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NO reduction by CO was investigated over CO-pretreated CuO/MnOx/c-Al2O3 catalysts with different
metal precursors (nitrate and acetate). It was found that the catalyst prepared from acetate salts (Cu/
Mn/Al-A) exhibited significantly higher activity than counterpart catalyst from nitrate precursors (Cu/
Mn/Al-N). XRD, XPS and in situ DRIFT were carried out to approach the nature for the different catalytic
performance. For both catalysts, copper mainly existed as CuO, but the status of manganese oxide was
markedly different. Mn(IV) was predominant in Cu/Mn/Al-N and Mn(III) was enriched in Cu/Mn/Al-A.
As a result, different dispersion behaviors of manganese oxide on c-Al2O3 were displayed, which induced
inconsistent Cu-Mn contact. The catalyst obtained from acetate precursor exhibited enriched Cu-Mn con-
tact and thus more Cu+-h-Mn3+/2+ entities would be produced after CO pretreatment, leading to pro-
moted NO dissociation and favorable performance in NO reduction by CO. The present study sheds
light on the effective tuning of Cu-O-Mn interfacial sites in CuO/MnOx/c-Al2O3 via modulating the disper-
sion behaviors of surface components.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction
Nitrogen oxides (NOx) are tightly controlled by legislation in
many countries as a major air pollutant [1], and catalytic elimina-
tion has proved to be one of the most effective approaches for NO
reduction. In order to convert NOx to harmless N2, various reducing
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agents are used, including NH3, urea, hydrocarbon, and CO [2].
Among them, NO reduction by CO is widely investigated, since it
is an important model reaction in three-way catalysis (TWC) [3].
CO can be obtained from incomplete combustion of carbon-
containing fuels, and it is also the main component of mobile vehi-
cles exhaust. Thus, it has the advantages of being cheap and easy to
get. Previous researches on CO + NO reaction mainly focused on
noble metal (Pt, Pd, Rh, Ir or Au) supported catalysts due to their
high activity [4–8]. However, because of the high cost and poor
thermal stability of noble metals, more and more attentions are
paid to transition metal oxides catalysts.

Specially, copper oxides have attracted great attention due to
their excellent redox properties and the ability to activate NO
and CO molecules simultaneously [9]. The performance of copper
oxides in NO + CO reaction can be affected by many factors. Tsune-
hiro et al. reported that for Cu/c-Al2O3 catalyst, aggregated Cu spe-
cies preferentially oxidized CO and inhibited NOx reduction, while
highly dispersed Cu species could selectively reduce NO to N2 [10].
Wan et al. found CuO/c-Al2O3 catalyst modified by Mn2O3 exhib-
ited prominent catalytic efficiency, and they attributed the activity
improvement to the establishment of Cu2+ + Mn3+ M Cu+ + Mn4+

redox cycle [11]. In addition, synthesis methods could also influ-
ence catalytic activity. Yu et al. found that the CuO/ZrO2-Al2O3 cat-
alyst prepared by co-precipitation exhibited enhanced interaction
between highly dispersed copper oxide and the amorphous zirco-
nia species in comparison with the CuO/ZrO2/Al2O3 catalyst pre-
pared by stepwise impregnation [12].

Recently, Li et al. found that by adopting a reduction treatment,
the catalytic performance of CuO-Mn2O3/c-Al2O3 catalyst in NO
+ CO reaction can be greatly improved. They attributed the apparent
activity improvement to the formation of surface synergistic oxygen
vacancy (SSOV) [13]. Along with this pioneering work, the effect of
SSOV in other binary oxide supported catalysts was explored. The
results showed that in such catalyst systems like CuO/V2O5/Al2O3

