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Abstract: In order to investigate the influence of MnO2 modification methods on the catalytic performance of CuO/CeO2 catalyst for 
NO reduction by CO, two series of catalysts (xCuyMn/Ce and xCu/yMn/Ce) were prepared by co-impregnation and step-
wise-impregnation methods, and characterized by means of X-ray diffraction (XRD), Raman spectra, H2-temperature programmed 
reduction (H2-TPR), in situ diffuse reflectance infrared Fourier transform spectra (in situ DRIFTS) techniques. Furthermore, the cata-
lytic performances of these catalysts were evaluated by NO+CO model reaction. The obtained results indicated that: (1) The catalysts 
acquired by co-impregnation method exhibited stronger interaction owing to the more sufficient contact among each component of 
the catalysts compared with the catalysts obtained by stepwise-impregnation method, which was beneficial to the improvement of the 
reduction behavior; (2) The excellent reduction behavior was conducive to the formation of low valence state copper species (Cu+/Cu0) 
and more oxygen vacancies (especially the surface synergetic oxygen vacancies (SSOV, Cu+-�-Mn(4–x)+)) during the reaction process, 
which were beneficial to the adsorption of CO species and the dissociation of NO species, respectively, and further promoted the en-
hancement of the catalytic performance. Finally, in order to further understand the difference between the catalytic performances of 
these catalysts prepared by co-impregnation and stepwise-impregnation methods, a possible reaction mechanism (schematic diagram) 
was tentatively proposed. 
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Nitrogen oxides (NOx) are mainly emitted from 
coal-fired power plants and motor vehicles, which have 
caused serious environmental and human health prob-
lems. NO reduction by CO is an important reaction in 
three-way catalysis (TWC), which can decrease the 
emission of NO from motor vehicle exhaust efficiently[1]. 
Supported noble-metal catalysts have been widely inves-
tigated in this reaction due to their high activities and se-
lectivities[2–7]. However, the expensive price and low 
thermal stability of noble-metals restrict the broad applica-
tion of supported noble-metal catalysts. As a result, much 
attention has been paid to the alternatives of noble-metals, 
in which copper oxide is the most attractive one[1,8,9]. 

In recent years, ceria (rare earth metal oxide) has been 
widely studied in TWC, which is mainly because of its 
high oxygen storage/release efficiency associated with 
the formation of oxygen vacancy and the low redox po-
tential between Ce3+ and Ce4+ [10–12]. For NO+CO model 
reaction, CuO/CeO2 exhibits better catalytic performance 
than CuO/�-Al2O3, CuO/TiO2, and CuO/ZrO2, etc., but 
its low-temperature activity and selectivity are still un-

satisfactory[13–15]. The addition of modifier into supported 
mono-active component catalyst is an alternative strategy 
to overcome these disadvantages by adjusting the inter-
action among them. Manganese oxides have been widely 
used as additives in many important reactions due to 
their variable valence states. For example, Spassova and 
co-workers reported that Cu-Mn mixed oxide could 
promote the electron transfer and exchange between 
copper species and manganese species through the re-
dox equilibrium of Cu2++Mn3+Cu++Mn4+, which was 
responsible for the enhancement of activity for NO re-
duction[16–18]. In our previous work, MnOx was intro-
duced into CuO/Ce0.67Zr0.33O2 catalyst, and induced the 
improvement of catalytic performance for NO reduction 
by CO, because manganese oxide could help change the 
valence states of copper species (Cu+ is beneficial to the 
adsorption of CO species) and facilitate the formation of 
more oxygen vacancies (which is conducive to the disso-
ciation of NO species) on the surface of ceria[19]. 

