
D
Z

C
a

b

c

d

a

A
R
R
A
A

K
C
C
N
I
N
N

1

n
c
r
p
c
t
T
a
n
a
o
c
r
r

a
p

o
N

0
d

Applied Catalysis B: Environmental 103 (2011) 206–220

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journa l homepage: www.e lsev ier .com/ locate /apcatb

ispersion, reduction and catalytic performance of CuO supported on
rO2-doped TiO2 for NO removal by CO

huanzhi Suna, Jie Zhub, Yuanyuan Lva, Lei Qia, Bin Liua, Fei Gaoc, Keqin Sund, Lin Donga,c,∗, Yi Chena

Key Laboratory of Mesoscopic Chemistry of Ministry of Education, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, PR China
School of Chemistry and Chemical Engineering, Xuzhou Institute of Technology, Xuzhou 221008, PR China
Center of Modern Analysis, Nanjing University, Nanjing 210093, PR China
School of Energy and Environment, Southeast University, Nanjing 211102, PR China

r t i c l e i n f o

rticle history:
eceived 18 April 2010
eceived in revised form 17 January 2011
ccepted 18 January 2011
vailable online 31 January 2011

a b s t r a c t

CuO catalysts supported on ZrO2-doped TiO2 (hereafter denoted as TZ) and pure anatase TiO2 were
characterized by HRTEM, XRD, UV–vis DRS, TPR, XPS, in situ FT-IR and activity test for the removal of NO
by CO. The results indicate that: (1) CuO species can be highly dispersed on the surface of TZ support, and
the dispersion capacity (DC) is about 1.1 mmol/100 m2 TZ, which can be explained by the incorporation
model. (2) The reduction temperature of CuO supported on TZ is lower than that supported on pure
eywords:
u-TZ
u–TiO2

O + CO reaction
n situ FT-IR

anatase TiO2, ZrO2 and ZrO2 surface-modified anatase TiO2 supports. Furthermore, the activity of Cu-TZ
is also the highest among them measured by a relative turn over frequency (TOF) value of NO. (3) The
ZrO2 doping into TiO2 improves the adsorption stability of NOx (especially the bridged nitrate/nitro) and
decreases the active temperature of Cu+–CO species, both of which are the key intermediates for NO
conversion. On the other hand, the ZrO2 doping into TiO2 promotes the formation of Cu+/Cu0 species at

has
2O
itrate

high temperatures, which

. Introduction

It is known from modern catalytic surface science that the
ature and quality of a carrier material is a key part of the
atalyst [1]. Many researchers have proved that the use of TiO2-
elated catalysts in the selective reduction of NO overcomes the
roblem of deactivation arising from sulfate formation in the SOx-
ontaining environment and the anatase TiO2 is widely used as
he support for the NO removal reactions [2,3]. However, anatase
iO2 suffers from limited surface area, low abrasion resistance
nd poor thermal stability [4]. Thus, attempts to obtain a tita-
ia based mix oxides support, in order to improve the surface
rea, mechanical strength and the thermal stability, have been the
bject of some very recent investigations [5–11]. In addition, active
omponents dispersed on mixed metal oxides often produce supe-
ior activity to those supported on single oxide for a number of

eactions [1].

Recently, the TiO2–ZrO2 mixed oxides have attracted much
ttention for their high surface area, profound surface acid–base
roperties and strong mechanical strength [12–16]. Reddy and

∗ Corresponding author at: Key Laboratory of Mesoscopic Chemistry of Ministry
f Education, School of Chemistry and Chemical Engineering, Nanjing University,
anjing 210093, PR China. Tel.: +86 25 83594945; fax: +86 25 83317761.

E-mail address: donglin@nju.edu.cn (L. Dong).

926-3373/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2011.01.028
a crucial effect on N2O reduction.
© 2011 Elsevier B.V. All rights reserved.