[9], CuO-V2O5/TiSnOx [14], CuO/CoOx/Al2O3 [15] and CuO-MnOx/
TiO2 [16], CO pretreatment could induce remarkable activity
enhancement, verifying creation of SSOV can be a general strategy
to promote NO reduction efficiency. Although the positive effect of
SSOV in NO + CO reaction is well recognized, typical method used
to tune the concentration of SSOV is still elusive and has not been
reported yet. In the present study, we used different metal precur-
sors (nitrate and acetate) to construct two structures of highly dis-
persed CuO and MnOx supported c-Al2O3 samples. It was found
that different manganese precursors could induce different man-
ganese oxidation states, which contributed to varied catalytic per-
formance in NO + CO reaction. On the basis of a series of
physiochemical characterizations, it was proposed that the using
of acetate precursor could affect the dispersion behavior of MnOx

on c-Al2O3 and increase the chance of Cu-Mn contact. As a conse-
quence, enriched Cu-h-Mn species could be generated, which con-
tributed to the improved NO reduction performance.

2. Experimental section

2.1. Materials

Mn(CH3COO)2�4H2O, Mn(NO3)2 (50%), Cu(CH3COO)2�H2O, and
Cu(NO3)2�3H2O were purchased from Sinopharm Chemical
Reagent, Co., Ltd., China. c-Al2O3 was obtained from Hangzhou
Wanjing New Material Co., Ltd., China. Deionized water was used
throughout the experiment process.

2.2. Catalysts preparation

Commercial c-Al2O3 was calcined in flowing air at 750 �C for 7 h
and used as a support. The BET surface area was 130.7 m2 g�1. CuO/
MnOx/c-Al2O3 samples were prepared by stepwise impregnation
method. In the first step, c-Al2O3 was added into the aqueous solu-
tion of Mn(CH3COO)2 or Mn(NO3)2. After vigorous stirring for 1 h,
the solution was evaporated to remove the water at 100 �C. Finally,
the material was dried at 110 �C overnight and calcined at 500 �C
for 5 h. In the second step, the obtained MnOx/c-Al2O3 sample
was added into the aqueous solution of Cu(CH3COO)2 or Cu
(NO3)2 to prepare CuO/MnOx/c-Al2O3 sample. The loading amounts
of CuO and MnOx were 0.6 mmol/100 m2 and 0.3 mmol/100 m2,
respectively. For simplicity, the resultant catalysts prepared by
metal nitrate and metal acetate precursors were denoted as Cu/
Mn/Al-N and Cu/Mn/Al-A, respectively.

The CO pretreatment of the sample was conducted in a quartz
tube. Before the switch to CO, all the samples were pretreated in
a flowing N2 stream at 200 �C for 0.5 h, and then heated to
300 �C in the flowing N2 stream. After that, the sample was
exposed to CO-He (1.6% of CO by volume) at a rate of
25.0 mL�min�1 for 1 h. The CO pretreated samples were denoted
as CO-Cu/Mn/Al-N and CO-Cu/Mn/Al-A, respectively.

2.3. Catalysts characterization

X-ray diffraction (XRD) patterns were recorded on a Philips
X’pert Pro diffractometer using Ni-filtered Cu Ka radiation
(0.15418 nm) from 10� to 80�. The X-ray tube was operated at
40 kV and 40 mA.

CO temperature-programmed reduction (CO-TPR) experiments
were carried out in a quartz tube with 20 mg catalyst loaded.
Before reduction, the sample was pretreated in N2 stream at
200 �C for 0.5 h and then cooled to room temperature. After that,
CO/He mixture was switched on and the sample was heated from
room temperature to 600 �C with a heating rate of 10 �C min�1. The
effluent gases including CO and CO2 were continuously analyzed
by an online LC-D series mass spectrometer.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versa Probe system, using monochromatic Al Ka
radiation (1486.6 eV) operating at an accelerating power of
15 kW. Prior to the measurement, the sample was outgassed at
room temperature in a UHV chamber (<5 � 10�7 Pa). All binding
energy (BE) of samples were calibrated with the adventitious C
1s peak at 285.0 eV to compensate the charging effect. This refer-
ence gave BE values with accuracy at ±0.1 eV.

