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Tailoring copper valence states in CuOd/c-Al2O3

catalysts by an in situ technique induced superior
catalytic performance for simultaneous elimination
of NO and CO†

Xiaojiang Yao,ab Fei Gao,b Yuan Cao,ab Changjin Tang,*ab Yu Deng,b Lin Dong*ab

and Yi Chenab

An in situ technique is employed to tailor the valence states of

copper in CuOd/c-Al2O3 catalysts with the purpose of inducing

superior catalytic performance for simultaneous elimination of NO

and CO. The catalyst with zero-valent copper exhibits excellent

catalytic performance, which is comparable with the conventional

supported noble-metal catalysts.

Nitrogen oxides (NOx) and carbon monoxide (CO) emitted from
vehicle exhausts as some of the main atmospheric pollutants
have caused acute health problems to human beings.1–3 Cata-
lytic elimination is considered as the most efficient approach to
handle these pollutants. The reaction of NO reduction by CO
has attracted more attention due to the simultaneous trans-
formation of NO and CO to non-toxic N2 and CO2. Supported
noble-metal catalysts (such as Pt, Pd, and Rh) have been widely
investigated in this reaction because of their excellent catalytic
performance.4–6 However, the high cost of noble-metals is not
beneficial to the broad application of supported noble-metal
catalysts. Therefore, more attention has been paid to the sub-
stitutes of noble-metals, in which copper oxide is the most
attractive one.7,8 Since the temperature in the cool-starting
stage of the vehicle is very low (o400 1C), the enhancement
of low-temperature (100–400 1C) catalytic performance of the
corresponding catalyst becomes a hot research topic. But the
low-temperature catalytic performance of supported copper-based
catalysts is unsatisfactory compared with supported noble-metal
catalysts, which is a huge challenge. Although some approaches
have been employed to improve the low-temperature catalytic

performance of supported copper-based catalysts, the effect is still
not very desirable.7,9,10

The valence states of active components in heterogeneous
catalysts usually can be variable and play a key role in the
reaction process. Many researchers have systematically investi-
gated the influence of valence states of catalysts on their
catalytic performance in some important reactions.11–14 For
example, Linic et al. reported that the selectivity of propylene
epoxidation to the desired propylene oxide product was very low
on the oxidized Cu catalyst surface, and then they improved the
selectivity obviously by a plasmon mediated light-induced
reduction method with the purpose of reducing the oxidized
Cu catalyst to generate metallic Cu.13 Interestingly, our pre-
vious publications indicated that the low-valence state copper
species generated from the reaction process were beneficial to
the improvement of catalytic performance for NO reduction by
CO reaction.15–17 Therefore, in the present study, we employ an
in situ pretreatment technique to tailor copper valence states in
CuOd/g-Al2O3 (d = 0, 0.5, 1) catalysts with the purpose of
inducing superior catalytic performance for simultaneous
elimination of NO and CO in the low-temperature range
(100–400 1C). According to the literature, N2O can be dissociatively
adsorbed on the surface of metallic Cu, and oxidize its surface to
generate Cu2O.18–20 In other words, we can easily obtain these
CuOd/g-Al2O3 (d = 0, 0.5, 1) catalysts with different valence
states. Firstly, CuO/g-Al2O3 catalysts can be synthesized through
calcining in air. Then, CuO/g-Al2O3 catalysts follow a reduced
pretreatment by H2 to form Cu/g-Al2O3 catalysts. Finally,
Cu/g-Al2O3 catalysts undergo a re-oxidized pretreatment by N2O
to generate Cu2O/g-Al2O3 catalysts. For simplicity, these obtained
catalysts are denoted as xCuAl, xCuAl-R, and xCuAl-RO, respec-
tively, in which x is the loading amount of copper species. The
preparation procedure of these CuOd/g-Al2O3 (d = 0, 0.5, 1)
catalysts with different valence states is displayed in Scheme 1,
and the corresponding details are described in the ESI.†

It is well known that the highly dispersed active components
of supported catalysts exhibit better catalytic performance than
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the corresponding crystalline ones in heterogeneous catalysis.
According to our previous report, the dispersion capacity of copper
oxide on g-Al2O3 is about 0.75 mmol Cu2+/100 m2 g-Al2O3.21

