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Abstract Copper catalysts supported on magnesia pro-
moted ceria are synthesized and used for NO reduction by
CO. The supports and the subsequent Cu catalysts are
prepared by citric acid sol-gel and impregnation methods,
respectively. The results of N,-physisorption, XRD, EPR
and TPR measurements indicate that the Mg addition
promotes not only the dispersion of CuO, but also the
formation of Cu—O-Ce solid solution. The highest amount
of Cu—O-Ce solid solution is found in catalyst modified
with 5 wt.% MgO_ Based on the catalytic performance, two
active sites for the reduction NO by CO are proposed:
copper matrix and Cu—O-Ce solid solution. The former
does not require the involvement of oxygen vacancy and is
more active at low temperature range (T < 200 °C), while
the latter shows higher NO conversion at temperature
above 200 °C, due to the easy regeneration of oxygen
vacancy. Also, it is found that the NO conversion over
copper matrix is suppressed, while that over Cu-O-Ce
solid solution is stimulated in high CO concentration.
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1 Introduction

Nitrogen oxide (NO) is one of the major air pollutants and
leads to acid rain and ozone depletion, so the study of
catalytic reduction of nitrogen oxide has drawn much
attention, recently. Particularly, a great deal of efforts has
been made on the reduction of nitric oxide (NO) by carbon
monoxide (CO), as these two gases are co-existed pollu-
tants in automobile exhaust. Today, the most popular
catalyst used for purifying automobile exhaust are three-
way catalysts (TWCs), which, however, consist of precious
metals that are rather expensive. Hence, many efforts on
exploring efficient base metal catalyst for exhaust purifi-
cation have been attempted in the last decades, to lower the
cost of the catalyst.

Copper based catalysts are promising candidate for the
catalytic reduction of NO by CO. It has been reported that
Cu-based catalysts, such as Cu-exchanged zeolites [1], Cu-
containing perovskite catalysts [2-4], and copper oxides
supported on metal oxides [5-7] etc., exhibit good catalytic
activity for NO abatement reactions. Among them,
Cu/CeO, and Ce;_,Cu, 0O, have been received great atten-
tion, due to the unique redox behavior of CeO, and the
special interaction between copper and ceria [8-10].
Compared with pure ceria, the doped one possesses higher
oxygen storage capacity (OSC) and better thermal stability.
For example, it has been reported that the incorporation of
Zr*" to CeO, forms Ce,Zr;_,O, solid solution, leading to
the decrease of cell volume, lowering the activation energy
for oxide-ion diffusion and increasing the OSC and thermal
stability [11, 12]. Similar phenomenon was also observed
by Hf*" doping [13]. The doping of ceria with trivalent
metal ion is also widely investigated since the replacement
of tetravalent cerium by a metal with low oxidation state,
according to the principle of electroneutrality, could



Effect of Mg Addition on the Physical and Catalytic Properties of Cu/CeO, 255

provide the opportunity of producing oxygen vacancies,
which have been proved to play an important role in CO
oxidation [14, 15] and NO reduction [16-20]. Whereas, the
replacement of tetravalent cerium by a bivalent metal is still
in its infancy, it thus becomes the objective of this work.

Magnesia has been reported to be a promoter for the
dispersion of metal on MgO—CeO, supports [21] and for
the creation of oxygen vacancy through the formation of
Ce;_xMg,0, [22], both of which would produce positive
effect on the catalytic performance of Cu/CeO, catalyst.
Therefore, here we also choose MgO as an additive, to
study its effect on the catalytic performance of Cu/CeO,
for NO + CO reaction. TPR, XRD and EPR measurements
were employed to investigate the difference in ceria and
Mg-doped ceria and, to disclose the copper oxide species
loaded on them. Based on the catalytic activity tested under
different reaction conditions, it is considered that both
metallic copper and Cu—O-Ce solid solution are active for
NO + CO reaction. Moreover, it is found that the catalytic
activity of copper matrix is suppressed, while that of Cu-
O-Ce solid solution is stimulated with the increase of CO
concentration.

2 Experimental
2.1 Catalyst Preparation

All chemical reagents used in this work are A.R. grade.
Mg-doped ceria (Mg contents: 0, 5, 10 wt.%) were pre-
pared by citric acid sol-gel method. In a typical procedure,
a calculated amount of cerium (III) nitrate hexahydrate,
magnesium nitrate hexahydrate and citric acid monohy-
drate (50% in excess of stoichiometry) were mixed
together and dissolved in an appropriate amount of distilled
water. The solution was then heated to 70 °C and kept for
1.5 h with continuous stirring. The resulting gel was sub-
sequently dried in air at 150 °C for 3 h and finally calcined
at 600 °C for 6 h. The obtained supports were donated as
Ce0,, CM5 and CM10, corresponding to 0, 5, 10 wt.% Mg
contents, respectively.

