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Effects of different manganese precursors
as promoters on catalytic performance of
CuO–MnOx/TiO2 catalysts for NO removal by CO

Chuanzhi Sun,a Yingjie Tang,a Fei Gao,b Jingfang Sun,b Kaili Ma,c Changjin Tangc

and Lin Dong*bc

Two different precursors, manganese nitrate (MN) and manganese acetate (MA), were employed to prepare

two series of catalysts, i.e., xCuyMn(N)/TiO2 and xCuyMn(A)/TiO2, by a co-impregnation method. The

catalysts were characterized by XRD, LRS, CO-TPR, XPS and EPR spectroscopy. The results suggest that:

(1) both xCuyMn(N)/TiO2 and xCuyMn(A)/TiO2 catalysts exhibit much higher catalytic activities than an

unmodified Cu/TiO2 catalyst in the NO + CO reaction. Furthermore, the activities of catalysts modified with

the same amount of manganese are closely dependent on manganese precursors. (2) The enhancement

of activities for Mn-modified catalysts should be attributed to the formation of the surface synergetic

oxygen vacancy (SSOV) Cu+–&–Mny+ in the reaction process. Moreover, since the formation of the SSOV

(Cu+–&–Mn3+) in the xCuyMn(N)/TiO2 catalyst is easier than that (Cu+–&–Mn2+) in the xCuyMn(A)/TiO2

catalyst, the activity of the xCuyMn(N)/TiO2 catalyst is higher than that of the xCuyMn(A)/TiO2 catalyst. This

conclusion is well supported by the XPS and EPR results.

1 Introduction

Selective catalytic reduction of NOx (SCR) is the most popular
among other NOx abatement technologies like storage and thermal
decomposition. NO is the major component of NOx and it is
generated in combustion processes (stationary and mobile).1,2

The most common reductants for SCR are ammonia, urea, H2,
CO and hydrocarbons like methane, ethane and propylene. Among
these methods, using carbon monoxide offers some distinct
advantages compared with other reductants because carbon mon-
oxide can be produced onsite in the case of coal or natural gas
utilization (stationary source) or it is part of the exhaust stream due
to incomplete combustion of the liquid fuel (mobile source). In this
manner, one can eliminate the costly steps of purchasing, trans-
porting and storing the reductant.1 Thus, the NO + CO reaction was
widely studied in the past few years.

The use of TiO2 as a carrier of catalysts has attracted
much attention and TiO2-based catalysts are widely applied in

NO reduction.3–5 TiO2-based catalysts overcome the shortcoming
of the deactivation arising from sulfate formation in the SOx-
containing environment, and exhibit excellent NO conversion
and N2 selectivity. The vast majority of the catalysts reported
for the NO + CO reaction are supported platinum group metals
(Pt, Pd, Rh, Ir) and transition metal oxides.6–8 Among them,
copper oxides show a potential application for the abatement of
exhaust gas from stationary and mobile emission sources,9–11

thus special attention has been paid to it as a substitute for
noble metal containing catalysts.

In recent years, Mn-based catalysts have also attracted much
attention due to their high activity for catalytic removal of NOx.
Mn-based catalysts including MnOx, MnOx–CeO2, Mn/TiO2,
Mn–Fe/TiO2, and Mn/Al-SBA-15 have been proposed as eco-
friendly low temperature SCR catalysts, especially for stationary
sources.12–17 Manganese is generally recognized as a less toxic
metal component compared with other metals and commonly
employed for the preparation of SCR catalysts.17 Most of the
Mn-based catalysts were prepared by the impregnation method
using manganese nitrate (MN) or manganese acetate (MA) as a
precursor. In addition, different types of precursors (reducing
organic or oxidative inorganic precursors) will induce different
metal oxidation states during preparation of the catalysts, and
different metal oxidation states may result in different activities
of the catalysts. For example, Li et al. reported that the MN
precursor resulted primarily in MnO2, while the MA precursor
caused mainly Mn2O3 species. In their work, the MnOx/TiO2
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catalysts using MA as a precursor exhibit higher activity for the
NO + NH3 + O2 reaction.18

In previous literature, it is reported that the binary metal
oxides exhibit superior activity and N2 selectivity for the NO +
CO reaction than the single ones. Mixed copper–manganese
oxides have been studied extensively,19–22 and proved to have
high activity toward the oxidation of carbon monoxide and NO
reduction by CO.19–21 In these reactions, MnOx species usually
behaves as the promoter to improve the activity and selectivity
of the catalyst.19,20 As mentioned above, different types of
precursors will induce different valences of manganese.18 Will
it take a different effect as a promoter? However, the effects of
different manganese precursors have been seldom examined
in the previous research. In the present work, a series of CuO–
MnOx/TiO2 catalysts have been prepared by a co-impregnation
method, and our attention was mainly focused on exploring the
influence of manganese precursors (MA or MN) on the surface
copper oxide and manganese oxide species and their catalytic
performance for NO removal by CO.

2 Experimental
2.1 Catalyst preparation

The TiO2 support was prepared via hydrolysis of titanium alkoxides,
the product was washed, dried and then calcined in flowing air at
500 1C for 5 h. The anatase crystalline form of the product was
identified by XRD, and the BET surface area is 56 m2 g�1.

