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a b s t r a c t

The dispersion and physicochemical behaviors of CuO–CoO binary metal oxides supported on c-Al2O3

were characterized by XRD, LRS, XPS, H2-TPR, and in situ FT-IR techniques. Their activities were evaluated
by NO–CO model reaction. The results indicated that (a) for lower loadings, CuO and CoO were able to be
highly dispersed on the surface of c-Al2O3 support; (b) the interaction between dispersed CuO and CoO
upon c-Al2O3 was discussed in the view of incorporation model. According to this model and obtained
results, the surface dispersed Cu–O–Co species were considered to exist on the surface of c-Al2O3; (c)
CO or/and NO adsorption FT-IR results evidenced that the surface dispersed copper species could be
reduced to lower valence by CO and the NO adsorption species converted with the increase in the tem-
perature; (d) the surface dispersed Cu–O–Co species could be reduced to active Cu-h-Co species by CO
among the mixture atmosphere. The formation of the surface synergetic oxygen vacancy (SSOV) was a
crucial factor in the process of the NO–CO reaction. And a possible reaction pathway was tentatively
proposed to discuss the NO–CO reaction based on all of these results.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Design of efficient catalysts for CO oxidation and NO reduction
at low temperature was of great importance and the most demand-
ing research topic over the past decades [1–8]. The present com-
mercial catalysts were noble metals based catalysts, but they had
disadvantages of high cost and limited availability [7–9]. Therefore,
transition metal oxides or mixed oxides had been viewed as inex-
pensive and promising alternatives to precious metal and noble
metal containing catalysts. Especially, copper oxide-based nanom-
aterials had attracted people’s attention [10]. However, pure cop-
per-based catalysts were less active and stable than the precious
metal catalysts. Thus, many metal oxides were introduced into
copper-based catalysts to improve the activity. Among them, cop-
per–cobalt catalysts were attractive because of their low cost and
high activity for a variety of important reactions, including cata-
lytic preferential oxidation of CO [11,12], CO oxidation [13,14],
NO reduction by CO [15], and NO reduction by NH3 [16].

The mixed oxides of copper and cobalt were capable of mutual
interactions, and the activity was usually higher than that of their
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individual components. Stoyanova et al. [17] supported the cop-
per–cobalt oxide spinel on aluminosilicate and the high activity
toward both CO–O2 and NO–CO reactions of catalysts had been
correlated with the amount of (Cu + Co) engaged as a Cu–Co spinel
phase. Wojciechowska et al. [18] reported that high CO oxidation
activity was achieved over a CuCoO2/c-Al2O3 catalyst. However,
most of the previous investigations had focused on supported cop-
per–cobalt oxide spinel catalysts because these species were easy
to form crystalline phase upon the support. To date, reports on
how copper oxide and cobalt oxide species with lower loadings
were dispersed and interacted with support were still scarce.
Recently, evidence had been obtained that the dispersed active
species on support showed efficient catalytic performance. Reddy
et al. [13] reported that the outstanding activity for CO oxidation
of the CuO–MO/CeO2–Al2O3 (M = Co, Ni) catalysts was attributed
to the formation of well-dispersed and highly reducible metal
oxide species over the catalyst surface. Liu et al. [15] attributed
the high activity of CuO–CoOx/Ce0.67Zr0.33O2 to the synergistic
effect between the dispersed copper oxide and cobalt oxide on
the surface of the support. Therefore, the present work was to fur-
ther investigate the interaction between dispersed copper oxide
and cobalt oxide species upon c-Al2O3 support.

In this work, a series of CuO–CoO/c-Al2O3 catalysts were
prepared by co-impregnating method and the catalytic perfor-
mance of the catalysts was evaluated by NO–CO model reaction.
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Moreover, structural information was obtained through XRD, LRS,
XPS, H2-TPR, and in situ FT-IR techniques. The objectives were
mainly focused on: (1) exploring the interaction between dis-
persed copper oxide and cobalt oxide species upon c-Al2O3 sup-
port; (2) investigating surface structure and catalytic activity of
the catalysts to establish the structure-property relationship; (3)
investigating the interaction of CO or/and NO with catalysts by
in situ FT-IR techniques in the temperature range 50–300 �C.
2. Experiments

2.1. Catalysts preparation

c-Al2O3 was purchased from Fushun Petrochemical Institute in
China and was calcined at 750 �C for 7 h before being used for cat-
alyst preparation. BET surface area was 151 m2 g�1.

The CuO/c-Al2O3 and CoO/c-Al2O3 samples were prepared by
wet impregnation of c-Al2O3 with an aqueous solution containing
a required amount of Cu(NO3)2 and Co(COOH)2, respectively. The
samples were dried at 110 �C overnight and then calcined at
450 �C for 5 h in flowing N2. For simplicity, the resultant samples
were denoted as xCu/Al and xCo/Al, respectively, e.g., 0.2Cu/Al cor-
responded to a catalyst with copper oxide loading amounts of
0.2 mmol Cu2+/100 m2 c-Al2O3.