In situ diffuse reflectance infrared Fourier transform spectra
(in situ DRIFTS) was collected on a Nicolet 5700 FT-IR spectrometer
equipped with a highly sensitive MCT detector cooled by liquid N2.
The spectral resolution was 4 cm�1, the number of scans was 32.
The sample was pretreated in a highly purified N2 stream at
400 �C for 0.5 h to eliminate the physical adsorption of water and
other impurities. A background spectrum of each target tempera-
ture was collected during the cooling process. At ambient temper-
ature, the sample was exposed to a controlled stream of CO-He
(10% of CO by volume) or NO-He (5% of NO by volume) at a rate
of 25.0 mL�min�1 for 1 h to be saturated. And then, weakly
adsorbed gaseous were purged by N2, and desorption studies were
performed by heating the adsorbed species at the various target
temperatures. To investigate the reaction process, in situ DRIFTS
was recorded at various target temperatures in CO-He and NO-
He streams.

2.4. Catalytic activity tests

The activities of the catalysts were determined under steady
state. The reaction conditions as follows: 5 vol% NO, 10 vol% CO
and 85% He. The total flow rate was 50 mL�min�1 and 10 mg sam-
ple was used in a quartz tube to get a space velocity of
300,000 mL�g�1 h�1. Before the gas reactants were switched on,
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the sample was pretreated in a flowing N2 stream at 200 �C for
0.5 h to remove existent impurities. After that, the sample was
cooled to room temperature and exposed in reactant gases until
reached saturated adsorption. Then, the reactions took place at a
different temperature. The concentration of products was detected
by two volumes and thermal conduction detectors. 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. The catalytic activity of NO removal by CO

To confirm the vital role of SSOV, the effect of CO pretreatment
on the NO conversion of xCu/yMn/Al catalysts was firstly investi-
gated. It is found from Fig. 1a that irrespective of precursors, the
Cu/Mn/Al catalysts show significant catalytic activities, while the
performances of single component catalysts (Cu/Al and MnAl)
and mechanical mixture (Cu/Al + Mn/Al) are inferior, with NO con-
version achieved less than 20% at 250 �C. From atomic point of
view, only Cu-h-Cu or Mn-h-Mn can be formed in Cu/Al and
Mn/Al catalysts after CO pretreatment, leading to poor activities
in NO + CO reaction. However, the synergistic effect of Cu and
Mn in Cu/Mn/Al catalysts, which can reasonably be attributed to
the generation of Cu-h-Mn entities with surface synergistic oxy-
gen vacancy (SSOV) after CO pretreatment, endows Cu/Mn/Al cat-
alysts with superior catalytic activity [11].

The importance of SSOV can be further deduced from Fig. 1b.
Without CO pretreatment, the NO conversion of Cu/Mn/Al-N cata-
lyst is low and comparable to that of Cu/Mn/Al-A catalyst over the
entire reaction temperatures. However, after CO pretreatment, a
drastic enhancement of activity is observed, suggesting the activity
enhancement is indeed related to the generation of Cu-h-Mn enti-
ties. Notably, the extent of activity improvement is much different
for the different metal precursors. Specifically, CO-Cu/Mn/Al-A cat-
alyst exhibits apparently higher activity than that of CO-Cu/Mn/Al-
N. N2 selectivity of CO-Cu/Mn/Al-N and CO-Cu/Mn/Al-A were also
carried out and the results are shown in Fig. S1. As can be seen,
the N2 selectivity of the two CO pretreated samples are comparable
and CO-Cu/Mn/Al-A improves more rapidly with the reaction tem-
perature increasing, proving the superior performance of CO-Cu/
Mn/Al-A in NO + CO reaction. In addition, the activity of the CO-
Cu/Mn/Al-A as a function of reaction time is compiled in Fig. S2.
No decline of NO conversion is observed, suggesting the good sta-
bility of the prepared catalysts. To approach the details for the dif-
Fig. 1. NO conversion of (a) CO-pretreated Cu/Al, Mn/Al, Cu/Mn/Al and Cu/Al + Mn/Al sam
A samples as a function of the reaction temperature.
ferent catalytic behaviors, a series of physiochemical
characterizations were operated.
3.2. Structural characteristics