The CuO/TiO2, MnOx/TiO2 and CuO–MnOx/TiO2 catalysts
were prepared by incipient-wetness impregnation on the support
with the solution containing Cu(Ac)2 and Mn(NO3)2 or Mn(Ac)2.
The CuO loading was 0.6 mmol/100 m2 TiO2, while that of MnOx

was 0.1, 0.2, and 0.4 mmol/100 m2 TiO2. The mixture was kept
vigorously stirring for 2 h, and then evaporated at 100 1C. The
resulting materials were dried at 110 1C overnight and calcined
at 450 1C in flowing air for 4 h. These catalysts were denoted
xCu/TiO2, yMn(N)/TiO2, yMn(A)/TiO2 and xCuyMn(N or A)/TiO2,
where ‘‘N’’ and ‘‘A’’ indicated using Mn(NO3)2 and Mn(Ac)2 as
precursors, and ‘‘x’’ and ‘‘y’’ represented the loading amounts of
copper oxides and manganese oxides, respectively.

2.2 Catalyst characterization

Brunauer–Emmett–Teller (BET) surface areas were measured by
nitrogen adsorption at 77 K on the Micrometrics ASAP-2020
adsorption apparatus. Before each adsorption measurement,
approximately 0.1 g of a catalyst sample was degassed in a
N2–He mixture at 300 1C for 2 hours.

X-ray powder diffraction (XRD) patterns were collected using
a Philips X’pert Pro diffractometer with Ni-filtered CuKa radiation
(0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.

Raman spectra were collected on a Renishaw inVia Laser
Raman spectrometer using an Ar+ laser beam. The Raman
spectra were recorded with an excitation wavelength of
514 nm and laser power of 20 mW.

CO-TPR was carried out in a quartz tube with a requisite
quantity of the catalyst (50 mg). The catalysts were pretreated

in a N2 stream at 100 1C for 1 h and then cooled to room
temperature, after that, the CO–He gas mixtures (10% CO by
volume) were switched on. The CO reduction was carried out
at different temperatures with a space velocity of 8000 h�1.
Column and thermal conduction detection were used for
analyzing the production. The area of the reduction peak of
CO2 was integrated to evaluate the consumption of CO.

X-ray photoelectron spectroscopy (XPS) and X-ray Auger
electron spectroscopy (XAES) measurements of the in situ
pretreated catalysts were performed on a PHI 5000 VersaProbe
system, using monochromatic Al Ka radiation (1486.6 eV)
operating at an accelerating power of 15 kW. The instrument
used in this study has three chambers, namely (1) an ultra high
vacuum (UHV) surface analysis chamber; (2) a sample transfer
antechamber; and (3) a reaction chamber. The transfer ante-
chamber is connected to both the analysis and reaction chambers.
The in situ pretreatment was carried out in the reaction chamber.
Before the measurement, the sample was further outgassed
at room temperature in the UHV chamber (o5 � 10�7 Pa).
All binding energies (B.E.) were referenced to the Ti 2p peak at
459.3 eV. This reference gave B.E. values with an accuracy of
�0.1 eV.

Electron paramagnetic resonance (EPR) spectra were recorded
on a Bruker EMX spectrometer using 100 kHz modulation and a
4-G standard modulation width. The spectra were recorded at
room temperature.

The CO pretreatment of the samples was conducted in a
quartz tube. All the samples were pretreated in a flowing N2

stream at 100 1C for 1 h, and heated to 400 1C with a ramp of
10 1C min�1 in the flowing N2 stream before switching on CO.
After that, the samples were exposed to CO–He mixtures
(10% CO by volume) at a rate of 8.4 mL min�1 and held for
1 h at different temperatures. The CO-pretreated samples were
cooled to room temperature in the flowing N2.

2.3 Catalytic activity tests

The activities of the catalysts were determined under steady
state, involving a feed steam with a fixed composition NO 5%,
CO 10% and He 85% by volume as diluents. A quartz tube with
a requisite quantity of the catalyst (50 mg) was used. The
catalysts were pretreated in a N2 stream at 100 1C for 1 h and
then cooled to room temperature, after that, the gas reactants
were switched on. The reactions were carried out at different
temperatures with a space velocity of 12 000 h�1. Two column
and thermal conduction detection were used for analyzing the
products, column A with Paropak Q for separating N2O and
CO2, and column B, packed with 5A and 13� molecular sieves
(40–60 M) for separating N2, NO and CO.

3 Results and discussion
3.1 Catalytic activity and selectivity of NO removal by CO

Fig. 1 shows the activities and N2 selectivities of xCuyMn/TiO2

catalysts, in which a fixed copper oxide, 0.6 mmol/100 m2

supports, and various manganese loadings are considered.
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The NO + CO reactions are carried out in a range of 200–350 1C.
As can be seen, the 0.4Mn(A)/TiO2 and 0.4Mn(N)/TiO2 catalysts
show negligible activities below 350 1C, while the 0.6Cu/TiO2

catalyst exhibits 5–15% NO conversion, as shown in Fig. 1(a). In
addition, the activity of the 0.6Cu(N)/TiO2 catalyst is almost
equal to that of the 0.6Cu(A)/TiO2 catalyst indicating that
different anions (NO3

� or Ac�) in precursors have little influ-
ence on the activities of the Cu/TiO2 catalysts.