Therefore, we choose a suitable loading amount of copper oxide
(0.6 mmol Cu2+/100 m2 g-Al2O3, which is close to its dispersion
capacity) to carry out a systematic study in the present work. All
characterizations are performed using instruments equipped
with a reaction chamber in order to conduct the in situ pre-
treatment, and the specific details are provided in the ESI.†
Fig. 1 shows XRD patterns, H2-TPR profiles, Cu 2p XPS spectra,
and Cu-LMM XAES spectra of 06CuAl catalysts with different
pretreatments, which is in order to determine the valence states
of copper. The XRD patterns (Fig. 1a) demonstrate that no
characteristic diffraction peaks associated with crystalline CuO
are detected in the 06CuAl catalyst, indicating that copper oxide
species existing on the surface of g-Al2O3 are in the form of
highly dispersed state or/and clustered state beyond the detection
limit of XRD, which is in agreement with our previous study.21

The reduced pretreatment by H2 leads to some obvious changes
in the XRD pattern of the 06CuAl-R catalyst. The most important
change is that a weak characteristic diffraction peak attributed to
metallic Cu (111) plane appears at 43.21 [PDF-ICDD 04-0836].22

In other words, H2 pretreatment causes the highly dispersed
or/and clustered CuO to be reduced to crystalline metallic Cu,
suggesting that metallic Cu is not easy to be dispersed on the
surface of g-Al2O3. Interestingly, when the 06CuAl-R catalyst
undergoes a re-oxidized pretreatment by N2O (i.e., 06CuAl-RO
catalyst), the characteristic diffraction peak of the metallic Cu
(111) plane becomes very weak even becoming unobservable
due to the oxidation of the metallic Cu surface by N2O.18–20

With the purpose of proving these characterization results are
not accidental, we adopt the same in situ reduced and re-oxidized
pretreatment on two other copper oxide loading amount samples
(one is lower than the dispersion capacity, 0.3 mmol Cu2+/100 m2

g-Al2O3, and the other is higher than the dispersion capacity,
1.2 mmol Cu2+/100 m2 g-Al2O3), these samples are also char-
acterized by XRD. The obtained results are similar to those of
06CuAl, 06CuAl-R, and 06CuAl-RO catalysts (Fig. S1 in ESI†).
Moreover, H2-TPR experiments are carried out over these
06CuAl catalysts with different pretreatments to further deter-
mine the valence states of copper (Fig. 1b). The 06CuAl catalyst
exhibits a strong reduction peak at 177 1C and a shoulder at
197 1C, indicating that there are two kinds of copper oxide
species on the surface of g-Al2O3, the former is attributed to the
highly dispersed CuO and the latter is associated with the
clustered CuO, which is in accordance with the XRD results.
The quantitative analysis data of H2-TPR are summarized in
Table S1 (ESI†). We find that the actual H2 consumption of the
06CuAl catalyst is about 752.2 mmol g�1, which is close to the
corresponding theoretical H2 consumption calculated from
Cu2+ (755.4 mmol g�1), suggesting that the valence state of
copper in the 06CuAl catalyst is +2. No reduction peaks can be
detected in the H2-TPR profile of the 06CuAl-R catalyst, demon-
strating that the valence state of copper in the 06CuAl-R catalyst
is 0. However, the 06CuAl-RO catalyst shows a single strong
reduction peak at 138 1C attributed to the reduction of surface
highly dispersed Cu2O.18–20 Furthermore, the actual H2 con-
sumption of the 06CuAl-RO catalyst is about 313.2 mmol g�1,
which is close to the corresponding theoretical H2 consump-
tion calculated from Cu+ (376.1 mmol g�1), but slightly lower,
indicating that the valence state of copper in 06CuAl-RO cata-
lyst is +1 and the dispersion degree of copper in the 06CuAl-R
catalyst is 83.28% (Table S1 in ESI†). In order to enhance the
persuasiveness of H2-TPR results, the same operation is per-
formed on 03CuAl and 12CuAl catalysts. And the obtained results
are very similar to those of 06CuAl, 06CuAl-R, and 06CuAl-RO
catalysts (Fig. S2 and Table S1 in ESI†). XPS as a more direct
approach to determine the valence states of elements is recorded
on these 06CuAl catalysts with different pretreatments, and the
corresponding results are presented in Fig. 1c. For the 06CuAl
catalyst, the Cu 2p XPS spectrum exhibits a peak assigned to Cu
2p3/2 at 934.1 eV with a shake-up peak at 942.5 eV, which are
characteristics of Cu2+, indicating that the valence state of
copper is +2 in the 06CuAl catalyst.23,24 With regard to the

Scheme 1 The preparation procedure of these CuOd/g-Al2O3 (d = 0, 0.5, 1)
catalysts with different valence states. Cuboids represent the g-Al2O3 support,
and spheres denote copper species, Cu2+ (xCuAl catalysts) followed a reduced
pretreatment by H2 to generate Cu0 (xCuAl-R catalysts), and further underwent a
re-oxidized pretreatment by N2O to form Cu+ (xCuAl-RO catalysts).