It is well known that the preparation methods can in-
fluence the interaction among the components of the 
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corresponding catalysts significantly, and further induce 
the difference between the catalytic performances of 
these catalysts[20,21]. For instance, in our previous work, 
we investigated the effect of ZrO2 addition methods on 
the activity of Al2O3-supported CuO catalyst for NO re-
duction by CO, and found that the introduction of ZrO2 
into Al2O3-supported CuO catalyst by coprecipitation 
method exhibited the best catalytic performance due to 
the strong interaction between highly dispersed copper 
oxide species and amorphous zirconia species[22]. How-
ever, as far as we know, little attention has been paid on 
the interaction between components of CuO/CeO2 cata-
lyst and the additive of MnO2 prepared from different 
procedures for NO reduction by CO. 

Therefore, in the present study, we prepared two series 
of catalysts by co-impregnation and stepwise-impregnation 
methods to investigate the influence of MnO2 modifica-
tion methods on the structure, reducibility, adsorption 
behavior, and catalytic performance of CuO/CeO2 cata-
lyst for NO reduction by CO. In order to understand the 
relationships of composition-structure-property, the cata-
lysts were characterized by means of XRD, Raman, 
H2-TPR, and in situ DRIFTS techniques, and their cata-
lytic performances were further evaluated by NO+CO 
model reaction. 

1  Experimental 

1.1  Catalysts preparation 

Ceria support was obtained by thermal decomposition 
of Ce(NO3)3·6H2O in the flowing air at 550 °C for 5 h, 
and denoted as CeO2 (its BET specific surface area is 
81.5 m2/g). 

Co-impregnation method. Firstly, the required 
Cu(NO3)2·3H2O and Mn(NO3)2 were dissolved in dis-
tilled water and mixed together stirring for 2 h. Secondly, 
CeO2 support was impregnated with the above solution 
stirring for 3 h, after that, it was heated to 100 °C to va-
porize the water. Finally, these as-prepared samples were 
dried at 110 °C for 12 h and then calcined at 500 °C for 5 h 
in air. The resultant catalysts are denoted as xCuyMn/Ce, 
e.g., 08Cu04Mn/Ce corresponds to the catalyst with Cu2+ 
and Mn4+ loading amounts of 0.8 and 0.4 mmol/100 m2 
CeO2, respectively. 

Stepwise-impregnation method. Firstly, yMnO2/CeO2 
samples were prepared by wet impregnating CeO2 with 
aqueous Mn(NO3)2 solution containing desired MnO2 
contents stirring for 3 h, and heated to 100 °C to vaporize 
the water. The samples were dried at 110 °C for 12 h and 
then calcined at 500 °C for 5 h in air. Secondly, the 
yMnO2/CeO2 samples were impregnated with required 
aqueous Cu(NO3)2·3H2O solution stirring for 3 h, and 
heated to 100 °C to vaporize the water. The samples 
were dried at 110 °C for 12 h and then calcined at 500 °C 

for 5 h in air. The resultant catalysts are denoted as 
xCu/yMn/Ce, e.g., 08Cu/04Mn/Ce represents the catalyst 
with Cu2+ and Mn4+ loading amounts of 0.8 and 0.4 
mmol/100 m2 CeO2, respectively. 

Furthermore, with regard to all the catalysts obtained 
by different impregnation methods, the loading amount 
of Cu2+ was fixed at 0.8 mmol/100 m2 CeO2, while the 
loading amount of Mn4+ was variable. 

1.2  Catalysts characterization 

BET specific surface area of CeO2 was obtained by 
N2-physisorption at 77 K on a Micromeritics ASAP-2020 
analyzer. Prior to each analysis, the sample was degassed 
under vacuum at 300 °C for 4 h. 

X-ray diffraction (XRD) patterns were recorded on a 
Philips X’pert Pro diffractometer using Ni-filtered Cu K� 
radiation (	=0.15418 nm). The X-ray tube was operated 
at 40 kV and 40 mA. The intensity data were collected 
over a 2� range of 10°–80°. The scan speed was set at 
10 (°)/min with a step size of 0.02°. 