Khan [1] prepared the V2O5/TiO2–ZrO2 (molar ratio = 1:1) cata-
lysts by the impregnation method and they found the catalysts
were very active and selective for the synthesis of isobutyralde-
hyde from methanol and ethanol and for the selective oxidation
of 4-methylanisole to anisaldehyde. Chary et al. [15] gave a full
and accurate characterization of copper oxide catalysts supported
on TiO2–ZrO2 (1:1 wt%) and reported that CuO supported on
TiO2–ZrO2 was highly active for the vapor-phase dehydrogena-
tion of cyclohexanol. In the previous literatures [12,13,15,16],
the contents of zirconium are high, e.g., the ratio is Ti:Zr = 1:1
or 3:1, and the supports usually exhibit as noncrystalline binary
oxides. However, few studies are performed using ZrO2-doped
anatase TiO2 as a support to investigate the influence of a few
zirconiums doping into TiO2 on the surface properties and the
active species of the catalyst. When the addition amount of
ZrO2 is few, the mixed oxides will keep the anatase-type, i.e.,
a bit addition of ZrO2 is enough to prevent phase transforma-
tions from anatase to rutile at high temperature, promote the
thermal stability of the catalysts [14], and improve the sur-
face area. Therefore, the ZrO2-doped anatase TiO2 should be an
essential support to replace the pure anatase TiO2 for many

catalytic reactions. In addition, a small amount of ZrO2 dop-
ing may cause obvious change on the characteristic of the
materials.

The catalysts containing transition metals, especially copper,
show a potential application for the abatement of exhaust gas

dx.doi.org/10.1016/j.apcatb.2011.01.028
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:donglin@nju.edu.cn
dx.doi.org/10.1016/j.apcatb.2011.01.028
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Fig. 1. TEM images of TiO2 sample with (a) low resolution and (b) hig

rom stationary and mobile emission sources [17–19], and com-
lete oxidation of volatile organic compounds [20–23]. Special
ttention has been paid to this system as a substitute for noble
etal containing catalysts [24]. On the one hand, the catalytic

roperties of the active copper phase can be greatly influenced
y the dispersion behavior. When the active component is dis-
ersed on a support, it presents as a molecular-monolayer at low

oadings. When the loading is higher than a whole monolayer,
.e., fully covering the surface of support, the dispersed compo-
ent forms a close-packed monolayer and the excess component

orms crystalline phase. The loading when the crystalline phase
egins to appear is called the dispersion capacity of the compo-
ent on this support. According to the literatures, the optimal
ontent of the metal oxide species is often near its dispersion
apacity [25–27]. Many examples in catalytic applications have
uggested that the dispersion capacity should be correlated with
he catalytic properties intimately. As such, measuring and dis-
ussing the dispersion capacities of supported catalysts is of
bvious significance. On the other hand, the catalytic performance
f the copper oxides species can also be greatly influenced by
he nature of the supported oxide. For example, in methanol
ynthesis, it is suggested that the active component is not only
u+ but also Cu0 and the support plays a major role in con-
rolling the Cu+/Cu0 ratio, which further influences the catalytic
ctivity [28].

The properties of CuO supported on anatase TiO2 have
een reported by our group [29]. In the present work, our
ttention is mainly focused on: (1) Exploring the influence of
he ZrO2 doping into anatase TiO2 on the dispersion, reduc-

ion and reaction properties of copper oxide. (2) Investigating
he interaction of CO or/and NO with the copper-based cat-
lyst, understanding the influence of ZrO2 doping on the
ariation of copper species and adsorbed NO or/and CO
pecies.
lution, and TZ sample with (c) low resolution and (d) high resolution.

2. Experiments

2.1. Catalysts preparation

TZ solid solution was synthesized following the procedure of
Ding et al. [30]. The molar ratio was designed to be Ti:Zr = 20:1 so
as to keep the crystalline as anatase type and avoid the formation
of TiZrO4 [31]. A requisite amount of TiCl4 and ZrOCl2·8H2O were
dissolved in the water containing a certain amount of hydrochloric
acid, then the mixture solution was slowly dropped to the excess
of ammonia solution with vigorously stirring until pH = 10.0. The
resulting solution was kept in stirring for 3 h and aged for 24 h, then
filtered and washed until no Cl− could be detected. The obtained
solid was dried at 110 ◦C overnight and then calcined in a muf-
fle stove at 500 ◦C in flowing air for 5 h. The powder was denoted
as TZ and its BET surface area was 109 m2 g−1. Anatase TiO2 was
prepared following the same method, whereas its BET surface area
was only 41 m2 g−1. ZrO2 (tetragonal) supports with BET surface
area of 119 m2 g−1 were prepared. The ZrOCl2·8H2O solution was
dropped to the excess of ammonia solution with vigorously stir-
ring keeping the pH ≥ 14.0, and the following procedures are same
to which in preparing TiO2 and TZ. The CuO-TZ catalysts were pre-
pared by incipient-wetness impregnating on the support with the
Cu(Ac)2 solution. The mixture was kept under vigorously stirring
for 3 h, and then evaporated at 80 ◦C. The resulting materials were
dried at 110 ◦C overnight and calcined at 450 ◦C in flowing air for
4 h. These catalysts were denoted as xCu-TZ, where x indicated the
loading amount of copper oxide. The CuO loadings were 0.4, 0.6,
1.0, 1.2, 1.8, 2.2 and 2.8 mmol/100 m2 TZ, respectively. Furthermore,