Regarding all the catalysts, it can be seen that the activities
of the catalysts are significantly improved when manganese
oxides are introduced into the 0.6Cu/TiO2 catalyst. Further-
more, the improvement of the activities over the 0.6CuyMn(N)/
TiO2 catalysts is much higher than that over the 0.6CuyMn(A)/
TiO2 catalysts. Compared with the 0.6Cu/TiO2 catalyst, the
activity of 0.6Cu0.1Mn(N)/TiO2 is improved obviously, and the
NO conversion reaches about 68% at 350 1C. Further increase of
the manganese loadings results in a significant enhancement
of the NO conversion, and the 0.6Cu0.4Mn(N)/TiO2 catalyst
exhibits 100% NO conversion at 350 1C. However, for the
0.6CuyMn(A)/TiO2 catalysts, the activity does not increase with
increasing loading amounts of manganese oxides. It can be
seen that the activities of 0.6CuyMn(A)/TiO2 catalysts with
different manganese loadings are almost equal, and the
0.6CuyMn(A)/TiO2 catalysts exhibit low activities with respect
to 0.6CuyMn(N)/TiO2 catalysts.

In the NO + CO reaction, the unexpected byproduct is N2O.
Fig. 1(b) shows N2 selectivities of the catalysts. As shown in
Fig. 1(b), the N2 selectivities of all samples are relatively
low when temperature is below 250 1C. When temperature is
higher than 250 1C, the N2 selectivities of catalysts prepared
using Mn(NO3)2 as precursors are obviously enhanced. The N2

yield profiles are given in Fig. 1(c). It can be seen that the
0.6CuyMn(N)/TiO2 catalysts are liable to produce N2, and the N2

yields increase with the manganese loading amounts. However,
for the 0.6CuyMn(A)/TiO2 catalysts, the N2 selectivities are a
little improved compared with the 0.6Cu/TiO2 catalyst. Thus,
when Mn(Ac)2 is used as a precursor to prepare catalysts, the
manganese species make a smaller contribution than that of
Mn(NO3)2 to the NO + CO reactivity and selectivity.

According to the above results, it can be seen that single
copper oxide or manganese oxide supported on TiO2 exhibits
low activities in the NO + CO reaction. Thus, the increase of the
activity should be attributed to the synergetic activity between
copper oxides and manganese oxides. Furthermore, it should
be noted that the synergetic activity between copper oxides and
manganese oxides is significantly affected by using different
manganese precursors. The reason for it will be investigated via
the following characterization of the catalysts.

3.2 Characterization of the catalysts

3.2.1 XRD and LRS studies of catalysts. Fig. 2(a) shows the
XRD patterns of 0.6Cu/TiO2, 0.4Mn/TiO2, 0.6CuyMn(N)/TiO2

and 0.6CuyMn(A)/TiO2 catalysts. It can be seen that only the
characteristic peaks of anatase TiO2 can be detected (JCPDS:
21-1272), without any peaks corresponding to copper oxides or
manganese oxides. The results suggest that both copper oxides
and manganese oxides are highly dispersed on the surface of
the anatase TiO2 support. They also demonstrate that different
manganese precursors will not affect the dispersed properties
of surface species. The laser-Raman spectra (LRS) experiments
further confirm the XRD results (Fig. 2(b)). As can be seen, only
the characteristic peaks of anatase TiO2 appear at 147, 396, 516
and 638 cm�1. No characteristic peaks of copper oxides and
manganese oxides can be observed.

Fig. 1 (a) NO conversions, (b) N2 selectivities and (c) N2 yields of xCuyMn/
TiO2 catalysts.
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3.2.2 Surface species before and after reaction of the cata-
lysts. XPS analysis was performed for 0.6Cu/TiO2, 0.6Cu0.4Mn(N)/
TiO2 and 0.6Cu0.4Mn(A)/TiO2 samples before and after reaction
in order to distinguish the chemical states of the surface manga-
nese oxides and copper oxides in the reaction process, as shown
in Fig. 3.

Before the NO + CO reaction (Fig. 3(a)), all the catalysts show a
Cu 2p3/2 transition with a symmetric main peak (B.E. E 934.2 eV),
and a typical intense satellite peak appears on the higher binding
energy side (B.E. E 942.4 eV). The results indicate that the copper
species mainly exist as +2 states before reaction (B.R.). For the
0.6Cu0.4Mn(N)/TiO2 catalyst (Fig. 3(b)), the binding energy of the
Mn 2p3/2 peak appearing at about 642.5 eV should be attributed
to the characteristic peak of Mn4+ species.23,24 This agrees with
previously reported results that the Mn(NO3)2 precursors usually
decompose into MnO2 after calcination.18 For the 0.6Cu0.4Mn(A)/
TiO2 catalyst (Fig. 3(c)), the binding energy of the main Mn 2p3/2

peak appears at about 641.8 eV indicating that the manganese
species mainly exist as Mn2O3 initially.23