The CuO–CoO/c-Al2O3 catalysts were prepared by co-impregna-
tion of c-Al2O3 with an aqueous solution containing required
amounts of Cu(NO3)2 and Co(COOH)2. The samples were dried at
110 �C overnight and subsequently calcined at 450 �C for 5 h in
flowing N2. The resultant catalysts were denoted as xCuyCo/Al,
e.g., 0.2Cu0.6Co/Al represented the sample with copper oxide and
cobalt oxide loading amounts of 0.2 mmol Cu2+ and 0.6 mmol
Con+/100 m2 c-Al2O3, respectively. For comparison, a separate
0.2Cu0.6Co/Al sample was calcined at 450 �C for 5 h in flowing
air and labeled as 0.2Cu0.6Co/Al–Air.
2.2. Catalysts characterization

Brunauer–Emmet–Teller (BET) surface area was measured by
nitrogen adsorption at 77 K on a Micrometrics ASAP-2020 adsorp-
tion apparatus.

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

Laser Raman spectra (LRS) were recorded by using Renishaw
Invia spectrometer. Raman excitation at 514.5 nm was provided
by Ar+ laser. A laser power of 20 mW was applied.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versaprobe system, using Al Ka radiation
(1486.6 eV) operating at an accelerating power of 150 W. All bind-
ing energies (BE) were referenced to the C 1s peak at 285.0 eV. This
reference gave BE values with an accuracy at ±0.1 eV.

H2-temperature-programmed reduction (TPR) was carried out
in a quartz U-tube reactor connected to a thermal conduction
detector with H2–Ar mixture (7.3% H2 by volume) as reductant.
50.0 mg of sample was used for each measurement. Before
switched to H2–Ar stream, the sample was pretreated at 300 �C
for 1 h in N2 stream and then cooled down to room temperature.
TPR started from room temperature at a rate of 10 �C�min�1.

In situ Fourier transform infrared (FT-IR) spectra of CO or/and
NO adsorbed on catalysts were recorded on a Nicolet 5700 FT-IR
spectrometer at a resolution of 4 cm�1 (number of scans, 32). In
situ FT-IR spectra for CO or/and NO in IR cells (equipped with
CaF2 windows) were recorded at various target temperature as
background for each test. The samples were mounted in a quarts
IR cells and pretreated at 300 �C for 1 h in N2 stream. After cooling
to room temperature, the sample wafers were exposed to a con-
trolled stream of CO–Ar (10% CO by volume) or/and NO–Ar (5%
NO by volume) at a rate of 5 mL min�1 for 30 min. All of the pre-
sented spectra were obtained by subtraction of the corresponding
background reference.

2.3. Catalytic activity tests

The activities of the catalysts were determined under steady
state, involving a feed steam with a fixed composition of 2.5%
NO, 5% CO, and 92.5% He by volume as diluents. A quartz tube with
a requisite quantity of catalyst (50 mg) was used. The catalysts
were pretreated at 300 �C for 1 h in N2 stream and then cooled to
room temperature, after that, the gas reactants were switched
on. The reaction was carried out at different temperatures with a
space velocity of 12,000 h�1. Two columns and thermal conduction
detection were used for analyzing the productions, column A with
Paropak Q for separating N2O and CO2, and column B, packed with
5A and 13X molecule sieve (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 showed the NO conversion and N2 selectivity of xCuyCo/Al
catalysts as a function of temperature. And the light-off tempera-
tures of 50% NO conversion (T50) over different samples were listed
in Table 1. Both of the NO conversion and N2 selectivity increased
with the increase in reaction temperature. As presented in Fig. 1,
the 0.2Cu/Al, 0.6Cu/Al, and 0.6Co/Al samples exhibited very low
activity and N2 selectivity especially at the reaction temperature
below 250 �C. When copper oxide was added into the 0.6Co/Al
sample, the activity and selectivity changed greatly depending on
the copper oxide amounts and the preparation procedures. From
Table 1, it was visible that the T50 for xCu0.6Co/Al samples were
much lower than that of others. For the sample calcined in air, that
is, 0.2Cu0.6Co/Al–Air, its activity, and selectivity exhibited little
difference with that of 0.2Cu/Al sample below 250 �C and then
slightly increased up to 325 �C. However, the activity of
0.2Cu0.6Co/Al sample showed significant improvement. Moreover,
in xCu0.6Co/Al samples, the enhancement increased with the
increase in copper oxide content, which could be attributed to
the increase in active species upon the surface of the catalysts.
For N2 selectivity, it was rather low for all of the catalysts below
250 �C and dramatically increased just for xCu0.6Co/Al samples
above 250 �C. The noticeable change possibly originated from their
different surface structures, which were further investigated by
employing various characterization techniques.