Fig. 1 The determination of copper valence states: (a) XRD patterns, (b) H2-TPR
profiles, (c) Cu 2p XPS spectra, and (d) Cu-LMM XAES spectra of 06CuAl catalysts
with different pretreatments.

Communication PCCP

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

21
/0

8/
20

13
 1

3:
15

:2
9.

 
View Article Online

http://dx.doi.org/10.1039/c3cp52493k


This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 14945--14950 14947

06CuAl-R catalyst, the shake-up peak disappears completely,
and the peak of Cu 2p3/2 shifts to a lower binding energy (932.6 eV),
suggesting that Cu2+ species are reduced to low-valence state
copper species (Cu+ or Cu0).14,23 Moreover, the area of the Cu
2p3/2 peak in the 06CuAl-R catalyst is obviously smaller than that of
the 06CuAl catalyst due to the sintering effect in the reduced
pretreatment process, which is consistent with the XRD results.
In view of the 06CuAl-RO catalyst, the shake-up peak is still not
detected, and the Cu 2p3/2 peak locates at 932.7 eV, which is
very similar to the 06CuAl-R catalyst, demonstrating that the
re-oxidized pretreatment by N2O cannot generate Cu2+. However,
Cu+ and Cu0 are hard to be distinguished by XPS spectra of Cu 2p
because their binding energies are very close. Therefore, Cu-LMM
XAES spectra are adopted to further confirm the valence states
of copper in these 06CuAl catalysts with different pretreatments
(Fig. 1d). The 06CuAl catalyst shows the Cu-LMM XAES line
peak at a kinetic energy of 917.6 eV, which is associated with
Cu2+. The Cu-LMM XAES spectra of 06CuAl-R and 06CuAl-RO
catalysts are centered at 918.4 and 916.5 eV, respectively, the
former is attributed to Cu0, and the latter is assigned to Cu+.25,26

Combining the results of XRD patterns, H2-TPR profiles, Cu 2p
XPS spectra, and Cu-LMM XAES spectra, we can conclude that
the valence state of copper is +2, 0, and +1 in 06CuAl, 06CuAl-R
and 06CuAl-RO catalysts, respectively.

In our previous work, we found that when the supported
copper-based catalysts were exposed to the mixture of NO and
CO reactants at ambient temperature, NO molecules could be
preferentially adsorbed on the surface of the corresponding
catalysts due to their unpaired electrons, which inhibited the
adsorption of CO species.17,27 Moreover, it is widely reported
that the dissociation of the adsorbed NO species is the key step
of NO reduction by CO reaction.28,29 As a result, we mainly
focus on the activation and dissociation of the adsorbed NO
species over these 06CuAl catalysts with different valence states,
and further investigate their catalytic performance for NO
reduction by CO reaction in the present study. Based on this
point, NO-TPD experiments are carried out, and the corre-
sponding results are displayed in Fig. 2. It shows that NO,
N2O, N2, NO2, and O2 are the five species desorbed from the
surface of the catalyst with the increase of temperature. As
shown in Fig. 2a, the NO desorption profile of the 06CuAl
catalyst exhibits two peaks at 106 and 214 1C originated from
the weakly adsorbed NO species.30,31 06CuAl-R and 06CuAl-RO
catalysts present a single NO desorption peak at lower tempera-
tures of 94 and 96 1C, respectively. However, the NO desorption
peak area of the 06CuAl catalyst is larger than that of 06CuAl-R
and 06CuAl-RO catalysts (Table S2 in ESI†), suggesting that the
weakly adsorbed NO species can be more easily desorbed on the
catalysts with low-valence state copper species, but the corre-
sponding desorption amount is smaller maybe owing to their
dissociation. All these 06CuAl catalysts with different valence
states display three peaks in the N2O desorption profiles (Fig. 2b).
The low-temperature peak (around 100 1C) is attributed to the
dissociation and recombination of molecularly adsorbed NO
species, and the two high-temperature peaks (above 350 1C) are
assigned to the decomposition of the surface adsorbed nitrites