After the NO + CO reaction at 350 1C (Fig. 3(a)), the samples
were also analysed by XPS. For all samples, the peaks corre-
sponding to Cu+ species appear at about 932.3 eV and the

intensity of the satellite peaks of Cu2+ becomes weaker, which
indicate that part of Cu2+ species have been reduced to Cu+

during the NO + CO reaction process. For the 0.6Cu0.4Mn(N)/
TiO2 catalyst (Fig. 3(b)), the peak of Mn4+ at 642.4 eV disappears
and the main peak appears at about 641.8 eV. In addition, a
satellite peak representing Mn2+ appears at 647.5 eV.23 These
results suggest that all Mn4+ species have been reduced to Mn3+

and Mn2+ in the NO + CO reaction. For the 0.6Cu0.4Mn(A)/TiO2

catalyst (Fig. 3(c)), in addition to the Mn3+ species, the satellite
peak of Mn2+ species also appears indicating that part of
Mn3+ species have been reduced to Mn2+. As a result, it can
be concluded that the main species in the 0.6Cu0.4Mn(A)/TiO2

catalyst are Cu2+, Cu+, Mn3+ and Mn2+ species after the NO + CO
reaction. Interestingly, after comparing the two samples, it can
be seen that the 0.6Cu0.4Mn(N)/TiO2 catalyst contains the same
species like the 0.6Cu0.4Mn(A)/TiO2 catalyst, including Cu2+,
Cu+, Mn3+ and Mn2+ species. Consequently, no apparent differ-
ences can be distinguished from the perspective of types of
surface ions. However, the activities of the two catalysts exhibit
significant differences, and the activity of the 0.6Cu0.4Mn(N)/
TiO2 catalyst is much higher than that of the 0.6Cu0.4Mn(A)/
TiO2 catalyst. Thus, the increase of the activity for the
0.6Cu0.4Mn(N)/TiO2 catalyst cannot be simply attributed to
the appearance of Cu+ or Mn3+/Mn2+ ions.

Based on the above activity and XPS results, it can be con-
cluded that a single metal oxide (CuO, Cu2O, MnO2, Mn2O3 or
MnO) should not be thought as the active species of the NO + CO
reaction. The high activity of the 0.6Cu0.4Mn(N)/TiO2 catalyst
should be ascribed to other factors. So, what leads to the increase
of the activity and what causes the different growth activities
between 0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/TiO2 catalysts?

It is reported elsewhere,25,26 the copper and manganese
mixed oxides (CuMnOx) will form when the catalyst was
prepared using a co-impregnation method. Consequently, the
Cu–O–Mn bond should appear in the mixed oxides. Thus, we
tentatively proposed that the formation of the Cu–O–Mn bond
may be related to the high activity of the catalyst. Considering
the reduction of Cu2+, Mn3+ and Mn4+ species after the CO + NO
reaction, the Cu–O–Mn bond can be reduced by CO in the redox
process of the NO + CO reaction. Therefore, the oxygen between
Cu2+ and Mn4+/Mn3+ ions will be taken away forming the
Cux+–&–Mny+ oxygen vacancy. It is reported in the literature
that surface oxygen vacancies are active for NO reduction to
N2.27–29 Thus, the significant enhancement of the activity may
result from the formation of the Cux+–&–Mny+ oxygen vacancy
during the reaction process. Furthermore, different catalytic
properties of 0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/TiO2

catalysts may be due to the degree of difficulty in the formation
of oxygen vacancies in the two samples. The surface states of
oxygen vacancies can be expected by considering the surface
structure of TiO2, as discussed previously by our group.30–32 For
anatase TiO2, the (001) plane is considered the preferentially
exposed plane, and octahedral vacant sites exist in the plane, as
shown in Fig. 4(a). When manganese or copper oxides are highly
dispersed on the surface of TiO2, Mny+ or Cu2+ may occupy the
surface vacant site on TiO2, and the oxygen anions will stay at the

Fig. 2 (a) XRD and (b) LRS patterns of TiO2, 0.6Cu/TiO2, 0.4Mn(N)/TiO2,
0.6Cu0.1Mn(N)/TiO2, 0.6Cu0.2Mn(N)/TiO2, 0.6Cu0.4Mn(N)/TiO2, 0.4Mn(A)/
TiO2 0.6Cu0.1Mn(A)/TiO2, 0.6Cu0.2Mn(A)/TiO2, and 0.6Cu0.4Mn(A)/TiO2.
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top of the occupied site as capping oxygen, compensating the
extra positive charge. A possible scheme of the surface copper

and manganese species in 0.6CuyMn(N)/TiO2 and 0.6CuyMn(A)/
TiO2 samples is shown in Fig. 4(b) and (c), respectively. Under the

Fig. 3 XPS results of 0.6Cu/TiO2, 0.6Cu0.4Mn(N)/TiO2 and 0.6Cu0.4Mn(A)/TiO2 samples before (B.R.) and after reaction (A.R.).

Fig. 4 Schematic diagram for the incorporation of Cu2+ and Mnx+ ions in the surface vacant sites on the (001) plane of TiO2 (anatase).
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reaction atmosphere, the oxygen between Mny+ and Cu2+ can be
taken away by CO, then the oxygen vacancy forms. Different from
the oxygen vacancy offered by single surface metal oxides, it is a
surface synergetic oxygen vacancy (SSOV) which forms between
two different metallic ions. In our previous study,24,33–35 several
examples have been reported which show that this kind of
vacancy should play a more sufficient role in the NO + CO
reaction. In this work, the catalytic properties of the SSOV may
be closely related to the precursors of manganese, which further
leads to different catalytic performances in the two catalysts.