3.2. XRD and LRS results

Fig. 2 showed the XRD patterns of xCuyCo/Al catalysts. For com-
parison, the XRD result of 0.2Cu0.6Co/Al–Air sample was also pre-
sented in Fig. 2. No other diffraction peaks except those for c-Al2O3

support appeared for 0.6Co/Al, 0.2Cu/Al, and 0.6Cu/Al samples,
indicating that cobalt oxide and copper oxide species were highly
dispersed on the surface of c-Al2O3, respectively. The diffraction
pattern of 0.2Cu0.6Co/Al–Air sample exhibited obvious signals at
36.8� and 44.5�, which were attributed to the characteristic peaks
of crystalline Co3O4 [19]. In contrast, the xCu0.6Co/Al catalysts just
showed diffraction peaks for c-Al2O3 support and the peaks of
crystalline CuO at 35.5� and 38.5� did not appeared until the load-
ing amounts of copper oxide up to 1.0 mmol/100 m2 c-Al2O3. As a
result, it was reasonable to suggest that copper oxide and cobalt
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Fig. 1. Results of (a) NO conversion (%) and (b) N2 selectivity (%) over 0.2Cu/Al, 0.6Cu/Al, 0.6Co/Al, 0.2Cu0.6Co/Al–Air, and xCu0.6Co/Al catalysts with different copper oxide
loading amounts as a function of reaction temperatures.

Table 1
The temperatures of 50% NO conversion (T50) for 0.2Cu/Al, 0.6Cu/Al, 0.6Co/Al,
0.2Cu0.6Co/Al–Air, and xCu0.6Co/Al catalysts with different copper oxide loading
amounts.

Sample 0.2Cu/
Al

0.6Cu/
Al

0.6Co/
Al

0.2Cu0.6Co/
Al–Air

0.2Cu0.6Co/
Al

0.6Cu0.6Co/
Al

1.0Cu0.6Co/
Al

T50(�C) 366 316 442 329 225 168 149
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Fig. 2. The XRD patterns of 0.2Cu/Al, 0.6Cu/Al, 0.6Co/Al, 0.2Cu0.6Co/Al–Air, and
xCu0.6Co/Al catalysts with different copper oxide loading amounts.
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oxide species were highly dispersed on the surface of c-Al2O3

support for those samples calcined in N2 when copper oxide and
cobalt oxide loadings were low. In addition, the different XRD
patterns between 0.2Cu0.6Co/Al–Air and 0.2Cu0.6Co/Al samples
implied that calcination atmosphere was able to influence the
formation of surface species. Hence, their differences in NO–CO
reaction could be caused by these different surface species. Accord-
ing to the experimental observations and relevant literatures
[19,20], the highly dispersed cobalt species possibly existed in
Co2+ formation upon the surface of the support and that for the
copper species were in Cu2+ formation.

To confirm the dispersion performance of cobalt oxide and cop-
per oxide species supported on c-Al2O3, the Raman spectrum char-
acterization was employed (shown in Fig. 3). As seen in Fig. 3a, no
apparent Raman bands of copper oxide could be observed for
0.2Cu/Al and 0.6Cu/Al samples. It indicated that the copper oxide
species were highly dispersed on c -Al2O3, which was consistent
with XRD results. The LRS of 0.6Co/Al sample was predominated
by one band at 680 cm�1, which was assigned to characteristic
vibrations of surface dispersed CoO species [21,22]. Fig. 3b
presented the Raman spectra for copper oxide and cobalt oxide
co-impregnation samples. For 0.2Cu0.6Co/Al–Air sample, only
one Raman peak at 689 cm�1 could be observed and was assigned
to A1g modes of crystalline Co3O4 [19,21]. In contrast, bands of 188,
472, 514, 598, and 672 cm�1 were observed in xCu0.6Co/Al cata-
lysts and these bands became more apparent with the increase
in the loading amounts of copper oxide. These peaks were assigned
to characteristic vibrations of surface dispersed CoO species and
corresponded respectively to the F1

2g , Eg , F2
2g ; F3

2g ; and A1g modes,
which had been supported by previous reports [21,22]. Noticeably,
the vibration frequency of surface CoO species (Co–O bond) shifted
from 680 to 672 cm�1, when copper oxide was introduced into the
catalysts. This shift obviously implied the existence of the interac-
tion between copper oxide and cobalt oxide on the surface of c-
Al2O3. Moreover, the Raman peak at 598 cm�1 was much broad
in xCu0.6Co/Al catalysts, which further suggested that the cobalt
oxide did exist in highly dispersed Co2+ formation as expatiated
in the literature [22].
3.3. XPS results

The oxidation states of copper and cobalt in xCuyCo/Al and
0.2Cu0.6Co/Al–Air catalysts were eventually determined via XPS
surface analysis. The Cu 2p3/2, Co 2p3/2, and O 1s spectra were
displayed in Fig. 4, and the overlapped peaks were fitted by Gauss-
ian–Lorent curves. The binding energy (BE) values for the samples
calculated from XPS were summarized in Table 2. As for copper
species, the Cu 2p3/2 transition was characterized by a symmetric
main peak at 933.8 eV with a rather intense satellite peak on the
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Fig. 3. LRS spectra of the catalysts: (a) 0.2Cu/Al, 0.6Cu/Al, and 0.6Co/Al; (b) 0.2Cu0.6Co/Al–Air and xCu0.6Co/Al catalysts with different copper oxide loading amounts.