and nitrates.30 We find that the N2O desorption peak tempera-
ture of 06CuAl-R and 06CuAl-RO catalysts is obviously lower
than that of the 06CuAl catalyst, and the 06CuAl-RO catalyst
exhibits the largest N2O desorption peak area (Table S2 in ESI†),
indicating that the adsorbed NO species can be more easily
dissociated on the catalysts with low-valence state copper
species. The possible reason is that the low-valence state copper
species have more electrons that can back-donate to the anti-
bonding orbital of the adsorbed NO species to weaken the N–O
bond, and further lead to the dissociation of the adsorbed
NO species.32 Similar observations are obtained from the N2

desorption profiles in Fig. 2c. However, the remarkable difference
is that the 06CuAl-R catalyst shows the largest N2 desorption peak
area. Furthermore, the results of NO2 and O2 desorption profiles
are very consistent with the above discussion (Fig. S3 in ESI†). In
the reaction of NO reduction by CO, N2 is the desired product,
while N2O is the by-product. Therefore, we can conclude that the
most efficient active species to promote the dissociation of the
adsorbed NO species is Cu0, the second is Cu+, and the last is
Cu2+ in the present work.

NO reduction by CO reaction is performed to evaluate the
catalytic performance of 06CuAl catalysts with different valence
states for the simultaneous elimination of NO and CO, as shown
in Fig. 3. We can find that the activity of the 06CuAl catalyst is
very poor, the complete NO conversion is not achieved even at
400 1C. However, the activity of 06CuAl-R and 06CuAl-RO cata-
lysts is enhanced remarkably, and the full NO conversion is
given at 250 and 300 1C, respectively (Fig. 3a). In order to clearly
present the difference of activity, the light-off temperature of

Fig. 2 NO-TPD profiles: (a) NO fragment, (b) N2O fragment, and (c) N2 fragment
over 06CuAl catalysts with different valence states as a function of desorption
temperature.
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50% NO conversion (T50) is also shown in Fig. 3a, it shows that
06CuAl, 06CuAl-R, and 06CuAl-RO catalysts give T50 at 278, 180,
and 188 1C, respectively. For N2 selectivity, it can be ranked by
06CuAl-R > 06CuAl-RO > 06CuAl (Fig. 3b). The results of NO
conversion and N2 selectivity demonstrate that the low-valence
state copper species are beneficial to the catalytic removal of
NO, and follow the order: Cu0 > Cu+ > Cu2+, which is consistent
with the dissociation of the adsorbed NO species (the key step
of NO reduction by CO reaction) in NO-TPD profiles. Interest-
ingly, the combination of Fig. 3a and b shows that the differ-
ence of selectivity between 06CuAl-R and 06CuAl-RO catalysts is
more obvious than that of activity, which is in agreement with
the NO-TPD results that Cu0 is conducive to the dissociation
of the adsorbed NO species to generate N2, while Cu+ is more
beneficial to form N2O. Both the generation of N2 and N2O can
promote the enhancement of activity, but only the formation of
N2 can cause the improvement of selectivity. Moreover, the
catalytic performance for the elimination of CO also presents
the order: Cu0 > Cu+ > Cu2+, and the light-off temperature of
50% CO conversion (T50) is located at 317, 192, and 205 1C in
06CuAl, 06CuAl-R, and 06CuAl-RO catalysts, respectively (Fig. 3c).
Finally, the turnover frequency (TOF) of NO and CO per copper
atom at 250 1C is provided in Fig. 3d with the purpose of
observing the difference in catalytic performance of 06CuAl,
06CuAl-R, and 06CuAl-RO catalysts intuitively. Based on the
above discussion, the catalytic performance for the simultaneous
elimination of NO and CO can be ranked by Cu0 > Cu+ > Cu2+.
In addition, the catalytic performance of 03CuAl and 12CuAl
catalysts with different valence states are also measured and
shown in Fig. S4 and Table S3 (ESI†), and the results support

our conclusion very well. Significantly, the catalytic performance
of the 06CuAl-R catalyst is comparable with that of conventional
supported noble-metal catalysts (Table S4 in ESI†).

