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The influence of CO-pretreatment on the properties of CuO–V2O5/γ-Al2O3 catalysts was investigated in

the reduction of NO by CO. Catalytic performance results showed that the pretreated CuO–V2O5/γ-Al2O3

exhibited extremely high activity and selectivity. For example, NO conversion can be remarkably enhanced

from 13.8% to 100.0% for the 03Cu01V catalyst. For the catalyst characterization, the XRD results suggested

that copper oxide and vanadium oxide were highly dispersed on the surface of γ-Al2O3 and the TPR results

gave evidence for the existence of Cu2+–O–V5+ species. The XPS and EPR results demonstrated that Cu2+

and V5+ were reduced to lower valence states (Cu2+ → Cu+, V5+ → V4+) by the CO-pretreatment, which

was proved by in situ FT-IR to be beneficial to the adsorption of CO and dissociation of NO. In addition,

the interaction between the dispersed copper oxide and vanadium oxide species upon the γ-Al2O3 support

before and after CO-pretreatment was tentatively discussed, using the concept of SSOV (surface synergetic

oxygen vacancy) which was proposed elsewhere. According to this concept, the dispersed Cu2+–O–V5+

species could be reduced to Cu+–ϒ–V4+ (ϒ represents an oxygen vacancy) by CO-pretreatment and it was

considered to be the primary active species for the reaction. Based on the discussion of the experiment

results, a possible mechanism was proposed.
1. Introduction

As a result of the fast-growing vehicle population in develop-
ing countries, mobile source emission has become a major
contributor to urban air pollution. Nitrogen oxides (NOx) in
vehicle emissions are generally believed to be responsible for
many environmental problems, such as acid rain, the green-
house effect and photochemical smog. Among the various
deNOx technologies, catalytic elimination of NOx by CO is
likely to be one of the most promising approaches to meet
the current requirements, because the generation of NOx is
always accompanied by the formation of CO in an internal
combustion engine. In such a system, if a suitable catalyst is
applied, NOx and CO could be converted to non-toxic N2 and
CO2 simultaneously via a redox pathway, and thus greatly
alleviate the pollution problems caused by vehicle emissions.
Supported noble-metals, such as Rh, Pt, and Pd, were found
to be effective in catalyzing the NO + CO reaction.1,2 However,
the scarcity and high cost of these precious metals signifi-
cantly limited their applications.3 Great efforts have been
devoted by researchers to searching for inexpensive materials
as alternatives to noble-metal catalysts. Recently, a great deal
of research has been focused on the investigation of transi-
tion metal oxides. Especially, copper oxide has attracted great
interest because of its excellent redox properties and its
ability to adsorb gas molecules.4,5

It is known that when a vehicle is running, the operating
conditions of its engine are not always constant. According to
the air–fuel ratio (AFR) in a vehicle engine, the combustion
status can be classified into three categories, including rich-
burn (AFR < 14.6), stoichiometric-burn (AFR = 14.6), and
lean-burn (AFR > 14.6). Exhaust gases generated under these
three combustion conditions are quite different in terms of
composition. For example, rich-burn and lean-burn combus-
tion create reducing and oxidizing conditions in the exhaust
gases, respectively.6 Current research on catalysts for automo-
tive emission control mainly concentrates on the lean-burn
and stoichiometric conditions, and much less attention is
paid to rich-burn combustion. A possible reason for this
oyal Society of Chemistry 2014
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unbalanced research focus might be related to the fact that
the reducing conditions generated by rich-burn combustion
have a negligible effect on the catalytic performance of noble-
metal catalysts, since the active components of the catalysts
are predominantly in the reduced state. However, rich-burn
combustion inevitably occurs during engine operation, espe-
cially at the cold-start stage. For transition metal oxide cata-
lysts, the reductive exhaust gas has a big impact on their
status (the valence state of the transition metal and surface
oxygen vacancies), as this type of catalyst is highly sensitive
to reducing conditions. Thus, the atmospheric environment
must be taken into consideration in the investigation of tran-
sition metal oxide catalysts. In this work, we simulated a
reductive environment for the catalytic testing of transition
metal oxides by using CO-pretreatment. We believe that this
investigation on the changing nature of the structure, perfor-
mance, and catalytic mechanism of the transition metal
oxide catalysts under reducing conditions could provide a
more comprehensive framework for the development of effi-
cient catalysts for automobile emission control.

In general, the NO + CO reaction follows a redox-type
mechanism that can be severely affected by the oxidation–
reduction nature of the reaction conditions.7 This process
usually involves the migration of oxygen species and forma-
tion of surface oxygen vacancies (SOVs) in the catalyst.8 It has
been proposed that the SOV plays an important role in reac-
tions for NO removal, because it can act as the site for NO
adsorption and dissociation.9–11 For example, Wen et al.
found that the excellent performance of the CuCeMgAlOx cat-
alyst was related to the formation of large numbers of SOVs
and Cu+ ions reduced from Cu2+.12 SOVs are generally
expected to be formed readily under reducing conditions.13

Jiang et al., for instance, used a reducing pretreatment to
investigate the CuO/TiO2 catalyst in the NO + CO reaction.8

In addition, Zhu14 and his co-workers found a significant
enhancement in BiPO4−x catalyst activity after de-oxidation
treatment, and it was attributed to the formation of SOVs. In
their work, the activity of the catalysts was proved to be
dependent on the concentration and type of SOVs, which
could be controlled by tuning the reduction temperature
and time. However, the effect of the reducing conditions
on a bi-component supported catalyst and its performance
in the NO + CO reaction are still not well understood.
More research on this issue is required to clarify the reac-
tion process, so as to develop more effective catalysts for
NOx elimination.

