magnesia loading amount is lower than 1.8 mmol/(100 m2

γ -Al2O3), no typical diffraction peaks of crystalline MgO
can be observed, except those of γ -Al2O3 support. How-
ever, as the magnesia loading amounts increases from 1.8 to
3.0 mmol/(100 m2), the characteristic peaks corresponding
to crystalline MgO (centered at 2θ = 42.8 and 62.1◦) appear
and their intensity increases with the magnesia loadings. XRD
quantitative analysis is carried out by measuring the area ra-
tio of crystalline MgO peak at 42.8◦ and support peak at 45.7◦
as a function of MgO loading [3,18]. The result indicates
that the dispersion capacity of magnesia on γ -Al2O3 is about
1.55 mmol/(100 m2) as shown in Fig. 2A, which is basically
in agreement with the value reported in our previous work, i.e.,
1.50 mmol/(100 m2) [4].

The BET results of xMg–Al samples with different MgO
loadings are listed in Table 1. When the loading of MgO ranges
from 0.2 to 1.8 mmol/(100 m2), the BET surface area is around
150 m2/g, which is approximate to that of γ -Al2O3. The results
imply that the dispersed magnesia forms a monolayer on the
surface of γ -Al2O3. While for the sample with MgO loading of
2.5 mmol/(100 m2), the BET surface area decreases evidently
due to the formation of crystalline MgO.
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Fig. 1. XRD patterns of (A) xMg–Al samples; (B) xCu–06Mg–Al samples;
(C) xCu–25Mg–Al samples.

Table 1
BET results of xMg–Al samples

Sample BET specific surface

area (m2/g)

γ -Al2O3 155.9
02Mg–Al 157.0
06Mg–Al 147.0
10Mg–Al 153.7
18Mg–Al 150.8
25Mg–Al 129.1

3.2. Dispersion of CuO on MgO modified γ -Al2O3 support

Fig. 1B shows the XRD patterns of xCu–06Mg–Al sam-
ples. For all samples, the typical characteristic peaks of crys-
talline CuO (centered at 35.5 and 38.8◦) can be observed. Ac-
cording to the function between the area ratio of crystalline
CuO peak at 48.9◦ and γ -Al2O3 peak at 45.9◦ and copper
oxide loading, XRD quantitative result indicates that the dis-
persion capacity of copper oxide on 06Mg–Al support is about
0.15 mmol/(100 m2), as shown in Fig. 2B. As reported pre-
viously, for γ -Al2O3, the (110) plane is the preferentially ex-
posed plane with the octahedral and tetrahedral vacant, and this
plane consists of C- and D-layers, which have equal exposure
probabilities [19–21]. It is reported that there is no variation in
coordination number of Mg ions in crystalline MgO and MgO/
γ -Al2O3 samples with the lower MgO loading [22]. Consid-
ering the octahedral coordination structure of Mg2+ in MgO,
it seems to suggest that magnesia might preferentially incor-
porate into the surface octahedral vacant sites of γ -Al2O3 in
current experimental conditions as shown in Fig. 3. In this
case, the average density of the octahedral vacant sites is about
2 sites/mesh (noting that the area of each mesh is 0.4435 nm2

by the consideration of 0.14 nm for the radius of O2− ion)
of the C- and D-layers, corresponding to 0.75 mmol/(100 m2

γ -Al2O3). Along this line, the density of the remained octahe-
dral vacant sites for 06Mg–Al is about 0.15 mmol/(100 m2),
i.e., 0.75 (octahedral vacant sites) − 0.6 (octahedral vacant
sites occupied by Mg2+) = 0.15 (remained octahedral vacant
sites), which implies that, for per 100 m2 06Mg–Al support,
0.15 mmol octahedral vacant sites could be used for the incor-
poration of the dispersed copper ions. Furthermore, with the
combination of the previous report that Cu2+ cations of the dis-
persed copper oxide species can only incorporate into the octa-
hedral vacant sites of γ -Al2O3 when calcined at 450 ◦C [4,23],
it could be calculated that the dispersion capacity of copper ox-
ide on 06Mg–Al support is about 0.15 mmol/(100 m2), and this
prediction has been supported by the results shown in Fig. 2B.