for TZ support, it can be calculated that, if all the Zr cations locate
at the surface of the TZ, the density of Zr cations is 0.533 mmol
Zr/100 m2 supports. Hence, the 0.6Cu/0.533Zr/TiO2 catalyst was
prepared by stepwise impregnation (first ZrO2 and then CuO) under
the same condition for comparison, where the precursor of CuO
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ig. 2. (a) The XRD patterns of TZ and TiO2 samples and (b) the UV–vis DRS of TiO2,
.533Zr/TiO2, mixed TiO2 + ZrO2 and TZ samples.

nd ZrO2 are Cu(Ac)2 and Zr(NO3)4, and the loadings of CuO and
rO2 are 0.6 and 0.533 mmol/100 m2 TiO2, respectively. In addi-
ion, the 0.6Cu–TiO2 and 0.6Cu–ZrO2 catalysts were also prepared
sing incipient-wetness impregnation method for comparison.

.2. Catalyst characterization

.2.1. Brunauer–Emmet–Teller (BET) surface areas
Brunauer–Emmet–Teller (BET) surface areas were measured by

itrogen adsorption at 77 K on a Micrometrics ASAP-2020 adsorp-
ion apparatus. Before each adsorption measurement, approximate
.1 g of a catalyst sample was degassed in a N2/He mixture at 300 ◦C
or 2 h.

.2.2. X-ray diffraction (XRD) measurement
XRD patterns were recorded on a Philips X’pert Pro diffractome-

er using Ni-filtered Cu K�1 radiation (� = 0.15408 nm). The X-ray
ube was operated at 40 kV and 40 mA.

.2.3. UV–vis diffuse reflectance spectroscopy (UV–vis DRS)

easurement

UV–vis DRS spectra were recorded in the range of 200–900 nm
y a Shimadzu UV-2401 spectrophotometer with BaSO4 as refer-
nce.
Total CuO content (Cu  mmol/100m  TZ)

Fig. 3. (a) The XRD patterns of xCu-TZ samples and (b) relationship between ICu/ITZ

and CuO loading in Cu-TZ samples.

2.2.4. High resolution transmission electron microscope (HRTEM)
Transmission electron microscopy (TEM) images were taken on

a JEM-2100 instrument at an acceleration voltage of 200 kV. The
samples were crushed and dispersed in A.R. grade ethanol and
the resulting suspensions were allowed to dry on carbon film sup-
ported on copper grids.

2.2.5. H2-temperature programmed reduction (H2-TPR)
measurement

H2-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 mea-
surement. The sample was pretreated in a N2 stream at 110 ◦C
for 1 h, then cooled to room temperature and switched to H2–Ar
stream. TPR started from room temperature at a rate of 10 ◦C min−1.

2.2.6. X-ray photoelectron spectroscopy (XPS) and Auger electron
X-ray photoelectron spectroscopy (XPS) and X-ray induced
Auger electron spectroscopy (X-AES) analyses were performed on
a PHI 5000 Versaprobe system, using monochromatic Al K� radia-
tion (1486.6 eV) operating at an accelerating power of 150 W. The
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Fig. 4. The (a) EDS; TEM image with (b) low resolution and (c) high resolution and (d) SAED results of the 1.0Cu-TZ sample.

F (anat
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ig. 5. The schematic diagram for (a) the surface vacant sites in (0 0 1) plane of TiO2

nions on the (0 0 1) plane of ZrO2-doped TiO2 (anatase).

ample was outgassed at room temperature in a UHV chamber
<5 × 10−7 Pa). All binding energies (BE) were referenced to the C

s peak at 285.0 eV. The experimental errors were within ±0.1 eV.