The purpose of the present work is to assess the effect of
CO-pretreatment on the properties and deNOx performance
of catalysts in simulated rich-burn exhaust gas. After that, we
wished to gain a deeper insight into the structure–
performance relationship of the catalysts in the NO + CO
reaction. Vanadium has been widely used as the active com-
ponent for NO elimination in NH3-SCR. Furthermore, a
binary vanadium–copper mixture on activated carbon was
reported by Carabineiro et al. to exhibit synergetic effects in
NO reduction.15 The reduction of the oxides of vanadium and
This journal is © The Royal Society of Chemistry 2014
copper was also shown to be a key factor that controls
the reaction. Therefore, copper and vanadium were chosen
in this work to study the CO-pretreatment on the binary cata-
lyst in the NO + CO reaction. Supported binary metal
oxide catalysts (CuO–V2O5/γ-Al2O3) were prepared by the
co-impregnation method and the catalytic activities of the
un-pretreated or CO-pretreated catalysts were measured in
the reduction of NO by CO. Several techniques were used to
characterize the physicochemical properties of the samples.
Particular attention is paid to: (1) investigating the influence
of CO-pretreatment on the activity, dispersion, and reduction
properties of the CuO–V2O5/γ-Al2O3 catalysts. (2) Exploring
the role of reduced species in the model reaction of NO
reduction by CO. (3) Further studying the nature of surface
oxygen vacancies in the bimetallic supported catalysts and
approaching the synergetic working mechanism.

2. Experimental
2.1. Catalyst preparation

The γ-Al2O3 used as a support was purchased from Fushun
Petrochemical Institute of China. It was calcined in flowing
air at 750 °C for 7 h before use and its Brunauer–Emmett–
Teller (BET) surface area was 135 m2 g−1. The CuO/γ-Al2O3

and V2O5/γ-Al2O3 catalysts were prepared by wet impregnating
γ-Al2O3 with aqueous solutions containing the requisite
amount of Cu(NO3)2·3H2O or NH4VO3, respectively. The solu-
tions were vigorously stirred for 2 h and evaporated at 100 °C
in an oil bath to vaporize the water. The resulting materials
were dried at 110 °C for 12 h and finally calcined at 500 °C in
flowing air for 5 h. For simplicity, the samples are denoted as
xCu and yV respectively, e.g., 03Cu stands for the catalyst
with a copper oxide loading amount of 0.3 mmol Cu2+/
100 m2 γ-Al2O3. The CuO–V2O5/γ-Al2O3 catalysts were
prepared by co-impregnation of γ-Al2O3 with aqueous solu-
tions containing the necessary amounts of Cu(NO3)2·3H2O
and NH4VO3. The excess water was evaporated, the resulting
powder was dried at 110 °C overnight and then calcined
in flowing air at 500 °C for 5 h. Similarly, the samples are
denoted as xCuyV in the following text. For example, 03Cu01V
corresponds to the CuO–V2O5/γ-Al2O3 catalyst with Cu2+ and V5+

loading amounts of 0.3 and 0.1 mmol/100 m2 γ-Al2O3, respec-
tively. In addition, the mechanical mixture of CuO/γ-Al2O3 and
V2O5/γ-Al2O3 was prepared with a weight ratio of 1 : 1 (denoted
as 03Cu + 01V) to make a comparison with 03Cu01V/γ-Al2O3.

2.2. Catalyst characterization

The BET surface area was obtained using N2-physisorption at
77 K on a Micromeritics ASAP-2020 analyzer. Prior to each
analysis, the catalyst was degassed under vacuum at 300 °C
for 3 h. Powder X-ray diffraction (XRD) patterns were
recorded on a Philips X'pert Pro diffractometer using Ni-
filtered Cu Kα radiation (λ = 0.15418 nm). The X-ray tube was
operated at 40 kV and 40 mA and the intensity data were
collected over a 2θ range of 10–80°. The scan speed was set at
10° min−1 with a step size of 0.02°. H2-temperature
Catal. Sci. Technol., 2014, 4, 4416–4425 | 4417
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programmed reduction (H2-TPR) experiments were
performed in a quartz U-type reactor with an Ar–H2 mixture
(7.0% of H2 by volume, 70 mL min−1) as a reductant. The
consumption of hydrogen was measured with a thermal con-
ductivity detector (TCD). The sample (50 mg) was firstly
pretreated in a high purity N2 stream at 200 °C for 1 h and
cooled to room temperature. After that, the TPR increased
from 50 °C to the target temperature at a heating rate of
10 °C min−1. X-ray photoelectron spectroscopy (XPS) analysis
was performed on a PHI 5000 VersaProbe system, using
monochromatic Al Kα radiation (1486.6 eV) operating at an
accelerating power of 15 kW. Before the measurement, the
sample was outgassed at room temperature in a UHV cham-
ber (<5 × 10−7 Pa). The sample charging effects were compen-
sated for by calibrating all the binding energies (BEs) with
the adventitious C 1s peak at 284.6 eV. This reference gave
BEs with an accuracy of ±0.1 eV. Electron paramagnetic reso-
nance (EPR) spectra were recorded on a Bruker EMX spec-
trometer using 100 kHz modulation and a 4-G standard
modulation width. The spectra were recorded at room tem-
perature. Prior to testing, the CO-pretreated sample was
treated with flowing CO at 300 °C in a quartz tube and sealed
into a glass tube under the protection of N2. In situ Fourier
transform infrared (in situ FT-IR) spectra of CO or/and NO
adsorbed on the catalyst were recorded on a Nicolet 5700
FT-IR spectrometer equipped with a DTGS as the detector,
working at a spectral resolution of 4 cm−1 with a scan num-
ber of 32 for each spectrum. The cell included a heating ele-
ment and thermocouple, which provides feedback to a
temperature controller in order to maintain a constant tem-
perature at a set value. About 15 mg of the samples was
pressed into a self-supporting wafer, and pretreated with
high purity N2 at 300 °C for 1 h to remove impurities. After
cooling to ambient temperature, a gas flow of 10% CO
(balance Ar) or/and 5% NO (balance Ar) was introduced into
the IR cell for 30 min at a rate of 5.0 mL min−1. CO or/and
NO adsorption in situ FT-IR spectra were collected at various
target temperatures, using a 10 °C min−1 rate from room tem-
perature to 300 °C, by the subtraction of the corresponding
background reference.
Fig. 1 NO conversion and N2 selectivity of the catalysts as a function
of the reaction temperature ((a) and (b): hollow and solid symbols
stand for un-pretreated and CO-pretreated samples, respectively) and
some of the catalysts at 350 °C ((c) and (d): 01V, 03Cu, 03Cu + 01V
and 03Cu01V).
2.3. Catalytic performance tests