3.3 Catalytic activities of NO removal by CO and
characterization of the CO-pretreated catalysts

3.3.1 Catalytic activities of NO removal by CO for
CO-pretreated catalysts. In order to further support our con-
jecture, the catalysts are pretreated with CO at different tem-
peratures to purposely produce surface oxygen vacancies. As the
sharp increase of the activities occurs at 250 1C and 300 1C (see
Section 3.1) for the 0.6Cu0.4Mn(N)/TiO2 and 0.6Cu0.4Mn(A)/
TiO2 catalysts, respectively, CO pretreated conditions were
chosen at the two temperatures. Then, the catalytic activities
were tested by the NO + CO reaction.

After the CO pretreatment, the activities of the NO + CO
reaction over a series of catalysts were tested, as shown in
Fig. 5. For the TiO2, 0.4Mn(A)/TiO2 and 0.4Mn(N)/TiO2 samples,
the activities are unchanged after CO pretreatment (not shown).
Thus, CO pretreatment has no influence on their activities.
However, for 0.6Cu/TiO2, the NO conversions over the
CO-pretreated catalysts are higher than those over the fresh
catalysts. Furthermore, the influence of the CO pretreatment on
the activities is also dependent on the temperature. After being
pretreated at 250 1C, the activity of the 0.6Cu/TiO2 sample
increases in the whole temperature range. At low reaction
temperatures (200 and 250 1C), NO conversion values of the
CO-pretreated samples are nearly twice with respect to the fresh
sample. But it is still low, only 10% in NO conversion. At high
reaction temperatures (300 and 350 1C), NO conversion
increases by only about 5%. When the CO-pretreated tempera-
ture is continually increased to 300 1C, the activities decrease
unfortunately (Fig. 5(a)). Based on these results, it can be
concluded that the CO pretreatment of the 0.6Cu/TiO2 catalyst
shows positive effects on the activity at low reaction tempera-
tures. However, it shows negative effects when the pretreatment
is performed at high reaction temperatures.

In the cases of 0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/TiO2

samples, the CO pretreatment has significant effects on them.
For the 0.6Cu0.4Mn(A)/TiO2 sample, the activities increase
obviously in the whole reaction temperature region after pre-
treated with CO at 250 1C. It can be seen that its maximum
activity reaches about 75% at the reaction temperature of
350 1C. For comparison, the NO conversion is only about 40%
for the fresh sample at the same temperature. Furthermore,
the higher pretreatment temperature will lead to higher NO
conversion. When the CO-pretreated temperature increases to
300 1C, the NO conversion is about four times than that of the
fresh sample at the reaction temperature of 250 1C, and NO

conversion reaches about 93% at the reaction temperature of
350 1C. The results suggest that the activity of the 0.6Cu0.4Mn(A)/
TiO2 sample increases with the CO-pretreated temperature. For
the 0.6Cu0.4Mn(N)/TiO2 sample, after CO-pretreatment at 250 1C,
its activity increases in the whole reaction temperature region.
Actually, when the sample is pretreated at the low reaction
temperature region (r250 1C), the enhancement of the activity
is already quite significant. Additionally, the activity of the catalyst
pretreated at 300 1C is almost equal to that pretreated at 250 1C,
which suggests that the relatively low pretreatment temperature
(250 1C) is already enough for the 0.6Cu0.4Mn(N)/TiO2 sample.

Fig. 5 Activities of the NO + CO reaction over the fresh and CO-pretreated
catalysts (a) 0.6Cu/TiO2, (b) 0.6Cu0.4Mn(A)/TiO2 and (c) 0.6Cu0.4Mn(N)/
TiO2.
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These results confirm that the CO reduction of mixed metal
oxides plays a very important role in the enhancement of the
activity. XPS results (see Section 3.2.2) of 0.6Cu0.4Mn(A)/TiO2

and 0.6Cu0.4Mn(N)/TiO2 samples suggested that the enhancement
of the activity should not be simply attributed to the appearance
of low valence Cux+ or Mny+ ions. In addition, the increase of
the activities of 0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/TiO2

samples is much higher than that of the 0.6Cu/TiO2 sample. Based
on these results, it seems reasonable to conclude that the formation
of Cux+–&–Mny+ surface synergetic oxygen vacancy (SSOV) in
0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/TiO2 catalysts may be
responsible for the increase of the activity.