.2.7. In situ FT-IR adsorption measurement (FT-IR)
FT-IR spectra was collected at room temperature on a Nicolet

700 FT-IR spectrometer, working in the range of wave num-

able 1
he peaks areas of the H2-TPR profiles and the H2 consumption (mmol g−1) of the xCu-TZ

Sample Dispersed Cluster or crystalline Total peak areas Ac

Peak 1 Peak 2 Peak 1 + peak 2 Peak 3

0.4Cu-TZ 34.87 31.12 65.99 0 65.99 0.4
0.6Cu-TZ 46.95 47.71 94.66 5.23 99.89 0.7
1.0Cu-TZ 58.60 92.20 150.81 8.10 158.90 1.1
1.2Cu-TZ 65.28 107.12 172.40 19.33 191.73 1.3
1.8Cu-TZ 57.78 112.98 170.76 90.99 261.75 1.8
2.2Cu-TZ 69.04 104.19 173.23 140.85 314.08 2.2
2.8Cu-TZ 67.37 102.88 170.25 222.51 392.76 2.8
ase) and (b) incorporation of the dispersed Cu2+ species accompanying capping O2−

bers 400–4000 cm−1 at a resolution of 4 cm−1 (number of scans,
32). The spectra of empty IR cell was collected in NO or/and

CO atmosphere at various target temperatures as background.
The xCu-TZ and xCu–TiO2 catalysts (∼10 mg) were mounted in
a quarts IR cell and pretreated for 1 h at 100 ◦C in flowing
N2 atmosphere. After cooled to room temperature, the sample
wafers were exposed to a controlled stream of CO–Ar (10% of

samples.

tual H2 consumption (mmol g−1) Theoretical H2 consumption (mmol g−1) A/T

74 0.436 1.09
18 0.654 1.1
42 1.090 1.05
78 1.308 1.05
82 1.962 0.96
48 2.398 0.94
24 3.052 0.93
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ple. The introduction of small amount of zirconium species does
ig. 6. (a) The TPR results for the xCu-TZ samples and (b) the TPR results for copper
xides species on different supports.

O by volume) or/and NO–Ar (5% of NO by volume) at a rate
f 5.0 ml min−1 for 30 min. Desorption/reaction studies were per-
ormed by heating the adsorbed species and the spectra were

ecorded at target temperatures. All of the presented spectra
ere obtained by subtraction of the corresponding background

eference.

Fig. 7. Tentative model of the surface-dispersed copper oxide species formed on the (
ronmental 103 (2011) 206–220

2.3. Catalytic activity tests

The activities of the catalysts were determined under steady
state, involving a feed steam with a fixed composition, NO 5%,
CO 10% and He 85% by volume as diluents. A quartz tube with
a requisite quantity of catalyst (50 mg) was used. The cata-
lysts were pretreated in N2 stream at 110 ◦C for 1 h and then
cooled to room temperature, after that, the gas reactants were
switched on. The reactions were carried out at different tem-
peratures with a space velocity of 12,000 h−1. Two columns and
thermal conduction detections were used for analyzing the pro-
ductions, 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. In addition, the kinetic measure-
ments were performed under differential reaction conditions,
with ∼25 mg catalyst to limit the NO conversion between 1%
and 40%. A relative TOF value was employed to compare the
activities of different catalysts. The relative turnover frequency
(TOF, s−1) of NO over per copper atom was calculated by this
equation, i.e., TOF = P · Vs · C · VNO% · 10−6/R · T · n∗

Cu (Vs = space
velocity, C = NO conversion, VNO% = NO concentration (5%), n∗

Cu =
the relative content of surface copper species (the total

moles of copper species × Cu%)). The content of surface cop-
per species (Cu%) was determined by XPS.

3. Results and discussion

3.1. TEM studies of the catalysts

Fig. 1(a) and (b) shows the low and high resolution TEM
images of TiO2 sample, respectively. From the low magnifica-
tion image (Fig. 1(a)), it can be seen that the sample is not well
dispersed and their particle sizes are in the range of 10–20 nm.
To further investigate its crystal structure and exposed plane,
the HRTEM image is presented in Fig. 1(b). The periodic fringes
(0.24 nm) can be observed, which is compatible with the distance
expected between the (0 0 1) reticular planes of TiO2. Addition-
ally, some periodic fringes (0.35 nm) for the distance between
the (1 0 1) planes can also be observed. For the TZ sample, the
corresponding low and high magnification TEM images are also
displayed. Similar to that of TiO2 sample, the TZ sample still
consists of particles with irregular morphology and their parti-
cle sizes are about 10–20 nm (Fig. 1(c)). Moreover, the HRTEM
image in Fig. 1(d) shows that the growth direction of TZ sam-
ple is mainly [0 0 1] accompanied with [1 0 1], implying that both
not induce the changes in the growth direction and the morphol-
ogy under the current conditions. However, as the morphology
of TiO2 and TZ sample is irregular, the relative amount of these

0 0 1) plane of (a) anatase TiO2 surface and (b) ZrO2-doped anatase TiO2 surface.
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ig. 8. (a) The dispersed Cu2+ species accompanying capping O2− anion on the (1 1
u2+ species accompanying capping O2− anion on the (0 0 1) plane of ZrO2/TiO2.

wo kinds of exposed planes is difficult to be distinguished by
RTEM.