Table 2
Peak positions (in eV) relative to C 1s (285.0 eV) for Cu 2p3/2 and Co 2p3/2 of xCoyCu/
Al catalysts along with 0.2Cu0.6Co/Al–Air sample from XPS.

Samples Cu 2p3/2 Co 2p3/2 DEb (eV)

BE (eV) BE (eV) Cosat/Comain
a

0.2Cu0.6Co/Al–Air 933.8 780.1 0.38 15.3
0.2Cu0.6Co/Al 933.7 780.5 0.45 15.8
0.6Cu0.6Co/Al 933.8 780.5 0.44 15.7
1.0Cu0.6Co/Al 933.8 780.6 0.45 15.7
0.6Co/Al – 780.6 0.45 15.8
0.6Cu/Al 933.8 – – –

a Comain: Co 2p3/2 main line, Cosat: Co 2p3/2 satellite.
b DE (eV) = Co 2p1/2 � Co 2p3/2.
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higher binding energy side. These features revealed that Cu2+ spe-
cies were presented at the catalysts surface [23,24]. For
0.2Cu0.6Co/Al–Air sample, the position of Co 2p3/2 was at
780.1 eV and the spin-orbit value was 15.3 eV. It indicated that
the cobalt species were presented as Co3O4 species [12,20], which
was in line with above XRD and LRS results. In the other xCuyCo/Al
samples, the Co 2p3/2 binding energy located at 780.5 eV with
shake-up satellites structure at the high energy of this peak and
the spin-orbit value was about 15.8 eV, implying the presence of
Co2+ species at the surface of the catalysts [25,26]. In the case of
oxygen species, only one intense peak was observed at around
530.8 eV, which was attributed to the O2� anions of the crystalline
network [27]. Moreover, as shown in Table 2, the relative intensity
of the satellite peak with respect to the main peak of 0.2Cu0.6Co/
Al–Air sample was around 0.38, while that was up to 0.45 for xCuy-
Co/Al catalysts. The difference further supported the appearance of
the CoO species in xCuyCo/Al catalysts and Co3O4 in 0.2Cu0.6Co/
Al–Air sample.
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(II) and the CoO species were highly dispersed on the surface of the
catalysts except 0.2Cu0.6Co/Al–Air sample. Here, in combination
with above results, the xCu0.6Co/Al catalysts that the cobalt spe-
cies was in the formation of CoO could efficiently catalyze NO–
CO reaction, while the catalyst, that is, 0.2Cu0.6Co/Al–Air catalyst
containing Co3O4 showed very low activity for NO removal by CO.
3.4. Reduction behavior of catalysts (H2-TPR)

Results of the H2-TPR measurements could provide information
on the behavior of the catalysts during reduction (shown in Fig. 5).
For the 0.6Co/Al sample, no obvious reduction peak was recorded
below 500 �C apart from a weak broad peak at �282 �C, as shown
in the enlarged profile in Fig. 5A. This broad peak was probably
associated with O2 chemisorbed on Co2+ centers [19,28], as the
polarization of Co–O bonds by Al3+ resulting in surface dispersed
cobalt oxide hard to be reduced [29]. In the case of 0.6Cu/Al sample
(see Fig. 5b–c), a much stronger peak with a maximum at 206 �C
and a small shoulder peak at �220 �C were observed, which were
assigned to the reduction of dispersed copper oxide. Copper ion
(II) on the surface of c-Al2O3 with different coordination states
could induce the appearance of this shoulder-peak [30].

Binary metal oxides supported on c-Al2O3 showed complicated
peaks in the H2-TPR profiles in Fig. 5A. For 0.2Cu0.6Co/Al–Air
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Fig. 5. The TPR profiles of H2 reaction over (A) 0.6Co/Al, 0.2Cu0.6Co/Al–Air, and
xCu0.6Co/Al catalysts with different copper oxide loading amounts and (B)
mechanical mixture of 0.6Cu/Al and 0.6Co/Al with the Cu/Al: Co/Al atomic molar
ratio of 1:1.
sample, the first peak centered at 195 �C and the second broad
peak was at around 350 �C. Considering its XRD result and the lit-
eratures [18,31], the low temperature maximum at 195 �C should
be corresponded to the reduction of surface CuO, and the peak at
350 �C was related to Co3O4. However, the H2-TPR curves recorded
for the binary oxides catalysts calcined in N2 were different from
that of 0.2Cu0.6Co/Al–Air sample. Reduction peaks below 160 �C
were recorded for xCu0.6Co/Al catalysts. These peaks (a peaks)
could be assigned to the reduction of surface copper–cobalt com-
plex oxide (Cu–O–Co) species, which did not form a crystalline
phase that could be detected by XRD [18]. Peaks centered at
195 �C (b peaks) were possibly attributed to the reduction of
CuO. And the c peaks were related to the reduction of oxygen
chemisorbed on Co2+ centers [28]. Moreover, it was considered
that the emergence of easily reducible species at low temperature
played a key role in improving the reaction activity [13,32]. There-
fore, the easily reducible surface copper–cobalt complex oxide
(Cu–O–Co) species favored the catalytic activity of CuCo/Al for
NO reduction by CO. The lower activity of the 0.2Cu0.6Co/Al–Air
sample could be due to the absence of this easily reducible species.
The main active species in 0.2Cu0.6Co/Al–Air catalyst was still CuO
just as 0.2Cu/Al sample, while the existence of crystalline Co3O4