Raman spectra were collected on a Renishaw invia 
Laser Raman spectrometer using Ar+ laser beam. The 
Raman spectra were recorded with an excitation wave-
length of 514 nm and the laser power of 20 mW. 

H2-temperature programmed reduction (H2-TPR) ex-
periments were performed in a quartz U-type reactor 
connected to a thermal conductivity detector (TCD) with 
Ar-H2 mixture (7.0% of H2 by volume, 70 mL/min) as a 
reductant. Prior to the reduction, the sample (25 mg) was 
pretreated in a high purified N2 stream at 300 °C for 1 h 
and then cooled to room temperature. After that, the 
TPR started from 50 °C to target temperature at a rate of 
10 °C/min. 

In situ diffuse reflectance infrared Fourier transform 
spectra (In situ DRIFTS) were collected from 650 to 
4000 cm–1 at a spectral resolution of 4 cm–1 (number of 
scans, 32) on a Nicolet 5700 FT-IR spectrometer 
equipped with a high-sensitive MCT detector cooled by 
liquid N2. The DRIFTS cell (Harrick) was fitted with a 
ZnSe window and a heating cartridge that allowed sam-
ple to be heated to 300 °C. The fine catalyst powder 
placed on a sample holder was carefully flattened to en-
hance IR reflection. The sample was pretreated with a 
high purified N2 stream at 300 ºC for 1 h to eliminate the 
physisorbed water and other impurities. The sample 
background of each target temperature was collected 
during the cooling process. At ambient temperature, the 
sample was exposed to a controlled stream of NO-Ar 
(5% of NO by volume) and CO-Ar (10% of CO by vol-
ume) at a rate of 10.0 mL/min for 1 h to be saturated. 
Desorption/reaction studies were performed by heating 
the adsorbed species and the spectra were recorded at 
various target temperatures at a rate of 10 °C/min from 
room temperature to 300 ºC by subtraction of the corre-
sponding background reference. 
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1.3  Catalytic performance tests 

The catalytic performances of these catalysts for NO 
reduction by CO were determined under steady state, in-
volving a feed steam with a fixed composition of 5% NO, 
10% CO and 85% He by volume as diluents. The sample 
(25 mg) was fitted in a quartz tube and pretreated in a 
high purified N2 stream at 300 °C for 1 h and then cooled 
to room temperature, after that, the mixed gases were 
switched on. The reactions were carried out at different 
temperatures with a space velocity of 24000 mL/(g·h). 
Two columns (length, 1.75 m; diameter, 3 mm) and two 
thermal conductivity detectors (T=100 °C) were used for 
analyzing the products. Column A packed with Paropak 
Q was adopted to separate CO2 and N2O, column B 
packed with 5A and 13X molecule sieve (40–60 M) was 
used for separating N2, NO and CO. 

Turnover of frequency (TOF) of NO is calculated as 
follows: TOFNO=(p·Sv·CNO·XNO)/(R·T·nCu), in which p is 
the atmospheric pressure (1.013×105 Pa), Sv is the space 
velocity (24000 mL/(g·h)), CNO is the concentration of 
NO at the inlet (5 mol.%), XNO is the NO conversion, R is 
the gas constant (8.314 J/(K·mol)), T is the reaction tem-
perature in Kelvin units and nCu is the molar number of 
Cu atoms. 

2  Results and discussion 

2.1  XRD patterns 

XRD patterns of these catalysts prepared by co-im-
pregnation and stepwise-impregnation methods are dis-
played in Fig. 1. It can be seen from Fig. 1(a) that CeO2 
exhibits several characteristic diffraction peaks at 2�= 
28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.3°, 76.7°, and 79.1°, 
corresponding to the cubic fluorite structure[20,23]. With 
regard to all the samples obtained by co-impregnation 
method, CeO2 keeps its original cubic fluorite structure 
without obvious changes, while the characteristic diffrac-
tion peaks of crystalline CuO are not detected, indicating 
that copper oxide species are in the forms of highly dis-
persed state or/and clustered state on the surface of CeO2, 
which is beyond the detect limitation of XRD. Further-
more, there are no characteristic diffraction peaks as-
signed to manganese oxide can be observed when the 
loading amount of manganese oxide is no higher than 0.7 
mmol Mnx+/100 m2 CeO2. In order to determine the 
crystalline structure of the supported manganese oxide, 
we increase its loading amount to 6.0 mmol Mnx+/100 m2 
CeO2, and observe a new characteristic diffraction peak 
at 2�=37.5° attributing to crystalline MnO2 