.2. XRD and UV–vis DRS studies of the catalysts

Fig. 2(a) shows the XRD patterns of TZ and TiO2 samples. For
he TZ sample, only the characteristic peaks of the anatase-type
iO2 appear, and these peaks in TZ sample shift to a lower diffrac-
ion angle compared with the pure TiO2. Meanwhile, no peaks of
rystalline ZrO2 can be observed. The ionic radii of Ti4+ and Zr4+ are
.064 nm and 0.087 nm, respectively. When the larger Zr4+ ions par-
ially substitute for the smaller Ti4+ ions, the anatase TiO2 lattices
onsequently expand, which should be responsible for the position
f the diffraction angle shifts to the lower value [32]. Thus, it can be
oncluded that the Zr4+ have incorporated into the titania matrix.

To confirm the XRD results, the UV–vis DRS (as shown in
ig. 2(b)) was conducted. It can be observed that the onset of the
and-gap transition (at 385 nm) is blue-shifted relative to that
f the undoped TiO2 (401 nm). The shift can be related to the
ransfer of electrons from Zr4+ ions to the conduction band of TiO2
33,34]. In addition, the ZrO2-impregnated TiO2 (0.533Zr/TiO2) and
echanically mixed ZrO2 + TiO2 were prepared for comparison. It
an be seen that the onset of the band-gap transition of the two
amples are at 399 nm and 393 nm, respectively. These values are
igher than the ZrO2-doped TiO2 indicating that the Zr4+ ions have

ncorporated into the TiO2 matrix.
e of ZrO2, (b) the configuration of the dispersed CuO species, and (c) the dispersed

Fig. 3(a) shows the XRD patterns of a series of xCu-TZ sam-
ples. For samples with low CuO loadings (≤1.0 mmol/100 m2 TZ),
no characteristic peaks of crystalline CuO can be observed, which
suggests that the copper oxides species are highly dispersed on the
surface of the TZ support. When the CuO loadings are higher than
1.0 mmol/100 m2 TZ, the characteristic peaks of crystalline CuO
appear and the intensities of the peaks increase with the increasing
of the CuO loadings.

In order to further discern the dispersion behavior of CuO on the
TZ support, XRD quantitative analysis was carried out by measur-
ing the peak intensity ratios of crystalline CuO to TZ support as a
function of loading amounts of copper oxide species supported on
TZ. The quantitative analysis results are shown in Fig. 3(b). It can be
seen that the straight line corresponding to the formation of crys-
talline CuO does not go through the origin but cut an intercept on
the abscissa at a value which is referring to the dispersion capacity
of CuO on TZ support. Accordingly, the dispersion capacity of CuO
on TZ is around 1.1 mmol/100 m2 TZ.

HRTEM is performed on the representative 1.0Cu-TZ sample
(which is close to the dispersion capacity of the CuO on TZ support)
to further explore the dispersion nature of CuO species, as shown in

Fig. 4. The energy dispersion spectroscopy (EDS) suggests that the
sample is composed of Cu, Ti, Zr and O elements (Fig. 4(a)), which is
in good agreement with the added recipe. In the low magnification
TEM image (Fig. 4(b)), no separated phases are observed indicating
that the CuO are well dispersed or its crystallite size is too small to
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Fig. 9. The results of (a) NO conversion (%) and (b) N2 selectivity (%) over xCu-TZ
c
c
c

b
s
T
w
T
i
A
a
a
C
f

m
h
C
o
o
s
r
t
p
s

10 20 30 40 50 60 70 80

(a) 0.6Cu-TZ

AR 300
oC

AR 250
oC

AR 350 
oC

2θ (o)

ο- Cu

In
te

n
si

ty
 (

a.
u

.) ο

ο

fresh

10 20 30 40 50 60 70 80

ο

ο

ο

ο

♥

♦

In
te

n
si

ty
 (

a.
u

.)

o

fresh

AR 250
 oC

AR 300 oC

AR 350
 oC

(b) 1.8Cu-TZ ο- Cu
♥-Cu

2
O

♦-CuO

increase of the CuO loadings, the positions of the peaks shift to
atalysts with different CuO loadings as a function of reaction temperatures. The NO
onversion and N2 selectivity of 0.6Cu–TiO2 catalyst are given for comparison. Feed
omposition: NO 5%, CO 10% and He 85% by volume, GV = 12,000 h−1.