XRD measurements were carried out to explore the structural
characteristics and dispersed states of Cu and Mn species on c-
Al2O3 (Fig. S3). Cu/Al, Mn/Al and Cu/Mn/Al samples only show
the characteristic peaks of pure c-Al2O3 at 2h = 32.6�, 37.0�, 45.7�,
and 67.0�, and no signals associated with CuO or Mn2O3/MnO2

are detected in these samples, demonstrating Cu and Mn species
are well dispersed on the c-Al2O3 support. It can also be found that
the obtained catalysts have similar specific surface area (Table S1).
Therefore, the influences of surface area and different crystalline
phases of metal oxides on the catalytic activity of different cata-
lysts can be excluded.
3.3. Surface species analysis

XPS was performed to identify the chemical valence of surface
species. The Cu 2p spectra are shown in Fig. 2a. It is obvious that
the characteristic peaks attributed to Cu2+ at 933.0 eV (Cu 2p3/2)
and 952.7 eV (Cu 2p1/2) are detected [17,18], suggesting that Cu
species mainly exist in the form of Cu2+. Moreover, both the inten-
sity and position of each peak are almost identical, indicating that
the effect of precursors on the state of Cu species is negligible.

For Mn species, the Mn 2p3/2 spectra of Mn/Al and Cu/Mn/Al
samples is shown in Fig. 2b. All samples exhibit two main peaks
at 643.8 eV and 641.8 eV, which can be attributed to Mn4+ and
Mn3+, respectively. However, their ratios are quite different. It is
obvious that Mn4+ is dominated in Cu/Mn/Al-N, while Mn3+ is
abundant in Cu/Mn/Al-A. A similar phenomenon has been reported
by Kapteijn et al. [19]. Besides, by comparing Cu/Mn/Al-N and Mn/
Al-N samples, it can be concluded that the participation of Cu has
no obvious effect on the valence state of Mn species.

Based on the above characterization results, it is known that
both Cu/Mn/Al-A and Cu/Mn/Al-N samples have the same loading
amounts and nearly identical specific surface area. Moreover, both
Cu and Mn species are well dispersed and the differences in prop-
erties of Cu species can be ignored. All of these factors ultimately
make Mn species the only variable factor affecting the catalytic
activity. According to the previous study by Sun et al., manganese
exists as Mn4+ in CuMn(N)/TiO2 catalyst and as Mn3+ in CuMn(A)/
TiO2 catalyst. However, the activity of CuMn(A)/TiO2 catalyst in
NO + CO reaction was lower than that of CuMn(N)/TiO2 catalyst,
due to the fact that the formation of SSOV in CuMn(A)/TiO2 was
ples at 250 �C, and (b) un-pretreated and CO-pretreated Cu/Mn/Al-N and Cu/Mn/Al-



Fig. 2. (a) Cu 2p spectra of Mn/Al-N, Mn/Al-A, Cu/Mn/Al-N, and Cu/Mn/Al-A samples, and (b) Mn 2p3/2 spectra of Mn/Al-N, Mn/Al-A, Cu/Mn/Al-N, and Cu/Mn/Al-A samples.
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more difficult than that in CuMn(N)/TiO2 [16]. By calculating DrGh,
we know that the values of DrGh(MnO2/Mn2O3) and DrGh(Mn2O3/
MnO) are �208.03 kJ/mol and �101.83 kJ/mol, respectively. This
indicates the reduction process fromMnO2 to Mn2O3 is more easily
than that fromMn2O3 to MnO. Thus, the catalyst obtained fromMn
(NO3)2 is more likely to generate SSOV at relatively mild condition.
With this fact in mind, we can deduce that Mn species with higher
valence are beneficial for activity enhancement if we simply con-
sider the valence states. This is actually in contradiction with
experiment finding, which suggests other factors instead of chem-
ical valence should dominate the activity difference.