[24]. In view of 
the catalysts acquired by stepwise-impregnation method 
(Fig. 1(b)), the observation is very similar with that of the 
catalysts obtained by co-impregnation method. In other 
words, there is no obvious difference between Fig. 1(a) 
and Fig. 1(b), suggesting that the modification methods 

 
Fig. 1 XRD patterns of catalysts obtained by different modifi-

cation methods of MnO2  
(a) Co-impregnation method; (b) Stepwise-impregnation method 
 
of MnO2 are almost no difference for the influence on the 
bulk structure of these catalysts. 

2.2  Raman spectra 

It is well known that the gas-solid reactions mainly 
take place on the surface of the corresponding catalysts. 
As a result, the acquirement of the information on the 
catalysts surface is very important to gain a deep under-
standing for the nature of the catalytic reactions. Raman 
spectroscopy as a surface characterization technique has 
been widely used for this purpose in some catalytic reac-
tion systems[25,26]. In the present work, we adopted Raman 
spectroscopy to investigate the influence of MnO2 modi-
fication methods on the surface structure of the catalysts, 
and the corresponding results are shown in Fig. 2. As 
seen from Fig. 2(a), CeO2 exhibits a strong peak at ca. 
464 cm–1 owing to the F2g Raman active mode of cubic 
fluorite structure[27]. Combining Fig. 2(a) and (b), we can 
find that all the catalysts prepared by co-impregnation 
and stepwise-impregnation methods show a main peak 
corresponding to the F2g vibration mode of the cubic 
fluorite type CeO2, but shift to low wavenumber direc-
tion, indicating that there is some strong interaction 
among the supported copper oxide species, manganese 
oxide species, and ceria[10]. In addition, the main peak of 
the catalysts acquired by co-impregnation method (espe- 
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Fig. 2 Raman spectra of catalysts obtained by different modifi-

cation methods of MnO2 
(a) Co-impregnation method; (b) Stepwise-impregnation method 
 
cially for 08Cu01Mn/Ce and 08Cu04Mn/Ce) locates at 
lower wavenumber than that of the corresponding cata-
lysts obtained by stepwise-impregnation method (08Cu/ 
01Mn/Ce and 08Cu/04Mn/Ce). This phenomenon sug-
gests that the interaction among the components of the 
catalysts acquired by co-impregnation method is stronger 
than that of the catalysts obtained by step-
wise-impregnation method for the low manganese oxide 
loading amount samples. The possible reason is that the 
co-impregnation method is more beneficial to the suffi-
cient contact among each component of the catalysts. 

2.3  H2-TPR profiles 

The reduction behavior of these catalysts obtained by 
co-impregnation and stepwise-impregnation methods 
was evaluated by H2-TPR, and the corresponding results 
are exhibited in Fig. 3. For the H2-TPR profiles of sup-
ported copper-based catalysts, the assignment of the re-
duction peaks usually has two categories. The first is that 
the reduction peaks are attributed to the stepwise reduc-
tion of copper oxide species, i.e., Cu2+ is firstly reduced 
to Cu+, and then further reduced to Cu0, which exhibits 
two reduction peaks[15,28]. The second is that there are 
four kinds of copper-oxygen entities over the supported 
copper-based catalysts can be reduced by H2, and shows 
four reduction peaks: (i) isolated copper oxide species,  