e clearly observed. In order to further investigate the states of CuO
pecies, the HRTEM characterization was also presented (Fig. 4(c)).
he periodic fringes (0.24 nm) can be observed, which is compatible
ith the distance expected between the (0 0 1) reticular planes of

Z. No periodic fringes of crystalline CuO can be observed indicat-
ng the CuO species are highly dispersed on the surface of support.
dditionally, the selected area electron diffraction (SAED) results
re shown in Fig. 4(d). Only the diffraction rings of anatase TiO2
re presented, which suggests that no large CuO particles exist and
uO are well dispersed on the surface of TZ. The HRTEM results can

urther support the XRD results.
As we reported previously, the dispersion capacities of bivalent

etal oxides (e.g., CuO and NiO) on the surface of various supports
ave been successfully explained by “Incorporation Model”, e.g.,
eO2 [35], ZrO2 [36], TiO2 [37], Al2O3 [35,38] and some modified
r complex oxide supports [39–41]. Thus, the dispersion capacity
f CuO on TZ as well as the configuration of the dispersed CuO
pecies was also supposed to be elucidated by using the “Incorpo-

ation Model” [29]. In our previous work, it has been proposed that
he (0 0 1) plane of the TiO2 (anatase) is the preferentially exposed
lane, as shown in Fig. 5(a). The Cu2+ can incorporate in the vacancy
ite and the oxygen cap on the top of Cu2+ to neutralize the charge
2θ ( )

Fig. 10. XRD patterns of (a) 0.6Cu-TZ and (b) 1.8Cu-TZ catalysts after reaction (AR)
at 250, 300 and 350 ◦C.

[29,42]. For the TZ support also exhibits as anatase type, according
to the “Incorporation Model”, we calculated the surface vacant sites
of some common lattice planes of TZ and found that if the (0 0 1)
plane is considered as the preferentially exposed plane, the density
of surface vacant sites can be calculated to be 1.16 mmol/100 m2

(see supplementary material 1), which is also the theoretical dis-
persion capacity of Cu2+ ions on the surface of TZ support. This
result matches the experimental results well. Thus, combined with
the HRTEM results, it is reasonable to concluded that the preferen-
tially exposed plane is also (0 0 1) plane after the ZrO2 doping. The
schematic diagram of Cu2+ ion on (0 0 1) plane of TZ is shown in
Fig. 5(b).

3.3. Reducible properties of the catalysts (H2-TPR)

H2-TPR test was performed to study the reducibility of CuO
supported on TZ support. Fig. 6(a) shows the TPR profiles of the
xCu-TZ samples. For 0.4Cu-TZ sample, two peaks at ∼148 ◦C and
∼158 ◦C are assigned to the stepwise reduction of surface dispersed
CuO species, i.e., Cu2+ → Cu+ and Cu+ → Cu0 [43–46]. With further
lower temperature region, due to the hydrogen spill-over effect
[47]. Meanwhile, a third reduction peak at about 199 ◦C appears
when CuO loadings >0.6 mmol/100 m2 TZ. In order to further under-
stand the relationship between the loading amount and the states
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Fig. 11. The (a) Cu 2p and (b) Cu-LMM spect

f copper species, the peaks areas of the TPR profiles have been
ntegrated (as shown in Table 1). The overlapped peaks were decon-
oluted fitting with Gaussian–Lorentz curves. According to Table 1,
t can be observed that the peak area of dispersed CuO species (peak
+ peak 2) increases with the loading amounts of CuO until the

oadings reach about 1.2 mmol/100 m2 TZ, and then the value keeps
nvariable. However, the third peak area keeps almost unchanged
s the CuO loadings <1.2 mmol/100 m2 TZ, which should be related
o the reduction of small CuO clusters. When the loading amount of
uO ≥1.2 mmol/100 m2 TZ, the intensity of the third peak increases
apidly, implying that the crystalline CuO formed on the surface of
he TZ support. These results suggest that the dispersion capacity
f CuO on TZ is lower than 1.2 mmol/100 m2 TZ, and it is in agree-
ent with our XRD results. In addition, the H2 consumption was

lso calculated and listed in Table 1. It can be seen that the ratio of
ctual H2 consumption (denoted as A) to theoretical H2 consump-
ion (denoted as T) of the catalysts is around 1.0, which imply that
he reduction peaks are mainly originate from the contribution of
uO species and the supports appear not to participate the reduc-
ion. Furthermore, it is also noteworthy that the H2 consumption of
he peak at about 160 ◦C (from the reduction of Cu+ to Cu0) is larger
han that of the peak at 139 ◦C (from the reduction of Cu2+ to Cu+),
t may be ascribed to the reduction of Cu+ to Cu0 occurring before
he end of the former one due to the influence of H2 spillover as
eported elsewhere [39,47].