The catalytic activity tests for the reduction of NO by CO were
performed in a flow micro-reactor with a reducing mixture of
NO (5%) and CO (10%) balanced by He (85%). A quartz tube
with 25 mg catalyst (the catalyst powder was pressed and
sieved through an 18–32 mesh screen before use) was
pretreated in an N2 stream at 300 °C for 1 h and cooled to
room temperature. After that, the gas reactants were switched
on. The reaction was carried out while the temperature
increased from 25 °C to 400 °C with a space velocity of
24 000 mL g−1 h−1. Two columns and thermal conduction
detectors were used to analyze the products. Column A was
packed with Paropak Q for separating N2O and CO2 and
column B was packed with 5A and 13X molecular sieves
4418 | Catal. Sci. Technol., 2014, 4, 4416–4425
(40–60 mesh) for separating N2, NO and CO. The NO con-
version and N2 selectivity as used herein are defined from the
concentrations of the inlet and outlet gases as follows:
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In the case of CO-pretreatment, the samples were purged
by N2 at 300 °C, and then exposed to CO (10% in He) for 1 h.
The CO-pretreated samples were cooled to room temperature
in flowing N2 before the inletting of reaction gas. Being
around the light-off temperature of fresh catalysts, 300 °C
was chosen as the CO-pretreatment temperature in these
measurements. The un-pretreated samples and CO-pretreated
samples are labeled as xCuyV(UP) and xCuyV(CO),
respectively.

3. Results and discussion
3.1. Catalytic performance results

Fig. 1(a) and (b) show the NO conversion and N2 selectivity of
catalysts with different loading amounts as a function of tem-
perature. Both the NO conversion and N2 selectivity increase
with the reaction temperature. It can be readily observed that
CO-pretreatment significantly improves the catalytic activities
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 XRD patterns of (a) un-pretreated catalysts of different loadings
and (b) samples after CO-pretreatment at 300 °C (01V, 03Cu, 03Cu01V
and 03Cu + 01V).
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of some catalysts with the reaction temperature increments.
It is noteworthy that the influence of CO-pretreatment on dif-
ferent catalysts is quite different. The significant enhance-
ment of the catalytic activity for 03Cu01V caused by
CO-pretreatment attracted our attention. Hence, a mechani-
cal mixture of 03Cu and 01V (denoted as 03Cu + 01V) was tested
to make the causes clearer. The NO conversion and N2 selec-
tivity at 350 °C of the representative catalysts (03Cu, 01V,
03Cu01V and 03Cu + 01V) are shown in Fig. 1(c) and (d). It is
obvious that the 01V catalyst shows little NO conversion at
350 °C before or after CO-pretreatment. The NO conversion
by 03Cu and the mechanical mixture are increased by 15%
and 5%, respectively, after CO-pretreatment. For 03Cu01V,
the NO conversion can be remarkably enhanced from 13.8%
to 100.0%, which is the greatest increase under the same
conditions. We found that the effect of CO-pretreatment is
not the same for samples with different vanadium loading
amounts. For example, different from the other samples,
03Cu06V and 03Cu09V didn't show any increase in activity
with CO-pretreatment at 300 °C. The N2 selectivity has a
trend similar to the NO conversion. This noticeable change
possibly originates from the different surface structures of
the catalysts, which are further investigated using various
characterization techniques in the following section. Focus-
ing on the supported bimetallic catalyst and mechanical mix-
ture of the single-metal catalysts, the crucial difference is
probably that the bimetallic catalyst has Cu–O–V species,
which are absent in the mechanical mixture. In the following
sections, 01V, 03Cu, 03Cu01V and 03Cu + 01V are chosen as
the main research objects to investigate the relationships
between the deNOx activities and the composition or struc-
ture of the catalysts.
Fig. 3 XPS spectra of Cu 2p for (a) 03Cu, (b) 03Cu01V and (c) 03Cu +
01V, and V 2p for (d) 01V, (e) 03Cu01V and (f) 03Cu + 01V before and
after CO-pretreatment.
3.2. XRD and XPS results

Powder XRD measurements of the catalysts were carried out
to confirm the dispersed states of CuO and V2O5 on γ-Al2O3.
XRD patterns of the un-pretreated samples and some
pretreated samples are shown in Fig. 2(a) and (b). No other
diffraction peaks except those for the γ-Al2O3 support appear
for the fresh samples (Fig. 2(a)), indicating that copper oxide
and vanadium oxide are highly dispersed on the surface of
γ-Al2O3.