 
Fig. 3 H2-TPR profiles of catalysts obtained by different modi-

fication methods of MnO2 
(a) Co-impregnation method; (b) Stepwise-impregnation method 
 
which can interact with the corresponding support 
strongly; (ii) weak magnetic associates including several 
Cu2+ ions which contact with each other closely; (iii) 
small two- or three-dimensional CuO clusters with 
structures so loose that they have no specific and regular 
lattice array; (iv) large three-dimensional clusters or 
crystalline CuO with properties and characteristics simi-
lar with those of pure CuO powders[29,30]. However, it is 
hard to clearly assign these reduction peaks of the cata-
lysts in the present work, because the catalysts are too 
complex, which have several components can be reduced 
by H2. Anyway, we can see from Fig. 3(a) that the first 
reduction peak shifts to low-temperature direction with 
the increase of manganese oxide loading amount, when 
the loading amount of manganese oxide is no higher than 
0.4 mmol Mn4+/100 m2 CeO2. The further increase of 
manganese oxide loading amount leads the reduction 
peaks to shift to high-temperature direction. These phe-
nomena suggest that the introduction of manganese oxide 
can promote the reduction of copper oxide, but the re-
dundant manganese oxide plays a converse role. More-
over, Table 1 shows that the actual H2 consumption is 
larger than the corresponding theoretical H2 consumption 
calculated from Cu2+	Cu0 and Mn4+	Mn3+ (because 
Kapteijn et al. reported that Mn3+	Mn2+ and Mn2+	 
Mn0 took place higher than 380 °C[31].) for each catalyst,  
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Table 1 Quantitative data of H2-TPR for these catalysts 
prepared by co-impregnation and step-
wise-impregnation methods 

Catalysts 
Actual H2 consumption/ 

(�mol/g, A) 

Theoretical H2 

consumption/(�mol/g, B)
A/B

08Cu01Mn/Ce 1110 693 1.60

08Cu04Mn/Ce 1312 815 1.61

08Cu07Mn/Ce 1365 937 1.46

08Cu60Mn/Ce 3844 3097 1.24

08Cu/01Mn/Ce 1070 693 1.54

08Cu/04Mn/Ce 1200 815 1.47

08Cu/07Mn/Ce 1258 937 1.34

08Cu/60Mn/Ce 3617 3097 1.17

 
which indicates that copper oxide and manganese oxide 
can promote the reduction of ceria. It is easy to under-
stand that the promotion degree is proportional to the ra-
tio between actual H2 consumption (A) and theoretical 
H2 consumption (B). We can find that 08Cu04Mn/Ce 
catalyst exhibits the largest ratio of A/B, suggesting that 
the interaction among its components is the strongest. 

According to Fig. 3(a), (b), and Table 1, we can ob-
serve that the catalysts acquired by co-impregnation 
method can be more easily reduced than the samples ob-
tained by stepwise-impregnation method for each man-
ganese oxide loading amount. The reason may be that the 
contact among the components of the former is more 
sufficient than that of the latter, and the redox equilib-
rium of Cu2++Mn3+Cu++Mn4+ is easier to be estab-
lished. In other words, the co-impregnation method is 
more conducive to enhance the interaction among each 
component of the catalysts, and further improve their re-
duction behavior. 

2.4  Catalytic performance tests (NO reduction by CO) 

Fig. 4 shows the catalytic performances of these 
catalysts prepared by co-impregnation and step-
wise-impregnation methods for NO reduction by CO. 
Seeing from Fig. 4(a), with regard to the catalysts ac-
quired by co-impregnation method, the catalytic per-
formance enhances with the increase of manganese oxide 
loading amount, when the loading amount of manganese 
oxide is no higher than 0.4 mmol Mn4+/100 m2 CeO2. 
The further increase of manganese oxide loading amount 
leads to the declining of catalytic performance. These 
observations are very similar with the H2-TPR results. In 
addition, we can find that the catalytic performances of 
the catalysts acquired by co-impregnation method are 
more excellent than those of the catalysts obtained by 
stepwise-impregnation method for each manganese ox-
ide loading amount. The possible reason is that the re-
duction behavior of the former is better than that of the 
latter due to the more sufficient contact among each 
component of the catalysts, the co-impregnation method 
is more beneficial to the generation of low valence state  