Another important phenomenon should be noted. The
increase of the activities is different in 0.6Cu0.4Mn(N)/TiO2

and 0.6Cu0.4Mn(A)/TiO2 samples. The differences in their
catalytic behaviors should be attributed to the degree of diffi-
culty of removing the oxygen from the Cux+–O–Mny+ bond by
CO during the extraction process in the NO + CO reaction. As it
can be seen in Fig. 5(b), the activity of the 0.6Cu0.4Mn(A)/TiO2

sample is closely related to the CO-pretreated temperature, and
the catalyst pretreated at 300 1C is more active than that at
250 1C. This suggests that the formation of the SSOV in the
0.6Cu0.4Mn(A)/TiO2 sample requires CO pretreatment at high
temperatures. For the 0.6Cu0.4Mn(N)/TiO2 sample, the activity
of the catalyst pretreated at 250 1C has already been high enough.
This result indicates that the SSOVs of the 0.6Cu0.4Mn(N)/TiO2

sample can be obtained via CO pretreatment at relatively mild
temperatures. In order to further support this opinion, the
CO-pretreated catalysts 0.6Cu0.4Mn(A)/TiO2 and 0.6Cu0.4Mn(N)/
TiO2 are studied by the following characterization.

3.3.2 Characterization of the CO-pretreated catalysts.
CO-TPR is carried out to study the main reduction step of
catalysts. As shown in Fig. 6, for the 0.6Cu0.4Mn(N)/TiO2

sample, the reduction process includes three steps. The tem-
perature range from 50 1C to 160 1C mainly corresponds to the
reduction of Cu2+ - Cu+, and a reduction peak appears at
150 1C. In the range of 190–260 1C, a reduction peak appears at

237 1C, and this region is mainly attributed to the reduction of
Mn4+ - Mn3+. When the temperature is higher than 260 1C,
Mn3+ will be reduced and the main reduction is Mn3+ - Mn2+.
At 289 1C, a reduction peak appears in this region. For the
0.6Cu0.4Mn(A)/TiO2 sample, a reduction peak appears at
150 1C corresponding to the reduction of Cu2+ - Cu+, which
is similar to the 0.6Cu0.4Mn(N)/TiO2 sample. In addition, the
reduction peak of Mn3+ - Mn2+ also appears at 289 1C in the
0.6Cu0.4Mn(A)/TiO2 sample. However, no remarkable reduction
peak of Mn4+ - Mn3+ appears at 237 1C. Thus, the results
further confirm that the Mn(NO3)2 precursor primarily leads to
MnO2, while the Mn(Ac)2 precursor mainly forms Mn2O3 species.
The CO-TPR technique indicates that the reduction of Mn4+ -

Mn3+ is easier than that of Mn3+ - Mn2+. However, it is still an
inaccurate technique to identify the surface species, thus XPS
was performed to study the catalyst as follows.

XPS spectra of CO-pretreated catalysts at different operation
temperatures were recorded to investigate the changes in Cux+

and Mny+ species with increasing temperature. Fig. 7 shows the
Cu2p spectra of 0.6Cu0.4Mn(N)/TiO2 and 0.6Cu0.4Mn(A)/TiO2

samples. For the 0.6Cu0.4Mn(N)/TiO2 sample (Fig. 7(a)), at
room temperature, the Cu2p3/2 peak appears at 934.2 eV with
a satellite peak at 942.4 eV, which suggest that the copper
species mainly exist as Cu2+ initially.36,37 With the temperature
increasing to 150 1C, most of the Cu2+ species are reduced to
Cu+ and little Cu2+ remains. As can be seen, the peak representing
Cu+ appears at 932.3 eV. Upon further increase of the temperature
to 250 1C, no characteristic peaks of Cu2+ are detected suggesting
that all of them have been reduced to Cu+. When the temperature
continually increases to 300 1C, part of Cu+ species are reduced
to Cu0, which is inferred from the Auger LMM lines of Cu
(Fig. 7(b)).38,39 For the 0.6Cu0.4Mn(A)/TiO2 sample (Fig. 7(c) and
(d)), the copper species also exist as Cu2+ at room temperature,
and the reduction process from 150 1C to 300 1C is similar to that
of the 0.6Cu0.4Mn(N)/TiO2 sample.

Fig. 8 shows the Mn2p spectra of 0.6Cu0.4Mn(N)/TiO2 and
0.6Cu0.4Mn(A)/TiO2 samples. As shown in Fig. 8(a), only Mn4+

species appear at 642.5 eV (Mn2p3/2) and 654.3 eV (Mn2p1/2) in
the 0.6Cu0.4Mn(N)/TiO2 sample at room temperature.20 After
CO-pretreatment at 150 1C, the values of the full width at half
maximum (FWHM) of Mn2p3/2 become broader indicating
that Mn3+ species appear at 641.8 eV (Mn2p3/2).23 This result
suggests that part of Mn4+ have been reduced to Mn3+. In
addition, it also suggests that the CO-TPR result (Mn4+ - Mn3+,
160 1C - 260 1C) is just a rough method to judge the reduction
temperature region of surface ions, because the reduction peaks
of different surface species may overlap each other. With the
temperature increasing to 250 1C, the peak at 642.5 eV disappears
suggesting that the reduction process Mn4+ - Mn3+ is completed.
Furthermore, a satellite peak at 647.2 eV corresponding to
Mn2+ appears indicating the appearance of the Mn3+-Mn2+

process.23,24 At the temperature of 300 1C, no obvious change
can be observed. The peaks of Mn2p3/2 for Mn3+and Mn2+ are
near, thus, it is difficult to determine whether the Mn3+ species
has been reduced to Mn2+ completely. However, combined with
the CO-TPR results, it can be concluded that part of Mn3+ still