16 According to the literature,17,18 vanadium and cop-
per in the un-pretreated samples are dispersed on the surface
of the support and exist in the forms of V5+ and Cu2+. In
Fig. 2(b), signals at 43.3 and 50.4° in 03Cu(CO) correspond to
characteristic peaks of the crystalline metallic Cu0 [JCPDS-04-
0836]. When comparing the profiles, the typical diffraction
signals of crystalline metal Cu0 are almost invisible in
03Cu01V(CO) but more intense in 03Cu(CO). It declares that
the Cu0 species in 03Cu01V(CO) are very few or the particle
size is below the detection limit of XRD. This is probably
ascribed to the interaction of Cu and V in 03Cu01V, which
inhibits the complete reduction of copper. No signal associ-
ated with crystalline vanadium species is detected in
This journal is © The Royal Society of Chemistry 2014
CO-pretreated samples, which suggests that vanadium is still
well dispersed on the γ-Al2O3 support.
Catal. Sci. Technol., 2014, 4, 4416–4425 | 4419
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XPS analysis was employed to confirm the valence and dis-
persion states of the vanadium oxide and copper oxide spe-
cies supported on γ-Al2O3. The Cu 2p3/2 and V 2p3/2 of the
catalysts are displayed in Fig. 3, and the overlapped peaks are
fitted by Gaussian–Lorentzian curves. A criterion with which
one can estimate whether the signals are attributed to Cu2+

or Cu+/Cu0 is the ratio between the intensities of the Cu 2p3/2
signal and its satellite at higher energies.19 As shown in
Fig. 3(a)–(c), in the Cu 2p spectra of the un-pretreated sam-
ples, 934.1 eV with a satellite peak at 942.4 eV are characteris-
tic peaks of Cu2+ ions (2p3/2). This indicates that the
oxidation state of copper in the fresh samples is Cu2+.20 After
CO-pretreatment, the satellite peaks virtually disappear and
the peaks of Cu 2p3/2 transform to 932.7 eV, which corre-
sponds to a low-valence copper species (Cu+ or/and Cu0).21

Moreover, when the spectra of Fig. 3(a)–(c) are compared
under the same ordinate scale, the peak areas of Cu2+ and
Cu+/Cu0 are found to be different. The area under the XPS
curve is a measure of the Cu+/Cu0 concentrations, and thus
the ratio of the areas represents the variation in the relative
concentrations of the Cu species in the catalysts. So, the peak
area ratios of the Cu2+ (934.1 eV) or Cu+/Cu0 (932.7 eV) to
Al 2p (74.4 eV) are evaluated and listed in Table 1, in order to
consider the differences in the surface dispersion of copper
on the supports. For un-pretreated samples, the Cu2+/Al ratio
in the CuV catalyst is larger than those in Cu catalyst and
mechanical mixture, which implies that the surface disper-
sion of copper in the CuV sample is better than in the Cu
sample. After CO-pretreatment, the Cu+(or Cu0)/Al ratio in
the CuV catalyst is almost double the ratio in the Cu catalyst,
which is evidence that the dispersity of the low valence
copper species becomes higher in the CuV catalyst. This
better surface dispersion on the CuV catalyst is probably due
to the interaction of Cu and V in the binary metal catalyst. In
other words, the addition of vanadium is likely to result in
an enrichment of the surface copper of the catalyst, which
is positively correlated with the catalytic activity. This result
is consistent with the conclusion that the addition of V is
beneficial in enhancing the dispersion of the supported CuO
species, which is responsible for the improvement of the
catalytic performance of the Cu-based catalyst.22 The
enhancement of the metal oxide phase dispersion on the
support by the addition of another component had also been
reported by Nag et al.23 and Bugyi et al.24 Unfortunately,
CuLMM is difficult to distinguish from Cu+ and Cu0 here, due
to the low loading amount of Cu.

With regard to the valence change of the vanadium spe-
cies (Fig. 3(d)–(f)), it is obvious that only V5+ (517.1 eV) is the
4420 | Catal. Sci. Technol., 2014, 4, 4416–4425

Table 1 XPS peak area ratio ICu/IAl (between the Cu2+ (934.1 eV) or Cu+/Cu0

(932.7 eV) and Al (74.4 eV)) of 03Cu, 03Cu01V, 03Cu + 01V catalysts

Sample ICu
2+/IAl Sample ICu

+, Cu
0/IAl

03Cu(UP) 30.93% 03Cu(CO) 13.71%
03Cu01V(UP) 43.82% 03Cu01V(CO) 24.22%
(03Cu + 01V)-UP 21.05% (03Cu + 01V)-CO 11.34%
main component in the un-pretreated catalysts, and that V5+

(517.1 eV) and V4+ (516.1 eV) co-exist in the pretreated
samples.25 It has been reported that when V4+ and V5+ exist
together, the unsaturated valence of V could promote the
adsorption of oxygen and form reactive oxygen species, which
accelerate the process of NOx reduction and increase the
denitration activity.26 All of the above features of the surface
analysis demonstrate the presence of Cu2+ → Cu+/Cu0 and
V5+ → V4+ during the CO-pretreatment process, with an
enrichment of surface copper in the CuV catalysts. Combined
with the catalytic activities, it could be reasonable to infer
that the higher activity of the CO-pretreated CuV sample than
the un-pretreated one is related to the reduced surface
species and better dispersion.