Copper catalysts (loading: 5 wt.%) were prepared by a
modified impregnation method: first, adding the support to
Cu(NOs), - 3H,O aqueous solution, the slurry was then
stirred slowly at 60 °C for 1 h, dried at 100 °C for 8 h and
finally calcined at 600 °C for 6 h. Based on the supports,
the prepared catalysts were named as Cu/CeO,, Cu/CM5
and Cu/CM10, respectively.

2.2 Characterizations

Temperature programmed reduction (TPR) was per-
formed on an AutoChem 2910 instrument. The sample

(50 mg) was first treated in Ar stream at 200 °C for 1 h
and cooled to room temperature in the same atmosphere,
then swept with 10%H,/Ar until the baseline on the
recorder unchanged. The sample was finally heated in
10%H,/Ar from room temperature to 400 °C for copper
catalysts and to 850 °C for supports at a rate of 10 °C/
min.

Powder XRD patterns of the as-synthesized sam-
ples were recorded by a PANalytical X’ pert Pro dif-
fractometer with an X’Celerator detector, operating at
40 kV and 40 mA and using Co Ko radiation (4 =
0.17,902 nm).

BET surface area and pore volume were measured by a
Micromeritics ASAP 2020 physical adsorption analyzer at
—196 °C using nitrogen as adsorbate. Prior to each anal-
ysis, the sample was degassed at 200 °C for 4 h.

Electronic paramagnetic resonance (EPR) spectra were
obtained by a Brucker EMX-10/12 spectrometer at 97 K,
with the klystron frequency of 9.6 GHz and the magnetic
field modulation of 100 kHz.

2.3 Catalytic Activity Measurements

NO + CO reaction was tested in a quartz glass reactor,
equipped with a temperature program controller. The
reaction temperature was raised from 150 to 400 °C with
an interval of 50 °C. Two kinds of feed gas were used to
evaluate the catalytic performance of the Cu catalysts,
feed gas I: 5,000 ppm NO and 5,000 ppm CO and feed
gas II: 6,000 ppm CO and 4,800 ppm NO, with a total
flow rate of 36 mL/min. The sample weight is 70 mg for
each test. Prior to each measurement, the catalyst was
firstly purged with pure helium at 550 °C for 1 h and
subsequently reduced by 1% CO/He at 300 °C for 1 h.
The product was monitored by GC (Agilent 6820)
equipped with a thermal conduction detector (TCD).
Two packed columns were adopted to separate the
products: Porapak Q column for separating N,O and
CO,, and 5A molecular sieve column for separating N,
NO and CO.

CO conversion, NO conversion and N, selectivity were
calculated using the following formulas:

COJ;yee — [CO
%[CO ony. = [ ]mizt:o][ Joutet % 100
inlet
NOJ. . — [NO
%[NO oy, = [ ]mEf\tI O}[ Jouttet % 100
inlet
Z[Nz]oullel
%0[N2, = NO_. — NOL__ 100
inlet

outlet

Where [Co]inlet’ [No]inlet and [Co]outlet’ [No]outlet are the
initial and final concentration of CO and NO, respectively;
[N2]outler 18 the N, concentration in the product.
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3 Results and Discussion
3.1 XRD Characterization

The X-ray diffraction patterns of the as-prepared supports
and catalysts are shown in Fig. 1. For all catalysts doping
with MgO, the diffraction peaks indexed to MgO are hardly
observed, suggesting that MgO is well dispersed and/or
incorporates into the lattice of ceria. Furthermore, it is
found that the cell parameters (see in Table 1) of CeO,
(5.406 10\) are decreased after the MgO doping (5.400 A),
which also indicate that smaller Mg”" ions may insert into
the lattice of CeO,, forming nonequilibrium solid solution
Ce|_xMg,O,. Besides, the decrease of the crystallite size
(i.e., CeO, > CM5 > CM10) indicates that the addition of
MgO could suppress the agglomeration of CeO, particles.
After loading of Cu, it is interesting to find that the
intensity of diffraction peaks indexed to CuO (marked with
‘¥’) weakens and broadens with the increase of Mg con-
tent (Fig. 1d—f), which implies the improvement of CuO
dispersion after doping with MgO. Meanwhile, no obvious
change in the cell parameter is observed, but we do not

O-CeO2
®-MgO
m] v-CuO

Intensity (a.u.)