Fig. 3 shows the XRD patterns of Mn/Al samples with excess
manganese loaded on c-Al2O3. It is found that at the loading of
2.4 mmol/100 m2 c-Al2O3, characteristic peaks of MnO2 and
Mn2O3 appear in Mn/Al-N and Mn/Al-A samples, respectively. This
result matches well with XPS characterization and confirms that
the associated anion exerts a great influence on the formed crys-
talline phases of manganese oxide. It also agrees with the result
of Li et al., who prepared TiO2-supported manganese oxide cata-
lysts with manganese nitrate and manganese acetate [20]. To fur-
Fig. 3. XRD patterns of c-Al2O3 and excessively loaded manganese oxide on c-
Al2O3.
ther clarify the dispersion behavior of MnO2 and Mn2O3 over c-
Al2O3, yMn/Al samples with varied manganese oxide loading
amounts were measured by XRD (Fig. S4). The ratio of peak area
of crystalline MnOx to that of c-Al2O3 support as a function of
MnOx loading was analyzed, and results are shown in Fig. 4.
Accordingly, the dispersion capacity can be estimated from the
intercept of linear extrapolation to manganese oxide loading axis
and the obtained value for MnO2 and Mn2O3 on c-Al2O3 are shown
to be 0.55 and 0.94 mmol/100 m2 c-Al2O3, respectively. For MnO2

loaded on c-Al2O3, it is consistent with the predicted value
(0.56 mmol/100 m2 c-Al2O3) by referring to the incorporation
model proposed by Chen and Zhang [21]. For Mn2O3 on c-Al2O3,
it is probably dispersed in a different way. By taking into consider-
ation of the similar lattice structure of Mn2O3 and c-Al2O3, it is rea-
sonable to suppose that Mn2O3 grows on c-Al2O3 in an epitaxial
way [11]. In this way, the dispersion capacity of Mn2O3 on c-
Al2O3 is estimated to be 1.00 mmol/100 m2 c-Al2O3, which is very
close to the experimental value.

The different dispersion capacity of manganese oxides (Mn2O3

and MnO2) on c-Al2O3 reflects their different dispersion forms.
Fig. 4. Relationship between IMnOx/IAl2O3 and Mn loading amounts in (a) Mn/Al-N
and (b) Mn/Al-A samples.
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To better understand the varied dispersion behavior, a schematic
diagram is given in Fig. 5. It is known that the preferential exposure
plane of c-Al2O3 is (1 1 0) plane, and alumina consists of one-
dimension stacking of C- and D-layers with equal exposure possi-
bility [22]. According to Chen et al. study, two kinds of vacant sites
can be formed by close-packed oxygen atoms, including 8 tetrahe-
dral vacancies and 4 octahedral vacancies each layer [23,24]. Tak-
ing C-layer of c-Al2O3 lattice structure as an example, 4O2� and
4Al3+ (two in an octahedral sites, and the others in tetrahedral
sites) are distributed on a unit mesh of c-Al2O3, leaving some
vacant sites for ions incorporation. When Mn4+ incorporates into
the surface vacant site, two oxygen anions associated with the
cation will stay at the top of the occupied sites as capping oxygen.
Considering the stronger shielding effect, only one octahedral site
can be occupied by Mn4+ in a unit mesh. However, a Mn2O3 layer
can be formed through the epitaxial growth when Mn3+ incorpo-
rates into the c-Al2O3 lattice. That means that when Mn2O3 is dis-
persed on C-layer of c-Al2O3, a D-layer of Mn2O3 forms. Thus, Mn3+

can be included in one octahedral site and one tetrahedral site in a
unit mesh. This will result in manganese oxide occupying c-Al2O3

with two different dispersion forms, as revealed by XRD result.
Since manganese oxide has been pre-dispersed, the contact

between Cu and Mn species is expected to be different after copper
oxide is dispersed on Mn/Al surface. For Mn/Al-N sample, Cu2+ can
only be incorporated into the octahedral site which is adjacent to
Mn4+. Furthermore, it is impossible that one Cu2+ connects with
two Mn4+. For Mn/Al-A, Cu2+ can incorporate not only into octahe-
dral sites but also into tetrahedral sites of the surface of Mn2O3. It
is thus predicted that Cu/Mn/Al-A sample is more likely to form
Cu-O-Mn. In this way, more Cu-h-Mn will be generated after CO
pretreatment for Cu/Mn/Al-A sample. Similar to C-layer, Cu-O-Mn
is forms hardly in D-layer of Cu/Mn/Al-N, but more Cu-O-Mn will
form in D-layer of Cu/Mn/Al-A (Fig. S5).