3.3. Reduction behavior of the catalysts (H2-TPR results)

H2-temperature programmed reduction (H2-TPR) was
performed to investigate the reducibility of the catalysts.
Fig. 4(a) is the H2-TPR profile of the 03CuyV catalysts with
different vanadium loading amounts and Fig. 4(b) shows the
fitted profiles of the 03Cu, 01V, 03Cu01V and 03Cu + 01V
samples. For 01V, only a broad peak ranging from 300 °C to
550 °C can be observed in the profile, which could be
assigned to the reduction of V5+ ions on the surface of the
γ-Al2O3 support.

25 The areas of the vanadium reduction peaks
for the yV monometallic supported catalysts increase
with the increase in the V loading amounts and the reduction
temperature scales are still 300–550 °C (not listed in Fig. 4
This journal is © The Royal Society of Chemistry 2014

Fig. 4 H2-TPR profiles of the xCuyV catalysts (a) and fitted curves of
the 01V, 03Cu, 03Cu01V and 03Cu + 01V samples (b).

http://dx.doi.org/10.1039/c4cy00785a
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for simplicity). In the TPR profiles of the CuV binary metal
oxide samples, a multiple-step reduction is observed. The
peak areas of H2 consumption are calculated for xCuyV cata-
lysts and displayed in Table S1.† It is found that xCuyV sam-
ples can be reduced more easily than the V sample, and the
locations of the reduction temperatures depend on the load-
ing amount of V. In addition, the area of the reduction peak
always increases and the reduction temperature shifts to a
higher temperature with an increasing vanadium loading
amount. Similar H2-TPR results for a CuV catalyst have been
reported by Zhang et al.22

It is a well-known that the peak position and shape of the
H2-TPR profile are highly sensitive to the nature of the cata-
lyst. So, curve fitting was employed using Gaussian curves to
get an insight into the surface species of the 03Cu, 03Cu01V
and 03Cu + 01V catalysts (Fig. 4(b)). The inserted figure in
Fig. 4(b) is the H2-TPR of the CO-pretreated 03Cu01V. The
presence of more than one reduction peak in the bimetallic
samples is an indication of the existence of several oxide spe-
cies in the system. In the case of 03Cu, a much stronger peak
with a maximum at 215 °C and a shoulder peak at 265 °C are
observed, which represent the reduction of the dispersed cop-
per oxide. This is consistent with our previous work, in which
Cu2+ on the surface of γ-Al2O3 with different coordination
states could induce the appearance of this shoulder peak.18

Similar results have been obtained by Venkov et al.27 For the
mechanical mixture, the H2-TPR profile looks like the super-
position of the two curves of 03Cu and 01V as you can see
from Fig. 4(b). The H2-TPR profile of 03Cu01V is different to
the mechanical mixture, in that there are obviously four
peaks. The peak at 259 °C with a shoulder peak at 301 °C
was the reduction peak of the Cu2+ species and the broad
peak at around 450 °C is assigned to the reduction of V2O5.
Furthermore, a new peak centered at 228 °C in 03Cu01V,
which does not appear with the Cu catalyst or mechanical
mixture, can be assigned to the reduction of Cu2+–O–V5+

species (species consisting of Cu2+ and V5+ ions bridged by
oxygen). It is worth noting that this peak almost disappeared
in the H2-TPR of 03Cu01V(CO) sample (inserted figure in
Fig. 4(b)). Our explanation is that the easily reducible surface
Cu2+–O–V5+ species has already been reduced by CO, with the
bridge oxygen being taken away before the H2-TPR test. This
reduction might play a key role in improving its reactivity.
There is likely a synergistic effect in the copper and vana-
dium originating from their proximity and the good disper-
sion of the different oxides in the catalyst preparations.
Indeed, this strong interaction between different oxides in
catalysts has been reported for a copper–zinc chromite cata-
lyst28 and copper–cerium catalyst.29
Fig. 5 EPR spectra of the (a) 03Cu, (b) 01V and (c) 03Cu01V samples.
(Black line for un-pretreated samples and red line for CO-pretreated
samples).
3.4. Chemical states of the catalysts (EPR results)

In light of the above, it is necessary to confirm the valence
of copper and vanadium on the catalysts’ surfaces. EPR
(Electron Paramagnetic Resonance) is a sensitive technique
for investigating the oxidation states, surfaces, bulk
This journal is © The Royal Society of Chemistry 2014
coordination and the physical form of transition metal
oxides. The EPR technique has been extensively employed to
study powder oxide catalytic systems, particularly Cu and V
oxide.30 In order to study the oxidation states and existence
of interaction effects in binary systems (CuV), the EPR of
some samples was measured. Fig. 5 shows the EPR spectra of
03Cu, 01V and 03Cu01V before and after CO-pretreatment.
The EPR spin Hamiltonian parameters of the surface copper
and vanadium species in these samples were calculated and
are reported in Table S2.† In the spectrum of 03Cu (Fig. 5(a)),
a strong axially symmetric signal with g = 2.330 attributed to
Cu2+ species is observed.31 The intensity of this signal
decreases greatly after CO-pretreatment, which reveals that
the Cu2+ species are almost all reduced to low valence states
which have no EPR signal response. As shown in the EPR
spectrum of 01V (Fig. 5(b)), the difference in the shape of the
two lines clearly reflects the different status of V in the
un-pretreated and CO-pretreated samples. As reported, the
V5+ (in which the electronic configuration is 3d0) ion is EPR
silent due to the absence of any unpaired electrons, while V4+