XRD patterns of xCu–25Mg–Al samples are shown in
Fig. 1C. The typical characteristic diffraction peaks of crys-
talline CuO can be observed in all patterns and their intensity
increases with the CuO loading, indicating the formation of
crystalline CuO in all samples. XRD quantitative result shows
that the beeline goes through the origin as shown in Fig. 2C,
which means CuO does not disperse on 25Mg–Al support. As
discussed above, for the samples with high MgO loading, dis-
persed MgO has occupied all vacant sites on the surface of
γ -Al2O3. Consequently, Cu2+ cations could not incorporate
into the surface vacancies on 25Mg–Al and crystalline CuO
would form in all xCu–25Mg–Al samples.

Fig. 4 presents the UV–vis spectra of some xCu–yMg–Al
samples. For comparison, UV–vis spectra of 06Mg–Al and
06Cu–Al samples have also been presented in Fig. 4, spectra
a and b. Two very strong absorption bands at about 210–350
and 600–900 nm can be detected in 06Cu–Al, 04Cu–06Mg–
Al and 08Cu–06Mg–Al samples, as shown in Fig. 4 (spectra
b–d), which can be assigned to charge-transfer from oxygen
to copper [24–27] and d–d transitions of Cu2+ situated in the
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Fig. 2. Quantitative XRD results of (A) xMg–Al samples; (B) xCu–06Mg–Al samples; (C) xCu–25Mg–Al samples.
Fig. 3. The diagram for the incorporated Mg2+ in the surface vacant sites on
the (110) plane of γ -Al2O3.

octahedral environment [27–29], respectively. For crystalline
CuO, there are two broad absorption bands at about 290 and
600 nm as reported in our previous work [30]. Therefore, for
04Cu–06Mg–Al and 08Cu–06Mg–Al samples, the broadening
of the absorption bands at 230 and 700 nm might be attributed
to the co-contribution of the surface dispersed oxide species
and crystalline CuO. However, for the 08Cu–25Mg–Al sam-
ple, combined with XRD results in Fig. 1C, these two bands at
about 290 and 600 nm should be attributed to the absorption of
crystalline CuO.

To approach the relationship between surface basic property
of the catalyst and variation of Cu and Mg loadings and tem-
peratures, in situ FT-IR techniques were used to monitor the
adsorption and desorption behaviors of CO2 probe molecules
on the surface of xCu–yMg–Al catalysts. Fig. 5 shows the in
situ FT-IR spectra of 06Mg–Al, 04Cu–06Mg–Al and 04Cu–
25Mg–Al samples. For 06Mg–Al sample, as shown in Fig. 5A,
three species of adsorbed CO2, i.e., unidentate carbonate on
Fig. 4. UV–vis spectra: (a) 06Mg–Al; (b) 06Cu–Al; (c) 04Cu–06Mg–Al;
(d) 08Cu–06Mg–Al; (e) 08Cu–25Mg–Al.

the isolated O2− ions (νsOCO at 1454 cm−1 and νasOCO at
1558 cm−1) [31,32], bidentate carbonate on Mg2+–O2− pair
(νsOCO at 1339 cm−1 and νasOCO at 1612 cm−1) [33] and
bicarbonate with the surface hydroxyl groups resulted from
CO2 adsorption (δHOC at 1225 cm−1, νsOCO at 1417 cm−1

and νasOCO at 1648 cm−1) [31,34,35], were detected and the
diagrams of the absorbents were shown in Figs. 5a–5c, respec-
tively. For 06Mg–Al and 04Cu–06Mg–Al samples (Figs. 5A
and 5B), the adsorption peaks attributed to the bicarbonate
species would disappear after evacuation at 100 ◦C, while the
adsorption peaks attributed to the bidentate carbonate bands
become stronger with the disappearance of the bicarbonate
species. Therefore, the bidentate carbonate species are more
stable than the bicarbonate species on the surface of these cat-
alysts, which is basically consistent with the work reported by
Mekhemer et al. [32].
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Fig. 5. In situ FT-IR spectra of CO2 adsorbed on (A) 06Mg–Al; (B) 04Cu–06Mg–Al; (C) 04Cu–25Mg–Al.
For 04Cu–25Mg–Al sample, as shown in Fig. 5C, only the
vibration mode of unidentate carbonate at 1454 (νsOCO) and
1557 cm−1 (νasOCO) can be detected; the intensities of these
bands are stronger than those of 06Mg–Al and 04Cu–06Mg–
Al. Recalling the XRD results, the amount of dispersed MgO
in this sample is about 1.55 mmol/(100 m2). Meanwhile, the
strength order for surface basic sites is O2− ions > oxygen in
Mg2+–O2− pair > OH groups [36]. From the above in situ FT-
IR results, it might be deduced that the density of strong basic
sites increases with the dispersed MgO.