3.4. CO or/and NO interaction with the catalysts

In order to study the interaction between reactants and the sur-
face species of catalyst, in situ DRIFT characterization is performed.
Fig. 6 shows the in situ DRIFT results of NO molecule adsorbed on
CO pretreated Cu/Mn/Al-N and Cu/Mn/Al-A catalysts in the tem-
perature range between 50 and 400 �C. The bands at 1320 cm�1

and 1500 cm�1 are assigned to the symmetric vibration v(OANAO)
and asymmetric vibration v(NAO) modes of mono-dentate nitrate,
respectively [9,11,15,25], and the band at 1620 cm�1 corresponds
to stretching vibration v(N@O) of bridging bidentate nitrate species
[9,15,25,26]. The bands at 1320 and 1500 cm�1 disappear gradually
with the temperature increasing, indicating the poor stability of
mono-dentate nitrate. Meanwhile, three new bands at 1300,
Fig. 5. The schematic diagram for dispersion of copper oxide
1350 and 1550 cm�1 are observed. The bands at 1300 and
1350 cm�1 correspond to nitrite, and 1550 cm�1 corresponds to
bidentate nitrate [15,27]. These bands exhibit an initial increase
in intensity, followed by signal decrease with the temperature fur-
ther increasing. From the above result, we know that at low tem-
peratures, NO adsorbs on the surface of the catalyst as mono-
dentate nitrate and bridging bidentate nitrate species, and then
converts to nitrite and bidentate nitrate or desorbs at elevated
temperatures. Overall, these bands show similar evolution trends
on the two samples.

The in situ DRIFT spectra of CO adsorption on CO pretreated cat-
alysts is shown in Fig. 7. After CO pretreatment, it is expected that
partial Cu2+ in dispersed CuO are reduced to Cu+ and Cu0, accompa-
nied by the reduction of Mnx+ (x = 3, 4) to Mn2+ and/or Mn3+ [16].
As can be seen from the CO-Cu/Mn/Al-N sample, the band appear-
ing at 2105 cm�1 corresponds to the copper carbonyl (Cu+-CO) spe-
cies, meanwhile, the peak at about 2300–2400 cm�1 belongs to
CO2 [28–30]. It has been reported that Cu2+-CO and Cu0-CO were
unstable at current temperatures [28,31], and CO molecules were
not substantially anchored to Mn3+ or Mn2+ sites [15,32]. As the
temperature increases, the intensity of the band at 2105 cm�1

becomes slightly stronger, and then gradually decreases due to
the desorption of CO on Cu+. When the temperature arrives at
200 �C, the peak of Cu+-CO almost disappears. Similar trend is
exhibited by CO-Cu/Mn/Al-A. Notably, for CO-Cu/Mn/Al-A sample,
a new peak at 2195 cm�1 appears, which can be attributed to Cu+-
(CO)3 [30,33,34]. Therefore, there are more Cu+ sites which adsorb
CO in CO-Cu/Mn/Al-A sample. Moreover, the Cu+-(CO)3 species are
very stable and the adsorption peak is still remarkable at high
temperatures.