Fig. 6 CO temperature programmed reduction (TPR) of the 0.6Cu0.4Mn(N)/
TiO2 and 0.6Cu0.4Mn(A)/TiO2 samples.
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exists and is reduced at this temperature. For the 0.6Cu0.4Mn(A)/
TiO2 sample (Fig. 8(b)), only the peaks corresponding to Mn3+

species appear at 641.8 eV (Mn2p3/2) and 653.2 eV (Mn2p1/2) at
room temperature. With the pretreated temperature increasing to
150 1C, the spectra are almost unchanged and no new species

appears suggesting that the Mn3+ species cannot be reduced by
CO at this temperature. After CO pretreatment at 250 1C, Mn2+

species present a characteristic satellite peak appearing at 647.2 eV.
At the temperature of 300 1C, no obvious change can be observed
which is similar to that of the 0.6Cu0.4Mn(N)/TiO2 sample.

Fig. 7 (a) Cu2p and (b) Cu-LMM spectra of CO-pretreated 0.6Cu0.4Mn(N)/TiO2; (c) Cu2p and (d) Cu-LMM spectra of CO-pretreated 0.6Cu0.4Mn(A)/
TiO2.

Fig. 8 Mn2p spectra of (a) CO-pretreated 0.6Cu0.4Mn(N)/TiO2 and (b) CO-pretreated 0.6Cu0.4Mn(A)/TiO2.

Paper PCCP

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

27
/0

1/
20

17
 0

6:
13

:2
8.

 
View Article Online

http://dx.doi.org/10.1039/c5cp02158h


16004 | Phys. Chem. Chem. Phys., 2015, 17, 15996--16006 This journal is© the Owner Societies 2015

Combining the XPS results in Fig. 7 and 8, it can be seen that
the Cu2+ species are easy to be reduced by CO at 150 1C for both
the 0.6Cu0.4Mn(N)/TiO2 and 0.6Cu0.4Mn(A)/TiO2 samples.
However, the reduction behaviors of Mnx+ species are different
in the two samples. As can be seen in Fig. 8(a), many of the
Mn4+ species are reduced at 150 1C. In other words, Mn4+ is
reduced by CO with Cu2+ simultaneously in the 0.6Cu0.4Mn(N)/
TiO2 sample. Thus, it can be concluded that O2� species of the
surface mixed metal oxides in the Cu2+–O–Mn4+ bond can be
taken away, and Cu+–&–Mn3+ (SSOV) can form at this tempera-
ture. Differently, for the 0.6Cu0.4Mn(A)/TiO2 sample (Fig. 8(b)),
Mn3+ species cannot be reduced at 150 1C and no Cu+–&–Mn2+

(SSOV) forms under this condition. Consequently, SSOVs are
easier to form in the 0.6Cu0.4Mn(N)/TiO2 sample than in the
0.6Cu0.4Mn(A)/TiO2 sample. When the pretreated temperature

increases to 250 1C, Mn3+ species are reduced to Mn2+ (Fig. 8(b))
and Cu+–&–Mn2+ (SSOV) can form in the 0.6Cu0.4Mn(A)/TiO2

sample correspondingly. Thus, the activities of the two samples
both increase obviously after CO pretreatment at 250 1C. How-
ever, it should be noted that the activity of the 0.6Cu0.4Mn(A)/
TiO2 sample is lower than that of the 0.6Cu0.4Mn(N)/TiO2

sample, which suggests that the quantity of active sites (SSOV)
is still insufficient in the 0.6Cu0.4Mn(A)/TiO2 sample as pre-
treated at 250 1C. After pretreated at 300 1C, more active species
Cu+–&–Mn2+ (SSOV) can be obtained and the activities of the
0.6Cu0.4Mn(A)/TiO2 sample increase continually. However, for
the 0.6Cu0.4Mn(N)/TiO2 sample, enough SSOVs are obtained at
250 1C, thus its activities are almost unchanged although the
pretreated temperature is higher. In addition, according to the
XPS results in Fig. 8(a), Mn3+ can be reduced to Mn2+ at 300 1C in

Fig. 9 EPR spectra of (a) 0.6Cu/TiO2; (b) 0.6Cu0.4Mn(N)/TiO2; and (c) 0.6Cu0.4Mn(A)/TiO2 catalysts.
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the 0.6Cu0.4Mn(N)/TiO2 sample, and Cu+–&–Mn3+ will change
to Cu+–&–Mn2+ under this condition which has no influence on
its activity.