made its catalytic activity further lower for NO–CO reaction.
As seen in Fig. 5A, the maximum of the first peaks (a) were to-

ward lower temperature with introducing CoO from 0.2Cu0.6Co/Al
to 1.0Cu0.6Co/Al catalysts in comparison with 0.6Cu/Al sample.
This put forward that at the presence of CoO, the reduction of
CuO occurred more easily, and this phenomenon was always called
synergism [33]. Mahdavi et al. [31] and Wojciechowska et al. [18]
reported that at the presence of cobalt oxide, the reduction of cop-
per oxide occurred more easily. The mutual interaction enhanced
the reduction process of each other and could be clearly approved
by TPR profile. Therefore, the reduction temperature of surface
copper–cobalt oxide species (a) in Fig. 5A shifted to lower temper-
ature was reasonable. Such a synergistic effect was very likely to be
originated by the intimate contact and by the well interdispersion
of the different oxides forming the catalysts. Indeed, this strong
interaction between different oxides catalysts had been reported
for copper–zinc chromite catalyst [34,35] and copper–cerium cat-
alyst [36]. Here, in order to support our hypothesis about the inter-
action between dispersed CuO and CoO upon c-Al2O3 support in
CuCo/Al catalyst, the H2-TPR measurement was purposely carried
out on mechanically mixed 0.6Cu/Al and 0.6Co/Al samples. The
H2-TPR profile of the mechanical mixture having a fairly 0.6Co/
Al: 0.6Cu/Al = 1:1 atomic ratio was shown in Fig. 5B. It was obvi-
ously evident that the reduction behavior of the mechanically
mixed sample was almost identical to that of the single oxide upon
the support, thus confirming the peculiarity of the strong interac-
tions between CuO and CoO upon the c-Al2O3 support in CuCo/Al
catalyst [20]. Based on the line of our previous studies [37,38],
we tentatively discussed the possible interaction model between
dispersed CuO and CoO upon the surface of c-Al2O3. As reported
previously, two kinds of surface vacant sites, for example, octahe-
dral and tetrahedral sites were on the preferentially exposed (110)
plane of c-Al2O3 [37,38]. And c-Al2O3 could be assumed to consist
of particles formed by one dimensional stacking of C- and D-layers.
The exposure possibilities of these two layers were equal, as sug-
gested by Schuit and Gates [39]. Based on the consideration of
the incorporation model proposed by Chen [38,40], the surface
structure of the dispersed CuO and CoO upon c-Al2O3 could be pro-
posed, as shown in Fig. 6. For a CuCo/Al sample, the dispersed CuO
was tentatively described as the incorporation of Cu2+ ion into the
surface octahedral vacancy, and then one oxygen anion associated
with the cation would stay at the top of the occupied site forming
capping oxygen for charge compensation [30]. Similarly, the Co2+

ion incorporated into the surface tetrahedral vacancy with one
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capping oxygen anion at the top of the occupied site forming cap-
ping oxygen for charge compensation, which was also reported in
literatures [19,29,41,42]. Consequently, they could share capping
oxygen and form Cu–O–Co species upon the catalysts surface,
which was supported by above results. The more copper oxide
and cobalt oxide content, the more vacant sites were occupied
upon the surface of c-Al2O3 support. That facilitated the formation
of Cu–O–Co bonds, which would probably result in the LRS shift to
low frequency. Thus, the interaction between CuO and CoO could
also lead to the easier reduction of Cu–O–Co species.

In conclusion, for CuCo/Al catalyst, the Co2+ incorporated into
the surface tetrahedral vacancy of c-Al2O3 forming surface dis-
persed CoO, which was difficult to be reduced [29], thus its reduc-
tion signal was not detected in the H2-TPR profile. In the case of
Cu2+, it incorporated into the surface octahedral vacancy and then
could share oxygen with adjacent Co2+ forming surface Cu–O–Co
species. Therefore, the formation of the surface Cu–O–Co species
should take charge for a peaks in TPR profiles. The b peaks were
assigned to the reduction of CuO and c peaks to the reduction of
surface adsorbed oxygen species.