In order to investigate the distinct properties of the TZ support,
he TPR profiles of 0.6Cu–ZrO2, 0.6Cu–TiO2 and 0.6Cu/0.533Zr/TiO2
re studied for comparison, as shown in Fig. 6(b). In the profile of
he 0.6Cu–TiO2 sample, only one peak appears at ∼180 ◦C, which
hould be attributed to the reduction of highly dispersed CuO. How-
ver, in the profile of the 0.6Cu/0.533Zr/TiO2 sample, the peak of
ispersed CuO reduction shifts to the lower temperature region
fter the addition of ZrO2 and splits into two peaks at ∼152 ◦C and
170 ◦C, respectively. The results suggest that the reduction behav-

or of CuO has been affected by the ZrO2 addition. For 0.6Cu–ZrO2
ample, two peaks at ∼152 ◦C and ∼162 ◦C are detected, which

hould be assigned to the stepwise reduction of dispersed CuO
48], and the third peak at 205 ◦C is attributed to the reduction
f CuO small particles. Interestingly, the reduction temperature
f dispersed CuO supported on TZ is even lower than that of the
.6Cu/0.533Zr/TiO2 and 0.6Cu–ZrO2 samples, which contain large
Binding energy (eV)

he catalysts after NO + CO reaction at 300 ◦C.

amounts of zirconium oxide species on the surface of the cata-
lysts. The results suggest that the low-temperature reduction of
the copper oxides species in the 0.6Cu-TZ sample should not be
simply attributed to the influence of the surface zirconium oxide
species, i.e., the ZrO2-doped TiO2 support obviously provides dif-
ferent surface properties compared with pure TiO2 or ZrO2. The
possible reasons may be as follows:

(1) The electron charge density (ECD) is influenced by the ZrO2
doping. The electrons of the oxygen in Zr–O–Ti link is strongly
attracted by Ti4+ ion, which causes a delocalization of ECD around
the Zr4+ ion and an enrichment of the ECD around the Ti4+ ion [49].
Consequently, on the surface of support, the Ti4+ ion is the elec-
tronegative center and the Zr4+ ion is the electropositive center.
Thus, it is reasonable to conclude that the Cu2+ is preferentially
linked with the oxygen anion from Ti–O bond, forming Ti–O· · ·Cu–O
link. Furthermore, for the enrichment of the ECD around the Ti4+

ion, the interaction between the Cu2+ and the lattice oxygen of Ti–O
bond on TZ support should be stronger than that on pure TiO2 sup-
port. Accordingly, the Cu–O bond of CuO will be weaker and the
CuO species are easier to be reduced.

(2) The coordination structures of the Cu2+ ions are changed
on the surface of TZ support. As discussed previously [41,50], the
(0 0 1) plane of the anatase TiO2 is considered as the preferentially
exposed plane. The configuration of the Cu2+ ion on the TiO2 (0 0 1)
plane could be depicted as Fig. 7. The Cu2+ ions incorporate into the
surface octahedral vacancies and form an octahedral coordination
structure, as shown in Fig. 7(a). Consequently, for the influence of
the different ECD and radius between the two kinds of atoms, the
length of the M(Ti, Zr)–O bond will be different from each other, as
such, the octahedral coordination structures of the Cu2+ ions will be
distorted, which are relatively more unstable than before, as shown
in Fig. 7(b). Accordingly, the Cu2+ species are easily to be reduced
to Cu+ and Cu0.

For the 0.6Cu–ZrO2 sample, the reduction property is also
related to the coordination structures of the copper oxides species.
The surface of the tetragonal ZrO2 is different from anatase TiO2.