 
Fig. 4 Turnover of frequency (TOF) of NO over these catalysts 

at different temperatures 
(a) 100 °C; (b) 200 °C 

 
copper species (Cu+/Cu0) and the formation of more 
oxygen vacancies in the reaction process, which are 
conducive to the adsorption of CO species and the disso-
ciation of NO species, respectively, and further promote 
the enhancement of catalytic performance effec-
tively[8,23,32,33]. Similar results can be obtained in Fig. 4(b), 
indicating that co-impregnation method is indeed more 
efficient than stepwise-impregnation method to synthe-
size supported binary- or multi-metal oxide catalysts for 
heterogeneous catalysis. 

2.5  In situ DRIFTS of NO and CO co-adsorption 

In order to further understand the surface reaction 
situation of the catalysts prepared by co-impregnation 
and stepwise-impregnation methods, in situ DRIFTS of 
NO and CO co-adsorption are performed on the repre-
sentative catalysts (08Cu04Mn/Ce and 08Cu/04Mn/Ce) 
under simulated reaction conditions, and the correspond-
ing results are presented in Fig. 5. With regard to 
08Cu04Mn/Ce catalyst acquired by co-impregnation 
method (Fig. 5(a)), when exposing it to the mixture of 
NO and CO at ambient temperature, NO molecules can 
be preferentially adsorbed on the surface of the catalyst 
owing to their unpaired electrons, which inhibit the ad-
sorption of CO species[8,23]. Subsequently, bridging bi-
dentate nitrate exhibits a remarkable NO2 symmetric vi-     
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Fig. 5 In situ DRIFTS of NO and CO co-adsorption on the representative catalysts 

(a) 08Cu04Mn/Ce; (b) 08Cu/04Mn/Ce 
 
bration band at 1019 cm–1, and a N=O stretching mode at 
1616 cm–1; Anionic nitrosyl (NO–) shows a strong band 
at 1190 cm–1; The typical adsorption of free NO3

– ion 
displays a vibration band at 1385 cm–1; Monodentate ni-
trate presents a NO2 asymmetric vibration band at 1475 
cm–1; And monodentate nitrito exhibits a weak band at 
1521 cm–1 [8,33,34]. With the increase of temperature up to 
100 °C, all of the adsorbed NO species disappear com-
pletely, and then, some new bands corresponding to the 
adsorption of CO species generate in the range of 1000– 
1700 cm–1 (1049, 1300, 1490 cm–1 attributed to 
monodentate carbonate, i.e., 
(C–O), 
s(CO3

2–) and 

as(CO3

2–); 1370 cm–1 assigned to carboxylate with 

s(COO–) vibration mode; 1545 cm–1 ascribed to the 

(C=O) vibration mode of bidentate carbonate)[23,35,36]. 
Simultaneously, we can find that Cu+-CO species exhib-
its a narrow band at 2113 cm–1, N2O shows two bands at 
2210 and 2240 cm–1, as well as CO2 appears at 2360 
cm–1, indicating that the reaction between NO and CO 
takes place remarkably, which is consistent with the 
catalytic performance test results[8,33,34]. Moreover, N2O 
disappears at 175 °C due to being further reduced to N2, 
which has no IR active mode, because it is a diatomic 
homonuclear molecule[34]. Similar phenomena can be ob-
served on 08Cu/04Mn/Ce catalyst obtained by step-

wise-impregnation method (Fig. 5(b)). However, the dis-
appearance of the adsorbed NO species, the appearance 
of the adsorbed CO species, and the generation of N2O 
and CO2 occur at a higher temperature of 125 °C, as well 
as N2O is further reduced to N2 at a higher temperature of 
225 °C, suggesting that the catalytic performance of the 
catalyst obtained by stepwise-impregnation method is 
inferior to that of the catalyst acquired by co-impregna-
tion method, which is in agreement with the catalytic 
performance test results. 