EPR analysis is an effective measurement of the surface
oxygen vacancy,40–43 and it is employed here to characterize the
catalysts. Before EPR experiments, the catalysts were firstly
pretreated with CO at different temperatures, and then exposed
to air. In this process, electrons will transfer from the reduced
surface of catalysts to the adsorbed O2 at the oxygen vacancy to
form the O2

� species, as shown in Fig. 9. For the 0.6Cu/TiO2

and 0.6Cu0.4Mn(N)/TiO2 catalysts (Fig. 9(a) and (b)), no charac-
teristic signals of O2

� species can be observed in the fresh
catalyst. After CO-pretreatment at 250 1C, the signals of O2

�

species appear centered at g = 1.997 and g = 2.023, respectively.
When the catalyst is CO pretreated at 300 1C, these signals still
exist. For the fresh catalyst of 0.6Cu0.4Mn(A)/TiO2 (Fig. 9(c)),
the O2

� species also cannot be observed. Unfortunately, even
signals of O2

� species cannot be observed at the CO-pretreated
temperature of 250 1C, which may be attributed to the weak
concentration of surface oxygen vacancies. When the pretreated
temperature increases to 300 1C, the signals of O2

� species
appear centered at g = 2.04. The different values of g for O2

�

species may be ascribed to the different environments of
vacancies. In addition, as reported in the literature, the value
of g for Cu2+ is also in the range of 2.00–2.04.44,45 However, it
can be ascertained from the XPS results that no Cu2+ ions exist
when the pretreated temperature is higher than 250 1C for all
samples. Thus, it can be concluded from above results that no
oxygen vacancies exist in the surface of fresh catalysts, and the
CO pretreatment method will create the oxygen vacancies for all
the three catalysts.

On the basis of the literature and our present CO-TPR, XPS
and EPR results, a possible model for the formation process of
surface oxygen vacancy is proposed, as shown in Fig. 10. For all
samples, oxygen vacancies can be formed in the reaction
process. In the 0.6Cu/TiO2 catalyst, the surface oxygen vacancy
Cu+–&–Cu+ can be formed easily (Fig. 10(a)). However, this
kind of surface oxygen vacancy exhibit relatively low activity
which has been reported by our previous work.24 For the
manganese modified catalysts, because different manganese
precursors are used, different valences of manganese ions
(Mn4+ and Mn3+) are formed on the surface of the fresh sample.
Consequently, the condition and steps for the formation of
surface synergetic oxygen vacancies of the two kinds of catalysts

are different. As shown in Fig. 10(b), the SSOV can form at low
temperatures due to the low reduction temperature of Mn4+.
Thus, the catalyst 0.6Cu0.4Mn(N)/TiO2 exhibits good activity
at low temperatures. However, for the 0.6Cu0.4Mn(A)/TiO2

catalyst, as shown in Fig. 10(c), the reduction of Mn3+ -

Mn2+ is hard, leading to its relatively low activity in the low-
temperature region (o300 1C).

4 Conclusions

The present work studies the influence of manganese precursors
on the catalytic performance of CuO–MnOx/TiO2 catalysts for NO
removal by CO. Based on the above experimental results, it can
be concluded that (1) both catalysts (xCuyMn(N)/TiO2 and
xCuyMn(A)/TiO2) are much more active than Cu/TiO2, Mn(N)/
TiO2 and Mn(A)/TiO2 catalysts with single active components.
Moreover, the catalysts prepared using manganese nitrate
(xCuyMn(N)/TiO2) are more active than those prepared using
manganese acetate (xCuyMn(A)/TiO2), although the catalysts are
modified with the same amount of manganese. (2) XPS investi-
gation is performed on 0.6Cu/TiO2, 0.6Cu0.4Mn(N)/TiO2 and
0.6Cu0.4Mn(A)/TiO2 samples to confirm the valence of surface
species of catalysts. Before the NO + CO reaction, all copper
species exist in the Cu2+ state in all fresh catalysts. However, the
valence of manganese species is closely related to the prepared
manganese precursors. Manganese exists as Mn4+ in the
0.6Cu0.4Mn(N)/TiO2 catalyst and as Mn3+ in the 0.6Cu0.4Mn(A)/
TiO2 catalyst. After the NO + CO reaction, Cu2+, Cu+, Mn3+ and
Mn2+ species all exist in the 0.6Cu0.4Mn(N)/TiO2 and
0.6Cu0.4Mn(A)/TiO2 catalysts, which suggest that the high
activity of the 0.6Cu0.4Mn(N)/TiO2 catalyst should not simply
be ascribed to Cu+ and Mn3+/Mn2+. (3) CO pretreatment was
carried out on 0.6Cu/TiO2, 0.6Cu0.4Mn(N)/TiO2 and 0.6Cu0.4Mn(A)/
TiO2 samples to purposely produce oxygen vacancies. The
catalytic activities of NO removal by CO were evaluated, and
characterization of the CO-pretreated catalysts was performed.
The results obtained from XPS and EPR analyses indicate that
the enhancement of activity should be attributed to the for-
mation of the Cu+–&–Mny+ surface synergetic oxygen vacancy
(SSOV) in the reaction process. Moreover, the formation of the
SSOV (Cu+–&–Mn3+) in the xCuyMn(N)/TiO2 catalyst is at low
temperatures, which is easier than that (Cu+–&–Mn2+) in the
xCuyMn(A)/TiO2 catalyst. Thus, the activities of xCuyMn(N)/TiO2

Fig. 10 Possible model for the formation process of the surface oxygen vacancy in (a) 0.6Cu/TiO2; (b) 0.6Cu0.4Mn(N)/TiO2; and (c) 0.6Cu0.4Mn(A)/TiO2

catalysts.
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catalysts are higher than those of the xCuyMn(A)/TiO2 catalysts. Our
results can provide some new insights into the understanding of
the catalytic performances of supported mixed metal oxides in the
NO + CO reaction.
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