3.3. Reduction behavior of copper oxide in
CuO/MgO/γ -Al2O3 samples

Fig. 6 shows the TPR profiles of xCu–06Mg–Al samples. In
addition, crystalline CuO and 06Cu–Al samples have been em-
ployed for comparison, as shown in Fig. 6 (profiles a and b).
Comparing 04Cu–06Mg–Al sample with 06Cu–Al, the peaks
at around 232 and 252 ◦C should be attributed to the reduc-
tion of dispersed CuO species on the surface of γ -Al2O3 and
CuO cluster in contact with γ -Al2O3 surface, respectively. For
08Cu–06Mg–Al sample (Fig. 6d), the main reduction occurs at
about 265 ◦C, which should be ascribed to the reduction of large
crystalline CuO particles. With the increase of CuO loading,
this reduction peak shifts to the higher temperature slightly and
Fig. 6. TPR profiles of (a) CuO; (b) 06Cu–Al; (c–g) xCu–06Mg–Al sam-
ples with copper oxide loadings of 0.4, 0.8, 1.4, 2.2, and 2.6 mmol/(100 m2

γ -Al2O3), respectively.

the intensity of the peak increases gradually, which should be
related to the formation and agglomeration of crystalline CuO.

TPR profiles of xCu–25Mg–Al samples are shown in
Fig. 7A and the result of crystalline CuO is also presented for
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Fig. 7. TPR profiles of (A): (a) CuO and (b–g) xCu–25Mg–Al samples with
copper oxide loadings of 0.4, 0.8, 1.4, 1.8, 2.2, and 2.6 mmol/(100 m2

γ -Al2O3), respectively; (B): (a and b) xCu–Mg samples with copper oxide
loading amounts of 0.6 and 3.0 mmol/(100 m2 MgO), respectively.

comparison. Only one reduction peak at about 250 ◦C can be
observed in all TPR profiles of xCu–25Mg–Al samples, which
should be ascribed to the reduction of the formed crystalline
CuO. Noting that the reduction temperatures of the formed
crystalline CuO in xCu–25Mg–Al samples are much lower than
that of the crystalline CuO in Fig. 7A, profile a, which should
be resulted from the interaction between the formed crys-
talline CuO and the 25Mg–Al supports. Considering some of
the formed crystalline MgO in xCu–25Mg–Al samples, the re-
duction behaviors of xCu–Mg samples have been approached,
and the results are shown in Fig. 7B. For xCu–Mg samples,
the reduction peak referring to crystalline CuO was at about
284 ◦C, which is higher than that in xCu–25Mg–Al samples
(250 ◦C) and in xCu–06Mg–Al samples (270 ◦C). Recalling
the XRD results, for xCu–06Mg–Al samples, Mg2+ would
preferentially occupy the octahedral vacant sites on the γ -
Al2O3 surface; while for xCu–25Mg–Al samples, Mg2+ would
occupy all the octahedral and tetrahedral vacant sites. Consid-
ering the octahedral coordination structure of Mg2+ in MgO,
these results seem to suggest that Mg2+ in tetrahedral coordi-
nation environment would promote the reduction of crystalline
CuO more than that in octahedral coordination environment. In
the present experimental condition, it could be concluded that
the reduction temperatures of crystalline copper oxide species
mentioned above have an order as follows: crystalline CuO >

crystalline CuO of xCu–06Mg–Al > crystalline CuO of xCu–
25Mg–Al.