(b)
(a)

AN AN

T T T T T T
20 40 60 80
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Fig. 1 X-ray diffraction patterns of the supports and catalysts. (a)
CM10; (b) CMS; (c) CeOy; (d) Cu/CM10; (e) Cu/CMS; (f) Cu/CeO,

Table 1 Physical property of the supports and catalysts

Sample SBET Pore Crystallite Cell
(m?*/g) volume size® parameter”
(mL/g) (nm) (A)
CeO, 52 0.099 12.3 5.406
CM5 33 0.073 9.8 5.400
CM10 32 0.060 9.4 5.400
Cu/CeO, 43 0.089 12.9 5.406
Cu/CM5 31 0.070 10.1 5401
Cu/CM10 45 0.082 9.9 5.401

 Data are calculated by a self-program of the XRD diffractometer

@ Springer

exclude the possibility of formation of Cu-O—Ce solid
solution, since Cu—O-Ce solid solution presents on the
surface of ceria lattice can not be detected by XRD [22—
26]. Therefore, further investigations are performed to
study whether the Cu—O—Ce solid solution is formed.

3.2 N, Physisoption Measurement

The results in Table 1 show that for CeO,, CM5 and
CM10, the BET surface area and pore volume, as well as
the particle size of CeQ,, decrease with the increase of
MgO content. It is worthwhile to point out that CeO, with
bigger particle size shows larger BET surface area, which
is contrary to the general knowledge, a possible reason is
that some pores of CeO, were blocked by small MgO
crystallites when MgO was added, and thus leading to the
decrease of BET surface area. This can be confirmed by the
fact that the pore volume of CeO, (0.099 mL/g) is larger
than that of CM5 (0.073 mL/g) and CM10 (0.060 mL/g),
similar phenomenon was also observed by Sato et al. [27].
After loading of Cu, the changes of BET surface area are so
different: for pure CeO,, the BET surface area increases
greatly (from 52 to 43 m%/g); for CM5, the variation is
slight (from 33 to 31 mz/g); while for CM10, the BET
surface area is even increased (from 32 to 45 m%/g). This
could be explained by the reconstruction of MgO during
impregnation and calcination processes. That is, the MgO
crystal in the pore of CeO, would dissolve in the impreg-
nation process when Cu(NOs;), - 3H,O solution was
present, cleaning the CeO, pore and hence increasing the
BET surface area, as described elsewhere [28].

3.3 EPR Spectra

Figure 2 shows the EPR spectra of Cu/CeO,, Cu/CMS5 and
Cu/CM10. The EPR spectra exhibit four copper signals:
Ay, A, B, and K. Signal K, showing g, = 2.040 and
unresolved parallel component, is ascribed to the copper(Il)
ion pairs in ceria, i.e., the substitution of two Cu?** ions for
two neighboring Ce*" ions in the lattice with the smallest
distance (3.811 A) [29]. This substitution only occurs on
the surface and does not destroy the matrix structure of
CeO,. Compared with Cu/CeO,, Cu/CM5 shows stronger
intensity in signal K, indicating that the addition of MgO
promotes the substitution of Cu®" for Ce*". However,
when more MgO is introduced (i.e., Cu/CMI10), the
intensity of signal K decreases (Fig. 2c). The reason is
similar to that observed in Signal A, as discussed below.

Signal A; which is contributed by isolated Cu®" in
octahedral sites of ceria with a tetragonal distortion [30-33],
exhibits four-line hyperfine splittings and shows
g” = 2345, AH = 125G for Cu/CeOz, g” = 2331,
A = 153 G for Cu/CMS5 and g = 2.327, A = 153 G for
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Fig. 2 EPR spectra of the catalysts: (a) Cu/CeO,, (b) Cu/CMS5 (c)
Cu/CM10

Cu/CM10. Compared with those of Cu/CeO,, the lower g;
values and the higher A values of Cu/CM5 and Cu/CM10
suggest that the tetragonal distortion increases after MgO is
introduced [34]. Also, it is found that the intensity increases
with the increase of MgO content at the beginning (i.e., Cu/
CMS), but then decreases with further increase of MgO
content (i.e., Cu/CM10). The reason might be that for Cu/
CM10, large part of ceria surface is previously covered by
MgO, which subsequently occupies the octahedral sites of
ceria [the ionic radius of Mgpr (0.072 nm) is similar with
Cu** (0.073 nm)], resulting in less octahedral sites avail-
able for Cu**. In addition, according to the results of
literatures [35, 36] these Cu’* monomeric ions are the
precursors for the copper(Il) ion pairs in ceria. Therefore, in
our case, the catalyst with higher intensity of signal A, also
shows higher intensity of signal K.