In order to further understand the surface reaction situation
of 06CuAl catalysts with different valence states, NO and CO
co-adsorption in situ FT-IR spectra are recorded under the
simulated reaction conditions, and the corresponding results
are presented in Fig. 4. For the 06CuAl catalyst (Fig. 4a), when it
is exposed to the mixture of NO and CO at room temperature
(25 1C), NO molecules are preferentially adsorbed on the surface
of the catalyst due to their unpaired electrons, which inhibits the
adsorption of CO species.17,27 Simultaneously, the physisorbed
NO species show a weak band at 1747 cm�1; the chelating
bidentate nitrates appear at 1510 cm�1; and the bridging
bidentate nitrates exhibit two vibration bands at 1292 and
1614 cm�1, respectively.33,34 With the increase of temperature
to 125 1C, the physisorbed NO species disappear due to the
weak adsorption. Interestingly, all the chelating bidentate
nitrates and bridging bidentate nitrates disappear completely
at 200 1C, and expose the active sites to adsorb CO species. At
the same time, two new bands appear at 1529 and 2112 cm�1

attributed to monodentate carbonates and Cu+–CO species,
respectively.35 In addition, N2O exhibits two bands at 2210
and 2240 cm�1, and the band for CO2 (2360 cm�1) increases
remarkably, indicating that the reaction of NO reduction by
CO has taken place, which is in agreement with the catalytic
performance results.33,35 Further increasing the temperature to
300 1C leads to the disappearance of N2O due to the reduction
to N2, which has no IR active mode because it is a diatomic

Fig. 3 Catalytic performance: (a) NO conversion, (b) N2 selectivity, (c) CO con-
version, and (d) TOF (250 1C) of NO and CO over 06CuAl catalysts with different
valence states.

Fig. 4 In situ FT-IR spectra of NO and CO co-adsorption over 06CuAl catalysts
with different valence states: (a) 06CuAl catalyst, (b) 06CuAl-R catalyst, and
(c) 06CuAl-RO catalyst.
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homonuclear molecule.33 However, the bands for monodentate
carbonates and Cu+–CO species weaken with the increase of
temperature, but do not disappear even at 300 1C. With regard
to the 06CuAl-R catalyst (Fig. 4b), all the physisorbed NO
species, chelating bidentate nitrates, and bridging bidentate
nitrates can be observed at 25 1C, which is similar to the 06CuAl
catalyst. However, there is some difference. Firstly, the physi-
sorbed NO species disappear at a lower temperature of 100 1C
due to the thermal desorption. Secondly, the chelating bidentate
nitrates and bridging bidentate nitrates can be easily decom-
posed to expose the active sites for the adsorption of CO
species, as a result, monodentate carbonates, Cu+–CO species,
N2O, and CO2 can be detected at a lower temperature of 175 1C,
suggesting that the catalytic performance of the 06CuAl-R
catalyst is better than that of the 06CuAl catalyst. A possible
reason is that Cu0 possesses two extra electrons compared with
Cu2+, the back-donation of the electrons from Cu0 to the
antibonding orbital of the adsorbed NO species is easier
than that from Cu2+, this effect is beneficial to weaken the
N–O bond, and promote the dissociation of the adsorbed NO
species, which is consistent with NO-TPD results.32 Finally, N2O
and Cu+–CO species disappear completely at a lower tempera-
ture of 275 1C, indicating that the catalytic performance of the
06CuAl-R catalyst is better than that of the 06CuAl catalyst. NO
and CO co-adsorption in situ FT-IR results for the 06CuAl-RO
catalyst (Fig. 4c) are almost the same as those for the 06CuAl-R
catalyst, except for the disappearance of Cu+–CO species at a
higher temperature of 300 1C, but are still lower than that for
the 06CuAl catalyst. The results of NO and CO co-adsorption
in situ FT-IR spectra over 06CuAl catalysts with different valence
states demonstrate that their catalytic performance for the
simultaneous elimination of NO and CO can be ranked by
Cu0 > Cu+ > Cu2+, which is in agreement with the catalytic
performance results.

In summary, we employ an in situ pretreatment technique to
tailor copper valence states in CuOd/g-Al2O3 (d = 0, 0.5, 1)
catalysts, which induces superior catalytic performance for
simultaneous elimination of NO and CO in the low-temperature
range (100–400 1C). Especially, the 06CuAl-R catalyst shows the
best catalytic performance, which can even be comparable to
that of the conventional supported noble-metal catalysts, which
is attributed to Cu0 having more electrons that can back-donate
to the antibonding orbital of the adsorbed NO species to
weaken the N–O bond, this effect is beneficial to the dissocia-
tion of the adsorbed NO species, and further promote the
enhancement of catalytic performance. Our study illustrates
that the valence states of active species play an important
role in heterogeneous catalysis, and further provides some
scientific basis for designing efficient and practical supported
catalysts.
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