(3d1) ions are EPR sensitive because the 51V nucleus has a
large magnetic moment, giving rise to an informative hyper-
fine structure (S = 1/2; I = 7/2).32 For the vanadium on
γ-A12O3 in the 01V sample, the signal of paramagnetic vana-
dium (V4+) is characterized by an eight line spectrum which
appears after CO-pretreatment. As indicated in Fig. 5(b), the
vanadium in the fresh sample comprises almost exclusively
V5+ species with traces of V4+. And the signal of V4+ appears
in 01V(CO) with a strong resonance line at g∥ = 1.911, A∥ = 155 G.
Catal. Sci. Technol., 2014, 4, 4416–4425 | 4421
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For 03Cu01V (Fig. 5(c)), the un-pretreated sample only has
the EPR signal of Cu2+ (g∥ = 2.334, A∥ = 156 G), which disap-
pears after CO-pretreatment and no signals of V4+ are
detected. Meanwhile, the EPR signals of V4+ (g∥ = 1.904, A∥ =
168 G, g⊥ = 2.009, A⊥ = 54 G) emerge after the CO-
pretreatment. The same results of valence change in
V2O5/γ-A12O3 reduced by CO were also reported by Davydov et al.33

A sharp signal of the g-value (g = 2.003) appears in the
01V(CO) and 03Cu01V(CO) samples. Based on the literature,34

it is characteristic of paramagnetic materials containing super-
oxide ions (O2

−), which may result from oxygen vacancies. As
proved by previous studies, the coordinative environment of
the paramagnetic ion could be discerned by comparing its
spin Hamiltonian parameters. In this case, the g∥ value of V4+

species in the 03Cu01V catalyst is smaller than that in 01V,
and the A∥ values are greater, which suggests that it is dealing
with a weaker (V–O)2+ species rather than VO2+.35 The EPR
results imply that Cu2+ and V5+ are reduced to lower valence
states (Cu2+ → Cu+/Cu0, V5+ → V4+) by the CO-pretreatment,
which corroborates the aforementioned results. Meanwhile,
the oxygen atoms between Cu and V are supposed to be taken
away by CO to form the Cu+–ϒ–V4+ species that are considered
beneficial to the reaction. The symbol ϒ represents a surface
oxygen vacancy.
3.5. CO or/and NO interaction with the catalysts (in situ
FT-IR)

The in situ FT-IR measurements of CO adsorption were car-
ried out at various temperatures to understand the adsorp-
tion and reduction properties of these catalysts, and the
corresponding results are presented in Fig. 6. Exposure of the
01V sample to CO in the temperature regions between
25–300 °C does not bring about any characteristic bands
related to CO vibrations, so the spectra of the 01V sample is
not shown for brevity. It has been established that CO did
not form vanadium carbonyls even at low temperatures,
because of their high coordinative saturation and the cova-
lent character of the V–O bond.36 For 03Cu and 03Cu01V, the
characteristic band associated with adsorbed CO molecules
4422 | Catal. Sci. Technol., 2014, 4, 4416–4425

Fig. 6 In situ FT-IR spectra of CO interaction with the catalysts from
25 °C to 300 °C at a heating rate of 10 °C min−1.
appears at about 2110 cm−1 under the current operating con-
ditions. It is generally acknowledged that carbonyl bands at
wavenumbers around 2105–2150 cm−1 are due to carbonyl
species adsorbed on Cu+ to form linear Cu+–CO species.37

The appearance of Cu+–CO peaks in the fresh samples at
room temperature may be attributed to the N2 purge at
300 °C before collection causing the reduction of a small portion
of Cu2+ to Cu+. Indeed, it is generally accepted that only Cu+

can adsorb CO at room temperature, while Cu2+–CO and
Cu0–CO are not stable.38 Previous literature showed that Cu
species on γ-Al2O3 are mainly reduced to Cu+ by CO at 300 °C
and to large metal Cu0 above 500 °C.39 As shown in Fig. S1,†
there is no peak at 1900–2300 cm−1 for the 03Cu01V sample
purged in O2 at 150 °C. After pretreatment with CO at 300 °C,
a strong peak at 2105 cm−1 appears, which is attributed to
Cu+–CO. This peak vanished after 500 °C CO-pretreatment
because the copper was fully reduced to Cu0. So, we can think
from the IR spectra that the Cu2+ species were mostly
reduced to Cu+ by CO-pretreatment at 300 °C. With regard to
the intensity of Cu+–CO in the different samples, the evolu-
tion of the Cu+–CO species as a function of the temperature
is presented in Fig. S2.† The curves of 03Cu and 03Cu01V
exhibit similar trends. Firstly, the intensity of the Cu+–CO
species signal increases with the increasing temperature, due
to the reduction of Cu2+ to Cu+. And then it decreases with
further temperature increases, owing to the high-temperature
desorption of CO. For the CO-pretreated samples, the inten-
sity of the Cu+–CO signal is on a declining curve because the
copper is almost all reduced to Cu+ in the CO-pretreatment
process. It is worth noting that the intensity of the Cu+–CO
signal in the CuV catalyst is always higher than that in the
Cu catalyst, both in fresh and pretreated samples. It could be
deduced that the copper in the CuV catalyst is easier to
reduce than that in the Cu catalyst. And this is accordant
with the catalytic performance results, considering Cu+ is
generally beneficial to the enhancement of catalytic activity
in the NO + CO reaction. We also notice that there is a small
blue-shift of the Cu+–CO adsorption peak, related to the
enhancement of the ν(C–O) vibration strength in all the sam-
ples. This is perhaps due to the decrease of the adsorption
capability between CO and the solid surface caused by inten-
sification of the thermal motion during the temperature rise.
In other words, the interaction of CO with the catalysts is
weakened by the temperature increasing, thus the C–O bond
is strengthened.40