Signal A, is attributed to isolated Cu®" localized in
surface substitution sites of ceria [33]. It has been reported
that ionic mobility stimulated by anion vacancies or high

temperature could promote the substitution of Cu®" for
Ce** [37]. Herein, due to the limitation of oxygen vacan-
cies in the pure ceria and the relatively low calcination
temperature, only few copper ions could incorporate into
the ceria lattice in Cu/CeO, system. While for samples
doped with MgO, more oxygen vacancies are created due
to the formation of nonequilibrium solid solution
Ce|_xMg,O, and therefore, more Ce*" could be substi-
tuted by Cu?" ions. However, it is hard to determine the g |
value for both signals A; and A, due to the overlapping of
the perpendicular components of them.

Signal B, showing extremes at g ~ 2.22 and g = 2.04,
is also ascribed to Cu" ions, its larger linewidth (leading
to unresolved hyperfine splitting) is attributed to the dipolar
broadening effects caused by mutual interactions between
paramagnetic Cu?" ions of an oxide type [34]. Since
antiferromagnetic couplings between Cu®" ions in well-
crystallized CuO phases produce EPR-silent species [38,
39], the Cu®" ions yielding signal B here thus could be
considered as belonging to small copper oxide clusters.
Hence, the stronger intensity of signal B observed in Cu/
CMS5 and Cu/CM10 (vs. Cu/CeO,) suggests that there are
more small copper oxide clusters, or in other word, a better
dispersion of CuO in Cu/CM5 and Cu/CM10.

Also, a signal contributed by Ce*' (g = 1.960) is
observed in the samples and its intensity in Cu/CM5 and
Cu/CM10 is stronger than that in Cu/CeO,. The reason
might be that there exists Mg®" ions and more Cu" ions
could enter the CeO, lattice (see above) in the latter two
samples. As a result, more Ce® ions and oxygen vacancy
could be produced in them, resulting in the stronger
intensity of signal at g = 1.960.

3.4 TPR Results
H,-TPR measurements are adopted to characterize the

reduction properties of the as-prepared samples, and the
results are shown in Fig. 3. From Fig. 3a, we can see that

Fig. 3 TPR profiles of the a
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there are two reduction peaks for CeO, support in the
temperature range of 200-870 °C, which are ascribed to
the reduction of surface and bulk oxygen of CeO, [40],
respectively. After MgO is added, the reduction peak
centered at about 493 °C shifts to 525 °C, accompanying
with the increase of peak area. Based on the XRD results, it
is known that due to the formation of the nonequilibrium
solid solution Ce;_Mg,O,, more oxygen vacancies are
produced (Mg vs. Ce*™), so some of bulk oxygen in
CeO, are activated and transferred onto surface oxygen,
thus increasing the peak area increases and postponing the
appearance of peak maximum from 493 to 525 °C.

TPR profiles of the Cu catalysts are shown in Fig. 3b
and the corresponding hydrogen consumption values are

Table 2 Hydrogen consumption value of the three copper catalysts
in H,-TPR experiment

Catalyst H, consumption (umol/g.,,) Total amount
(umol/gea)
a (°C) B (°C) y (°C)
Cu/CeO, 160 (125) 741 (150) 39 (177) 940
Cu/CM5 205 (140) 636 (162) 232 (214) 1,074
Cu/CM10 192 (142) 633 (165) 165 (212) 990

summarized in Table 2. All the catalysts show three
reduction peaks (denoted as peak o, [ and 7y, respec-
tively). The peak o and f can be ascribed to different
copper-oxide entities dispersed on the surface of ceria
[41]. The peak y can be assigned to the reduction of
copper ions in ceria lattice, since copper ions in ceria
lattice are more difficult to be reduced [42, 43]. It can be
seen that the intensity of peak y follows the sequence of
Cu/CM5 > Cu/CM10 > Cu/CeO,, which is in accordance
with the intensity variation of signals K and A; in EPR
spectra (see Fig. 2). For all the three Cu catalysts, the
measured hydrogen consumption value is higher than that
required for the quantitative reduction of CuO to Cu
(about 781 pmol/g.,), indicating that some of ceria par-
ticipate in the reduction process. Moreover, by comparing
with the reduction temperature of pure CeO, and the Cu
catalysts, it can be seen that the former begins at
~300 °C, while the latter ends at ~250 °C, suggesting
that the introduction of copper oxide significantly chan-
ges the redox property of ceria. The hydrogen
consumption value of the Cu catalysts is in sequence of
Cu/CM5 > Cu/CM10 > Cu/CeO,. This is in the same
order as the amount of copper ions being incorporated
into ceria lattice (Sec. 3).
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3.5 Catalytic Performance