Fig. 8 shows the results of NO + CO co-adsorption on CO-Cu/Mn/
Al-N and CO-Cu/Mn/Al-A samples. When the temperature is below
250 �C, only nitrate species are observed, suggesting competitive
adsorption between NO and CO and NO has a stronger adsorption
capacity on the catalyst surface than CO [27,35]. The bands at 1300,
1500 and 1620 cm�1 represent mono-dentate nitrate and bridging
bidentate nitrate species, respectively, which is in agreement with
the results of the NO adsorption. It can also be found that the heat-
ing process only changes the intensity of the peak, with no alter-
ation of the vibration frequency. For CO-Cu/Mn/Al-A sample, the
bands of nitrate species disappear at 250 �C. It is worthy to note
that unlike the result of NO adsorption, no other new nitrate or
nitrite species formed at the same time, suggesting the occurrence
of CO promoted NO dissociation on catalyst surface. For CO related
signals, the band at 2120 cm�1 corresponds to CO adsorbed on Cu+

and it becomes distinct at 250 �C. The bands at 1355 and
1600 cm�1 can be assigned to symmetrical vibration vs(COO�)
and asymmetrical vibration vas(COO�) of mono-dentate carbonate.
and manganese oxide on the surface of c-Al2O3 (C layer).



Fig. 6. In situ DRIFT spectra of NO adsorption on (a) CO-Cu/Mn/Al-N and (b) CO-Cu/Mn/Al-A samples at different temperatures.

Fig. 7. In situ DRIFT spectra of CO adsorption on (a) CO-Cu/Mn/Al-N and (b) CO-Cu/Mn/Al-A samples at the different temperature.
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Besides, the band of CO2 at 2358 cm�1 is also shown [15,36]. The
appearance of these bands can be well explained by the fact that
O atom produced by the dissociation of NOmolecules will combine
with the adsorbed CO to form CO2 and carbonate species. In addi-
tion, when the temperature reaches 300 �C, the dissociated N atom
will combine with CO molecule to form NCO species, as evidenced
by the appearance of typical peak attributed to NCO at 2200 cm�1

[37,38]. As the temperature further increases, the intensity of Cu+-
CO peak decreases, and the peak of NCO gradually increases, which
confirms that NO dissociation is promoted at higher temperatures
with plenty of NCO formed. A similar phenomenon is observed on
CO-Cu/Mn/Al-N sample. However, minor differences are present
when considering the detailed transition temperature of surface
species. For CO-Cu/Mn/Al-N sample, the peak of carbonate species
begins to emerge at 300 �C and the signal of NCO starts to appear
when the temperature reaches 350 �C. Both the two species are
closely related to NO dissociation and thus suggest the dissociation
temperature of NO on the CO-Cu/Mn/Al-A sample is lower than
that on CO-Cu/Mn/Al-N sample. According to previous study, SSOV
can promote dissociation of NO [13,26]. In the current work, the
in situ NO + CO co-adsorption DRIFT result shows clear evidence
that NO is more preferentially to dissociate on CO-Cu/Mn/Al-A
than on CO-Cu/Mn/Al-N, which can well account for the improved
catalytic performance.



Fig. 8. In situ DRIFT spectra of NO and CO co-adsorption on (a) CO-Cu/Mn/Al-N and (b) CO-Cu/Mn/Al-A samples at the different temperature.
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4. Conclusions

In the present study, the effect of different metal precursors on
the structural and catalytic performance of NO + CO reaction over
CO-pretreated CuO/MnOx/c-Al2O3 catalysts was investigated. It is
found that the catalyst prepared from acetate precursors (Cu/Mn/
Al-A) showed better catalytic activity than nitrate derived catalyst
(Cu/Mn/Al-N). For both catalysts, the state of copper is similar,
while obvious difference is exhibited by the chemical valence of
manganese species. Mn(III) is enriched on c-Al2O3 by using man-
ganese acetate as a precursor, while Mn(IV) is dominated when
manganese nitrate is employed. The two kinds of Mn species
exhibited distinct different dispersion behaviors on c-Al2O3. That
is, the dispersion of MnO2 on c-Al2O3 follows incorporation model,
while Mn2O3 on c-Al2O3 grew via an epitaxial mode. This causes
increased Cu-Mn contact chance from acetate precursor. As a
result, enriched Cu-h-Mn species could be generated, which con-
tributed to the improved NO reduction performance. The present
study provides an atomic insight into the effective tuning of Cu-
O-Mn interfacial sites in CuO/MnOx/c-Al2O3 catalysts and its effect
on NO + CO reaction.
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