In situ FT-IR measurements for NO and CO co-interaction
with un-pretreated and CO-pretreated catalysts were
performed to further clarify the surface reaction of NO reduc-
tion by CO during the heating process. As shown in Fig. 7, a
series of bands are observed in the 1000–1800 cm−1 region
and 2000–2300 cm−1 region, which belong to the nitrate/
nitrite species and carbonate species. According to the
literature,27,41,42 bridging bidentate nitrate exhibits an NO
stretching model at 1624–1629 cm−1. Chelating bidentate
nitrate shows two bands at 1219–1223 cm−1 and 1564 cm−1.
Linear nitrite has the NO2 asymmetric vibration band at
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 In situ FT-IR results of CO and NO co-interaction with the cata-
lysts from 50 to 300 °C at a heating rate of 10 °C min−1 (the structures
of adsorbed species are displayed in the figure).

Fig. 8 Schematic representation of the proposed mechanism for the
NO + CO reaction over the CuO–V2O5/γ-Al2O3 catalyst.
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1269–1273 cm−1. Monodentate nitrate gives two bands at
1296–1300 cm−1 and 1488–1506 cm−1. Bridging monodentate
nitrate displays a band at 1560 cm−1. With reference to the
above results in the literature, the assignments of the absorp-
tion peaks are demonstrated in Fig. 7. In the spectra, physi-
cally adsorbed NO species give a band at 1745 cm−1 which
only appears under 150 °C due to its poor stability. With the
rising temperature, the bands of the monodentate nitrate
(1300, 1500 cm−1) and bridging bidentate nitrate (1624 cm−1)
show a tendency to decrease in intensity and disappear grad-
ually. When the temperature is up to about 150 °C, a new
band (1550–1560 cm−1) assigned to chelating bidentate
nitrate appears, which indicates that the adsorbed NO spe-
cies can be converted to chelated nitrate/nitrite species. The
temperature rise practically leads to an intensity decrease of
the bands at 1624 cm−1 and 1560 cm−1 for the bridging
bidentate nitrate and chelating bidentate nitrate (with the
latter not completely disappearing until 300 °C). It demon-
strates that the chelated nitrate has better stability than the
bridged bidentate nitrate. Based on the literature,33,43 FT-IR
signals of NO adsorption on the V5+ cation cannot be
detected at ambient temperature, but V4+ produced from CO-
pretreatment can adsorb NO to form V4+–NO and V4+–(NO)2.
So we are of the opinion that the reduction of vanadium spe-
cies by CO-pretreatment is one of the reasons for the catalytic
activity enhancement in the CuV sample.

Concerning the spectral features in the region of
2000–2500 cm−1, one can distinguish bands at 2103 cm−1,
2142 cm−1, 2207 cm−1 and 2242 cm−1. On the basis of and in
agreement with previous studies,44,45 we attribute the bands
This journal is © The Royal Society of Chemistry 2014
to Cu+–CO (2103 cm−1), Cu+–(CO)2 (2142 cm−1), –NCO
(2207 cm−1) and N2O (2242 cm−1), respectively. No band of
Cu+–CO is observed below 200 °C in the spectra of CO + NO
co-adsorption, which is different from the CO adsorption
spectra. It is possibly because of the competitive adsorption
of NO and CO. CO interacting with Cu species at a lower tem-
perature is replaced by NO. Regarding the reaction process,
NCO and N2O are known to be produced by the recombina-
tion of nitrate species and surface adsorbed CO. So, the pres-
ence of the intermediates NCO and N2O reflects the
occurrence of the NO + CO reaction on the catalyst surface.
The intermediate NCO can only be detected above 200 °C,
which fits with the observation that the reaction showed
obvious activity when the temperature reached 200 °C. Com-
parison of the spectra in Fig. 7(a)–(d) indicates that a band
for N2O (2242 cm−1) does not appear until 275 °C in the fresh
samples, while it is always present in the pretreated samples.
This is in agreement with the results of the CO-pretreated
samples having higher catalytic activity than the fresh samples.
3.6. Possible reaction mechanism

Based on the above results and discussion, a possible reac-
tion mechanism is tentatively proposed as follows (Fig. 8) to
further understand the remarkable enhancement of the cata-
lytic performance results from CO-pretreatment. According to
a previous report,46 the dissociation of NO is the key step for
NO removal by CO, and an oxygen vacancy can activate the
N–O bond to promote this dissociation. Surface oxygen
vacancies have been reported to have high reactivity toward
N2O dissociation by Chen et al.47 In our case, CO-
pretreatment of CuO–V2O5/γ-Al2O3 catalysts leads to the
reduction of Cu2+ → Cu+ and V5+ → V4+. And Cu+ or V4+ are
conducive to the adsorption and activation of CO or NO.
Simultaneously, the CO-pretreatment actually reduces the cat-
alyst surface by taking away the surface oxygen to generate
more vacancies. It is the above reasons that lead to the great
activity promotion caused by the CO-pretreatment. When
Catal. Sci. Technol., 2014, 4, 4416–4425 | 4423
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exposing the catalyst to CO and NO mixture gases, the CO
molecules preferred to adsorb on Cu+ sites rather than V4+

sites. The CO species adsorbed on Cu+ can combine with O
radicals from the dissociation of NOads on the adjacent oxy-
gen vacancy to form CO2. The resulting Nads recombines with
NOads or CO to give N2O or NCO, respectively, or combines
with another Nads to generate N2. The by-product N2O can
further dissociate with the assistance of an oxygen vacancy,
thereby evolving into N2 and Oads. Then neighbouring CO
combines with Oads to form CO2 and new active sites on the
surface are regenerated.