3.4. Catalytic activities of the Cu–Mg–Al catalysts

To explore the relationship between catalytic properties and
compositions of catalysts, catalytic activities of xCu–06Mg–
Al and xCu–25Mg–Al samples for CO oxidation are tested in
the range of 200–300 ◦C, as presented in Fig. 8. (For the Mg–
Al samples, no catalytic activities for CO oxidation could be
Fig. 8. CO oxidation activity of xCu–06Mg–Al and xCu–25Mg–Al sam-
ples with different CuO loading amounts of 0.4, 0.8, and 1.4 mmol/(100 m2

γ -Al2O3) at different temperatures.

detected in our experimental conditions.) For xCu–06Mg–Al
samples, 04Cu–06Mg–Al sample shows the highest activity.
According to the XRD and TPR results, both dispersed copper
oxide and surface copper oxide cluster exist in 04Cu–06Mg–
Al sample. The results indicate that the activity of surface CuO
cluster on γ -Al2O3 in xCu–06Mg–Al samples is much higher
than that of large CuO particle in these samples for the “CO
+ O2” reaction. Ma et al. have investigated the redox behav-
ior and catalytic properties of CuO/Ce0.8Zr0.2O2 catalysts; the
results indicate that the dispersed copper oxides would hardly
contribute to the catalytic activity for the “NO + CO” reac-
tion and the catalytic activity is mainly related to the moderate
size bulk CuO [37]. For xCu–25Mg–Al samples, copper oxide
species exist mainly as the crystalline CuO in these samples.
The catalytic activities of these samples would increase with the
copper oxide loading, which is supported by the CO oxidation
test results [15]. Noticeably, for the xCu–06Mg–Al and xCu–
25Mg–Al samples with corresponding CuO loading (x = 08
and 14), the catalytic activities of xCu–25Mg–Al samples for
“CO + O2” reaction are higher than those of xCu–06Mg–Al
samples. Considering the existence of dispersed copper oxide
species in xCu–06Mg–Al samples, the results suggest that the
activity of dispersed copper oxide species is lower than that
of large CuO particle, as reported elsewhere [15]. Through
current work, for copper oxide supported on magnesia mod-
ified γ -Al2O3 samples, the activity of copper oxide species
in these samples would decrease in this order: small clus-
ter of CuO � large CuO particle > dispersed copper oxide
species.

Fig. 9 shows the catalytic activities of the samples before
and after MgO modification and the result of 06Cu–Mg sample
is also presented for comparison. As can be seen, the catalytic
activities of xCu–06Mg–Al are higher than those of xCu–Al
samples. However, the activity of 06Cu–Mg sample is the low-
est and the conversion only reaches 11% at 300 ◦C. Arnby et al.
showed that the addition of magnesia to Pt/Al2O3 catalyst lead
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Fig. 9. CO oxidation activity of xCu–06Mg–Al and xCu–Al samples with dif-
ferent CuO loading amounts of 0.4 and 0.8 mmol/(100 m2 γ -Al2O3) and
xCu–Mg samples with copper oxide loading amounts of 0.6 mmol/(100 m2

MgO) at different temperatures.

to weaker absorption of carbon monoxide on Pt dispersed on or
close to magnesia and as a result, activity for “CO + O2” reac-
tion increased [38]. In our study, dispersed MgO might result in
weak absorption of CO on CuO and hence enhance the activity
of carbon monoxide oxidation.

4. Summary

From XRD results, the dispersion capacity of magnesia on
the surface of γ -Al2O3 is about 1.55 mmol/(100 m2), which
is basically in agreement with the value predicted by the incor-
poration model (i.e., 1.5 mmol/(100 m2)). For xCu–06Mg–Al
samples, the dispersion capacity of copper oxide on 06Mg–Al
support is about 0.15 mmol/(100 m2), which means that the
dispersion of copper oxide is influenced by the MgO loadings,
i.e., the Cu2+ ions can incorporate into the surface octahedral
vacant sites which have not been occupied by the Mg2+ ions. In
situ FT-IR results suggest that bidentate carbonate are the most
stable species among the three species of adsorbed CO2 and
the density of strong basic sites increases with the dispersed
MgO. The reduction behaviors of copper oxide species should
be correlated with the magnesia loadings, i.e., the reduction
temperature of crystalline CuO in xCu–25Mg–Al samples is
lower than that in xCu–06Mg–Al samples with the correspond-
ing CuO loading amount, which indicates that Mg2+ in tetra-
hedral coordination environment would promote the reduction
of crystalline CuO more remarkably than that in octahedral co-
ordination environment. CO oxidation activity results suggest
that for copper oxide supported on Mg–Al samples, small CuO
cluster should be the primary active species, and the existence
of dispersed MgO enhances the activity of carbon monoxide
oxidation.
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