3.5. CO or/and NO interaction with xCuyCo/Al catalysts

3.5.1. CO interaction with xCuyCo/Al catalysts
Fig. 7 showed in situ FT-IR results of CO interaction with xCuy-

Co/Al catalysts. For 0.6Co/Al sample, a very weak band at
2142 cm�1 was observed at 50 �C and vanished at adsorption tem-
peratures above 250 �C. The frequency of the CO stretch depended
on the valence of the cobalt ion and was reported at 2023–
2025 cm�1 on Co0, 2070–2110 cm�1 on Co+, 2120–2170 cm�1 on
Co2+, and 2178–2180 cm�1 on Co3+ [43,44]. Following, for Co2+,
Schönnenbeck et al. [45] reported a CO stretching frequency of
about 2146 cm�1 when adsorbed to CoO (100) and 2170 cm�1

when adsorbed to CoO (111). Thus, it was reasonable to assign
the 2142 cm�1 peak to the CO adsorbed on Co2+ species. This was
also consistent with the conclusion that cobalt species upon the
c-Al2O3 was in the form of CoO species. Meanwhile, the disappear-
ance of this band above 250 �C possibly caused by thermal desorp-
tion, as the dispersed CoO species upon the c-Al2O3 were difficult
to be reduced just as shown by H2-TPR results [29]. Correspond-
ingly, for 0.6Cu/Al sample, an obvious band at 2110 cm�1 was
obtained at 50 �C, and its intensity firstly reached a maximum at
150 �C and then decreased with increasing temperature. According
to the position of this band and also the fact that Cu0–CO and
Cu2+–CO were not stable in current temperatures [39,46], this band
was reasonable to be ascribed to linear CO–Cu+ species. As for
0.6Cu0.6Co/Al catalyst, linear Cu+–CO species gave a band of
2112 cm�1 at 50 �C and its intensity firstly got stronger then
(b)(a)

Lattice O2- Al3+ (oct) Al3+ (tet)

Fig. 6. Schematic diagram for (a) dispersed CoO species, (b) dispersed CuO species, and
disappeared as the temperature increased higher than 300 �C.
The disappearance might result from thermal desorption. In addi-
tion, the peaks at 2330 and 2360 cm�1 appeared at 150 �C with
strong intensities were attributed to the characteristic vibrations
of CO2, which further proved the reduction of surface copper oxide
by CO. The copper oxide species in CuCo/Al sample was much
easier to be reduced by CO than that in Cu/Al sample.

3.5.2. NO interaction with xCuyCo/Al catalysts
The FT-IR spectra of catalysts after the introduction of NO were

collected, as shown in Fig. 8. This shed light on the properties of ad-
sorbed NO species and their interaction with xCuyCo/Al catalysts.
For 0.6Co/Al and 0.6Cu/Al samples, bands at �1749 and
�1506 cm�1 were assigned to M–(NO)2 and monodentate nitrate,
respectively [47]. They disappeared above 150 �C probably due to
their poor stability. The bands for bridged bidentate nitrate
(1292 and �1632 cm�1) and chelated nitrate (�1562 cm�1)
[48–50] could also be monitored even though the temperature
was up to 300 �C, indicating that they were stable under the exper-
imental condition. New bands at 1047 and �1244 cm�1 were
observed at 200 �C, which were attributed to bridged bidentate
nitrate and chelated nitrite, respectively.

The NO-IR results of 0.6Cu0.6Co/Al catalyst resembled that of
the 0.6Co/Al and 0.6Cu/Al samples at 50 �C, as shown in Fig. 8c.
The bridged bidentate nitrate (1300 and 1631 cm�1), chelated
(c)

Cu2+ Co2+ Capping O2-

(c) both dispersed CuO and CoO species on the (110) plane of c-Al2O3 (C layer).
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nitrate (1579 cm�1), monodentate nitrate (1510 cm�1) and M–
(NO)2 (1749 cm�1) species [47,49] could be detected at 50 �C. As
the temperature increasing, monodentate nitrate and M–(NO)2

disappeared at 150 �C; the other two adsorption species still re-
tained considerable intensities at 300 �C. Only chelated nitrite
(1243 cm�1) species were observed above 200 �C for 0.6Cu0.6Co/
Al catalyst. Moreover, the band belonged to chelated nitrate shifted
from 1562 to 1579 cm�1, which might be caused by the interaction
between the dispersed CuO and CoO upon c-Al2O3 support. In con-
clusion, the adsorbed NO species upon catalysts could be converted
to chelated nitrate/nitrite species with the increase in temperature.