NO + CO reaction is adopted to evaluate the catalytic
performance of the catalysts after pretreatment, and the
results are shown in Fig. 4. The NO conversion of
Cu/CeO, is higher than that of Cu/CM5 and Cu/CM10 at
low temperature in both feed gas I and II atmosphere, e.g.,
at 150 °C and 200 °C in feed gas I and at 150 °C in feed
gas II. While in high temperature ranges (T > 200 °C),
Cu/CeO, shows the lowest and Cu/CM5 shows the highest
NO conversion. Also, it is found that for Cu/CeO,, the NO
conversion in feed gas I is higher than that in feed gas II,
while for the MgO doped catalysts (i.e., Cu/CM5 and
Cu/CM10), the NO conversion in feed gas I is lower than
that in feed gas II.

The above results indicate that the active sites of Cu/CeO,
and Mg-doped catalysts for NO 4 CO reaction is different
and their catalytic performances greatly depend on the gas
components and reaction temperature. For Cu/CeO,, as
concluded from TPR and EPR measurements, only few
copper ions enter the ceria lattice and most of them are
dispersed on the surface of ceria. While for Cu/CM5 and
Cu/CM10, more Cu?* ions could enter the ceria lattice
forming Cu—O—Ce solid solution, and substitution of Ccu*t
for Ce*™ in CeO, lattice leads to creation of oxygen vacan-
cies around Cu**—0—Ce*" on the surface of CeO, [44]. It
has been reported that oxygen vacancy in ceria plays an
important role and acts as the site for NO dissociation in the
reaction of NO removal [16-20], and hence the regeneration
of oxygen vacancy would be a key process for Cu—O-Ce
solid solution maintaining its catalytic activity in NO + CO
reaction, and the previous reduction with CO before reaction
may result in the creation of more oxygen vacancies around
copper sites. Moreover, from the results of TPR character-
ization, it can be found that the copper ions in ceria lattice
require higher reduction temperature than the copper oxide
dispersed on the surface of ceria. Correlating these results to
the catalytic performance of the as-prepared catalysts, we
can conclude that the catalytic activity of Cu/CeO, mainly
arises from copper matrix, which shows lower NO reduction
activity in higher CO concentration, resulting in the better
catalytic activity of Cu/CeO, in low temperature range; with
the increase of reaction temperature, the regeneration of
oxygen vacancy turns to be easier and hence higher catalytic
activity could be obtained due to more Cu—O-Ce solid
solution is formed, as a result, the NO conversion of Cu/CM5
and Cu/CM10 is higher than that of Cu/CeO, in higher
temperature range, and the active site shows higher NO
conversion in higher CO concentration which is different
from copper matrix.

When concerning the BET surface area of Cu/CM10
45 mz/g) that is higher than that of Cu/CMS5 (31 m2/g),
however, the NO conversion of the former is slightly lower

than that of the latter one in moderate temperature range,
the reason may be ascribed to the less amount of Cu—O-Ce
solid solution formed in Cu/CM10.

As for the N, selectivity, the results obtained from the
two MgO promoted catalysts are always higher than that
from Cu/CeO,, either in feed gas I or in feed gas II, indi-
cating that the formation of copper-ceria solid solution is
favor to N, selectivity.

4 Conclusion

The addition of 5 wt.% MgO to Cu/CeO, system signifi-
cantly improves the copper dispersion and the amount of
Cu”" jons being incorporated into the ceria lattice. Further
addition of MgO (10 wt.%) leads to the increase in the
BET surface area of Cu/CeO,, but the decrease in the
amount of Cu®" in ceria. There are two active sites, i.e.,
Cu—O—Ce solid solution and copper matrix, in the catalysts,
the former is active in high CO concentration and at
moderate temperature (e.g., 200 and 250 °C), while the
latter acts mainly at low temperature range and its catalytic
activity decreases with the increase of CO concentration.
Also, it is found that the formation of copper-ceria solid
solution is favor to N, selectivity.
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