For the CuO/γ-Al2O3 or V2O5/γ-Al2O3 samples, there are
only Cu2+–O–Cu2+ or V5+–O–V5+ species on the surface. So the
removal of an O atom by CO from the surface of CuO/γ-Al2O3

or V2O5/γ-Al2O3 will result in Cu+–ϒ–Cu+ or V4+–ϒ–V4+ (surface
oxygen vacancy, SOV). The formation of Cu+–ϒ–Cu+ species
during CO-pretreatment is beneficial to the reaction, due to
its active sites for the adsorption of CO and dissociation of
NO. However, both the sites adjacent to the oxygen vacancy
are Cu+ in Cu+–ϒ–Cu+. Therefore, the adsorption of CO on a
neighbouring Cu+ can generate some steric effects for the
adsorption and dissociation of NO on the oxygen vacancy.
For the V4+–ϒ–V4+ species, its promoting role in the reac-
tion is not obvious, because V4+ cannot provide an adsorp-
tion site for CO molecules efficiently. With regard to the
CuO–V2O5/γ-Al2O3 catalysts, these may form three kinds of
oxygen vacancies during the CO-pretreatment process:
Cu+–ϒ–V4+ species, as well as Cu+–ϒ–Cu+ and V4+–ϒ–V4+

species. The vacancy in the Cu+–ϒ–V4+ species is referred to
as a surface synergetic oxygen vacancy (SSOV) as there is
assumed to be a synergistic effect between the oxygen
vacancy and two adjacent different ions. With regard to the
Cu+–ϒ–V4+ species, the sites adjacent to the oxygen vacancy
are Cu+ and V4+, the steric effects for the dissociation of NO
on the oxygen vacancy would be smaller, because V4+ does
not adsorb CO. And the bridge oxygen in Cu2+–O–V5+ species
is more easily removed by CO to generate an oxygen vacancy
than oxygen in Cu2+–O–Cu2+ or V5+–O–V5+. As a result, we
believe that the surface synergetic oxygen vacancy (SSOV)
can enhance the catalytic performance more effectively than
the surface oxygen vacancy (SOV). The SSOV can be only
generated in bi-metal catalysts rather than a single-metal
sample or a mechanical mixture of single-metal samples.
This viewpoint can be used to explain the difference in the
promotion effect caused by CO-pretreatment between
bi-metal and single-metal catalysts or the mechanical mix-
ture. On the basis of the above discussion, the SSOV was
considered to play a critical role as a bridge in enhancing the
reactive effectiveness. Similar results in CuO/MnOx/γ-Al2O3,
CuO–CoO/γ-Al2O3 and CexSn1−xO2 mixed oxide catalysts have
also been found.48–50 In this work, the formation of SSOVs in
samples with different vanadium loadings is found to be
different during CO-pretreatment. As far as 03Cu06V and
03Cu09V were concerned, the catalytic performances can
also increase significantly when the CO-pretreatment tem-
peratures are high enough. For example, SSOVs can be
4424 | Catal. Sci. Technol., 2014, 4, 4416–4425
generated in 03Cu06V and 03Cu09V by 350 and 425 °C
CO-pretreatment, which results in the promotion of the
catalytic activity (Fig. S3†). As the evolution of our previous
work, this study emphasises the universality of the SSOV and
takes the research a step forward.

4. Conclusions

The CuO–V2O5/γ-Al2O3 catalysts were prepared via the co-
impregnation method and used for NO reduction by CO in a
simulated reducing rich-burn exhaust gas. CO-pretreatment,
as a reduction method, was used to explore the effect of the
reducing treatment on the properties and activity of the cata-
lysts. Samples pretreated with CO at 300 °C showed signifi-
cantly higher catalytic activities than the un-pretreated
samples. From the comparison study, the increase in the cat-
alytic performance resulting from CO-pretreatment for
CuO–V2O5/γ-Al2O3 is more significant than that for the single
component supported catalysts or mechanical mixture of
them. Results indicated that the dispersed Cu2+–O–V5+

species on the surface of CuO–V2O5/γ-Al2O3 was reduced to
Cu+–ϒ–V4+ and a surface oxygen vacancy was produced simul-
taneously. The surface oxygen vacancy in the Cu+–ϒ–V4+

species is believed to be a bridge to contact the adjacent
adsorbed species and facilitates the dissociation of adsorbed
NO. As such, it is regarded as a surface synergetic oxygen
vacancy (SSOV), due to the synergistic effect. Moreover, this
SSOV (Cu+–ϒ–V4+) is more favorable for the NO + CO reaction
than an SOV (Cu+–ϒ–Cu+), due to its smaller steric effects.
Herein, we consider the Cu+–ϒ–V4+ species as a catalytic
domain which plays a key role in the catalytic reaction, due
to the synergistic effect between different adjacent ions
(Cu+ and V4+) and the oxygen vacancy. The formation of the
SSOV is used to explain why the promotion of the activity
caused by CO-pretreatment for bi-metal oxide catalysts is
much greater than that for single-metal oxide catalysts or a
mechanical mixture. This work could probably provide inspi-
ration for the development of correlations between the physi-
cochemical properties and catalytic performances of
supported bi-metal oxide catalysts.
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