3.5.3. NO and CO co-interaction with xCuyCo/Al catalysts
To further approach the NO–CO reaction pathway over the cat-

alyst surface, in situ FT-IR for NO and CO co-adsorption had been
performed in the temperature range of 50–300 �C (shown in
Fig. 9). And the assignment of these bands was also given in Table
3. For 0.6Co/Al sample, bands at �1750 cm�1 for M–(NO)2 dinitros-
yls species appeared only below 150 �C [47]. Bridged bidentate ni-
trate (1292, 1628 cm�1) disappeared at 200 �C, while the intensity
of the band at 1528 cm�1 for chelated nitrate [50] showed a raising
tendency with the increase in the temperature. It demonstrated
that the chelated nitrate had better stability than the bridged
bidentate nitrate. Unfortunately, no bands for Co2+–CO was
observed from NO + CO co-IR in the temperature range, which
implied that Co2+ was apt to adsorb NO rather than CO molecular.
Hence, it was reasonable to infer that the coverage of CO on the
0.6Co/Al catalyst surface was rather low. According to the report
[51], only both molecules were in adsorbed states could the reac-
tion initiate. Furthermore, the dissociation of adsorbed NO was a
key step in the reaction sequence, but it required vacant nearest-
neighbor sites for NO removal by CO [51,52]. However, the valid
vacant nearest-neighbor sites for NO dissociation on 0.6Co/Al cat-
alyst were hard to be formed, because the CoO was rather difficult
to be reduced, as supported by H2-TPR [28]. Therefore, the NO dis-
sociation might be ceased and consequently the 0.6Co/Al catalyst
exhibited very low activity. Fig. 9b presented the FT-IR results of
0.6Cu/Al sample. Bands of 1200–1600 cm�1 appeared at 50 �C,
which were ascribed to nitrate species and NO molecular adsorp-
tion species. Whereas, no bands for Cu+–CO was observed at
50 �C, indicating that NO molecular preferentially interacted with
Cu2+ in the mixture atmosphere [53]. The nitrate species altered
similarly to that in Co/Al sample. At 250 �C, Cu+–CO (2110 cm�1)
appeared, revealing that the surface copper oxide species had been
reduced by CO. It was because that NO would be desorbed with the
temperature increasing, resulting in the surface sites for CO
adsorption on the 0.6Cu/Al catalyst. And Cu+ ions were apt to ad-
sorb CO rather than NO molecules [53]. The low coverage of NO
on the 0.6Cu/Al catalyst might retard NO dissociation, thus the
activity of 0.6Cu/Al was so low [51], which was also similarly re-
ported by Campbell et al. [52].

In 0.6Cu0.6Co/Al catalyst, much more details were detected as
shown in Fig. 9c. The signals of bridged bidentate nitrate (1060,
1294, and 1622 cm�1), monodentate nitrate (1510 cm�1), and che-
lated nitrate (1545 cm�1) as well as M–(NO)2 dinitrosyls
(1752 cm�1) species were observed at 50 �C. When the tempera-
ture was up to 200 �C, bridged bidentate nitrate disappeared and
chelated nitrate species became weak, whereas the peak of mono-
dentate nitrate species was more intense. Meanwhile, surface car-
bonate species (1436 cm�1) and free-like NO�3 (1384 cm�1) species
[49] were observed at 200 �C, which should be due to the surface
adsorption of CO2 and the conversion of the nitrate species, respec-
tively. Noticeably, band at 2112 cm�1 for Cu+–CO species and
bands at 1227 and 2240 cm�1 for N2O species [50,54] were ob-
served, accompanying with the disappearance of M–(NO)2 dini-
trosyls species at 200 �C. The surface Cu–O–Co species was
considered to exist on the 0.6CuCo/Al surface and was easily re-
duced by H2 based on the above H2-TPR conclusion. On this basis,
it was reasonable to believe that the surface dispersed Cu–O–Co
species could be reduced by CO in the mixture atmosphere to form
surface synergistic oxygen vacant (SSOV) with an exposed Cu+ and
a neighboring Cod+ as an active site (Cu-h-Co species), which could
provide adsorbed sites for CO/NO and vacant nearest-neighbor
sites for NO dissociation. After the NO dissociation, N(a) atom re-
acted rapidly with the adsorbed NO(a) species to give N2O. The ef-
fect of SSOV had been reported in Cu/Mn/Al samples and was first
reported by Dong et al. [55].

Herein, to further explore the valence changes of copper and
cobalt species during NO–CO reaction, XPS was preformed over a
0.6Cu0.6Co/Al sample after NO–CO reaction at different tempera-
tures, as shown in Fig. 10. The binding energy (BE) values for the
samples calculated from XPS were also summarized in Table 4.
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Table 3
Assignment and desorption temperature of these FT-IR bands during the interaction of NO and CO mixture with the catalysts from 50 �C to 300 �C. (a) 0.6Co/Al, (b) 0.6Cu/Al, and
(c) 0.6Cu0.6Co/Al.

The adsorbed species Bands position (cm�1) Desorption temperature (�C)

a b c a b c

M–(NO)2 dinitrosyls 1747 1747 1752 150 150 150
Bridged bidentate nitrate 1292, 1628 1295, 1620 1060, 1294, 1622 200 250 200
Monodentate nitrate – 1500 1510 – 200 >300
Chelated nitrate 1528 1534 1545 >300 >300 >300
Carbonate species – 1421 1436 – >300 >300
Free-like NO�3 – – 1384 – – >300
Linear Cu+–CO – 2110 2112 – 300 >300
N2O – – 1227, 2240 – – 300
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From the XPS results and above discussion, Cu+ and/or Cu0 and
Cu2+ species [24] were captured after NO–CO reaction at 200 �C,
250 �C, and 325 �C, respectively (Fig. 10a). With the increase in
reaction temperatures, the strong peak at 933.8 eV associated with
Cu2+ was gradually weakened [24]. Meanwhile, the lower Cu 2p3/2