2.6  Possible reaction mechanism (schematic diagram) 

According to the obtained results, a possible reaction 
mechanism (schematic diagram) of NO reduction by CO 
over these catalysts prepared by co-impregnation and 
stepwise-impregnation methods is tentatively proposed 
to further understand the difference of their catalytic 
performances intuitively, as shown in Fig. 6. Take 
08Cu04Mn/Ce catalyst as an example, when exposing it 
to a simulated reaction condition of NO and CO at room 
temperature (25 °C), NO molecules are preferentially 
adsorbed on the surface of 08Cu04Mn/Ce catalyst to 
generate several types of nitrite and nitrate species. In-
creasing the temperature leads part of the adsorbed NO 
species to be desorbed or decomposed, and then releases 

 
Fig. 6 Possible reaction mechanism (schematic diagram) of NO reduction by CO over these catalysts prepared by co-impregnation 

and stepwise-impregnation methods, �: oxygen vacancy 
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the active sites to adsorb CO species. Simultaneously, 
08Cu04Mn/Ce catalyst is reduced by CO to form a large 
quantity of Cu+ species and oxygen vacancies. It is well 
known that the Cu+ species is beneficial to adsorbing CO 
species, and the oxygen vacancy can weaken the N–O 
bond to promote the dissociation of NO species[8,37]. 
Therefore, the synergistic effect of them enhances the 
catalytic performance for NO reduction by CO effi-
ciently. According to our previous work, the surface syn-
ergetic oxygen vacancy (SSOV, Cu+–�–Mn2+) is more 
conducive to the enhancement of the catalytic perform-
ance for NO elimination than other kinds of oxygen va-
cancy[38]. In the present work, the co-impregnation 
method is more beneficial to the sufficient contact among 
each component of the catalysts, which results in the 
formation of more Cu2+–O–Mn4+ species. Furthermore, 
the more Cu2+–O–Mn4+ species and excellent reduction 
behavior are conducive to the generation of more surface 
synergetic oxygen vacancies (SSOV, Cu+–�–Mn(4–x)+) 
during the reaction process, which can promote the en-
hancement of catalytic performance remarkably. As a 
result, the catalysts acquired by co-impregnation method 
exhibit better catalytic performance for NO reduction by 
CO than the catalysts obtained by stepwise-impregnation 
method. 

3  Conclusions 

In the present work, we prepared two series of cata-
lysts (xCuyMn/Ce and xCu/yMn/Ce) by co-impregnation 
and stepwise-impregnation methods with the purpose of 
investigating the influence of MnO2 modification meth-
ods on the catalytic performance of CuO/CeO2 catalyst 
for NO reduction by CO. Based on the above-mentioned 
characterization results, several conclusions could be ob-
tained, as follows: 

(1) The difference between the influence of the two 
MnO2 modification methods (co-impregnation and step-
wise-impregnation) on the bulk structure of CuO/CeO2 
catalyst was not obvious. 

(2) Co-impregnation method was more beneficial to 
strengthen the interaction among the components of the 
catalysts due to more sufficient contact, which could 
promote the improvement of the reduction behavior effi-
ciently. 

(3) Low valence state copper species (Cu+/Cu0) and 
more oxygen vacancies (especially the surface synergetic 
oxygen vacancies (SSOV, Cu+–�–Mn(4–x)+)) could be 
more easily generated on the surface of the catalysts ac-
quired by co-impregnation method during the reaction 
process, which were beneficial to the adsorption of CO 
species and the dissociation of NO species, respectively, 
and further resulted in the excellent catalytic perform-
ance. 
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