binding energies peak at 932 eV presented much more obvious,
corresponding to the lower valence copper species (Cu+ or/and
Cu0 species), these two oxidation states being impossible to sepa-
rate using this feature. The presence of Cu2+ was confirmed by the
presence of satellite peaks observed only for this oxidation state
(Fig. 10a). Therefore, to clarify the valence state of copper, the Au-
ger LMM lines of Cu were also investigated over the mentioned
samples, as shown in Fig. 10b. It could be observed that for
0.6Cu0.6Co/Al (AR-200 �C) and (AR-250 �C), surface copper species
mainly existed as Cu2+ (917.4 eV) and Cu+ (916.2 eV) [23,24].
Whereas, for 0.6Cu0.6Co/Al (AR-325 �C), copper species presented
as Cu2+, Cu+ and a little Cu0 (918.3 eV) species. As for cobalt species
in Fig. 8c, the Co 2p3/2 was mainly around 780.6 eV accompanying
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Table 4
Peak positions (in eV) relative to C 1s (285.0 eV) for Cu 2p3/2, Cu LMM, and Co 2p3/2 of 0.6Co0.6Cu/Al catalyst after NO–CO reaction at various temperatures (AR-200 �C, AR-250 �C
and AR-325 �C) from XPS.

Samples Cu 2p3/2 Cu LMM Co 2p2/3 DEb (eV)

Cu2+ Cu+/Cu0 Cu2+ Cu+ Cu0 Co2+ Cosat/Comain
a

AR-200 �C 933.8 932 917.4 916.2 – 780.6 0.47 15.7
AR-250 �C 933.8 932 917.5 916.2 – 780.5 0.46 15.7
AR-325 �C 933.9 932 917.5 916.2 918.3 780.6 0.47 15.7

a Comain: Co 2p3/2 main line, Cosat: Co 2p3/2 satellite.
b DE (eV) = Co 2p1/2 � Co 2p3/2.
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with Cosat/Comain at about 0.47 and the DE about 15.7 eV (Table 4),
indicating that cobalt species was in Co(II) formation after the
reaction [25,26]. In this way, the copper species was really reduced
to lower valence copper species while cobalt species was in Co(II)
formation after the reaction.

In conclusion, combining with the XPS results of 0.6Cu0.6Co-AR,
a detailed reaction mechanism was tentatively proposed in Fig. 11.
The proposed reaction mechanism could be described as follows.
Firstly, the surface Cu–O–Co species was readily reduced to Cu-
h-Co species by CO at a certain temperature. And the CO and NO
molecules were simultaneously adsorbed on Cu-h-Co in the form
of Cu+–CO and Co2+–(NO)2, respectively (step 1). Hereby, it pro-
posed Co2+–(NO)2 species in view of the band at 1752 cm�1 for
M–(NO)2, which was also reported in literatures [47,56]; then,
Fig. 11. The possible schemes for NO reduction by CO over CuCo/Al catalysts.
the adsorbed NO dissociated to N(a) and O(a) via SSOV while
CO(a) reacted with O(a) to form CO2 (step 2). The N(a) was recom-
bined with NO(a) to give N2O and the N2O could also be adsorbed
in the catalyst, which was supported by IR bands at 1227 and
2240 cm�1 (step 3); N2O(a) reacted with Cu+–CO to produce CO2

and N2 via SSOV, releasing the adsorption sites and SSOV (step
4). When the reaction temperature was low, there were not en-
ough SSOV available for NO decomposition, which might be the
cause for the low activity below 200 �C. Afterwards, the activity
and N2 selectivity sharply enhanced until the temperature up to
250 �C.

According to above discussion, the exposed Cu+ and Co2+ ions
synergistically acted as CO and NO adsorption sites, respectively.
And the dispersed Cu-h-Co species originated from Cu–O–Co spe-
cies were presumed to be active species. Especially, the SSOV
played a critical role as a bridge in enhancing the contact of the
adjacent adsorbed CO and NO species to complete the surface
reaction.
4. Conclusion

Both CuO and CoO were able to be highly dispersed on c-Al2O3

at lower loadings, and the interaction between dispersed CuO and
CoO on c-Al2O3 was discussed in the view of incorporation model.
The introduction of CuO significantly enhanced the activity of NO
removal by CO over catalyst due to the strong interaction between
the dispersed CuO and CoO species on the c-Al2O3 support.

CO or/and NO adsorption FT-IR results showed that the surface
dispersed copper species could be reduced lower valence by CO
and the NO adsorption species converted as increasing the temper-
ature. The easily reducible Cu–O–Co species could be reduced by
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CO among the mixture atmosphere to give active Cu-h-Co species,
and the surface synergistic oxygen vacancy (SSOV) played a critical
role as a bridge in enhancing the contact of the adjacent adsorbed
CO and NO species to complete the surface reaction.
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