The preferentially exposed plane of tetragonal ZrO2 is (1 1 1) plane
(Fig. 8(a)), and the configuration of the dispersed CuO species can
be shown as Fig. 8(b) [36]. The Cu2+ ions incorporate into the
vacant site of the surface and can be described as trigonal bipyra-
mid symmetry. The Cu2+ ions in the trigonal bipyramid symmetry



214 C. Sun et al. / Applied Catalysis B: Environmental 103 (2011) 206–220

F u-TZ
r 0.6Cu–

i
c
s
t
T
o
i
o
t

e
p
(
a
(
(
(
1
t

ig. 12. In situ FT-IR results of CO (10% in volume) adsorption on catalysts (a) 0.6C
esults for the temperature increase and decrease to 150 ◦C of (b) 0.6Cu-TZ and (d)

n 0.6Cu–ZrO2 sample are not as stable as what in the octahedral
oordination structures in 0.6Cu–TiO2 sample [36]. Therefore, this
tructure makes the copper oxides supported on ZrO2 is more easily
o be reduced than that supported on TiO2. However, for the 0.6Cu-
Z sample, the Cu2+ ion on the surface of TZ support is a distorted
ctahedral coordination structure. Additionally, the CuO reducibil-
ty is affected by the ECD. These may be the reasons for the copper
xides supported on TZ are most easily to be reduced among all of
he samples.

Similar to the CeO2 surface modified TiO2 [41], the main differ-
nce between the CuO supported on the ZrO2 loaded TiO2 and the
ure anatase TiO2 can also be explained by the incorporation model
Fig. 8(c)). As all the ZrO2 species exists as dispersed states, there
re two kinds of CuO species exist on the surface of the support:

1) partial CuO species is contacting with the ZrO2 (denoted as CuO
I)) (2) the other CuO species is far from the ZrO2 (denoted as CuO
II)). As shown in Fig. 6(b), it can be seen that a new peak appears at
52 ◦C, which is similar to CuO supported on the ZrO2. Therefore,
he CuO (I) species show a stepwise reduction. Simultaneously, the
and (c) 0.6Cu–TiO2 from 25 to 350 ◦C at a heating rate of 10 ◦C min−1; in situ FT-IR
TiO2.

CuO (II) species which are far from the ZrO2 are more easily to be
reduced than that supported on pure anatase TiO2 for the H2 spill
over effect. Thus, the reduction peaks of these species shift to the
low temperature region. In addition, it can be seen that the area of
the peak at 170 ◦C is much larger than that at 152 ◦C, which due to
the second reduction step of the CuO (I) species and the reduction
of CuO (II) species overlaps each other.

3.4. Catalytic activity and selectivity of NO reduction by CO

3.4.1. The activities of xCu-TZ catalysts
The NO conversion and N2 selectivity results as a function of

temperature for xCu-TZ catalysts are given in Fig. 9. For comparison,
the NO conversion and N2 selectivity of 0.6Cu–TiO2 are also given.

It can be seen that the 0.6Cu–TiO2 catalyst has little activity and
poor selectivity in tested temperature range. For xCu-TZ catalysts,
at the region of 200–250 ◦C, NO conversions (Fig. 9(a)) only reach
10–40% for all the samples and the N2 selectivities (Fig. 9(b)) are also
very low. Further increase of the temperature results in dramati-
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Table 2
XPS elementary surface concentrations of the catalysts after NO + CO reaction at
300 ◦C.

Sample Atomic concentration Atomic ratio

Cu (at.%) Ti (at.%) Zr (at.%) O (at.%) Ti/Zr

0.6Cu–TiO2 (AR) 3.3 27.7 – 69.0 –
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Table 3
The relative turn over frequency (TOF) of copper species supported on different
supports.

Samples Temperature
The relative TOF (10−3 s−1) at 300 ◦C

0.6Cu–TiO2 19.5
0.6Cu/0.533Zr/TiO2 33.1
0.6Cu/0.533Zr/TiO2 (AR) 3.8 24.6 2.3 69.3 10.70
0.6Cu-TZ (AR) 3.3 24.1 2.4 70.2 10.04
0.6Cu–ZrO2 (AR) 4.6 – 29.4 66.0 –

ally increases for both the NO conversion and the N2 selectivity
t 300 ◦C. In addition, it is interesting that the increase of copper
xide loading from 0.4 to 1.8 mmol/100 m2 TZ leads to different
nhancement of NO conversion. When the CuO loadings are lower
han 1.0 mmol/100 m2 TZ, the activities increase very fast, whereas
hen the CuO loadings are higher than 1.0 mmol/100 m2 TZ, the

ctivities increase very slowly, implying that the crystalline copper
xide species take low effect for the NO + CO reaction.

The difference in N2 selectivity at low and high temperatures
uggests that different mechanisms possibly work at low and high
emperatures [51–54], which might be resulted from the change
f active species at high temperature. XRD measurement, which is
imple and powerful tool for distinguishing the surface phases of
opper related catalysts, was combined to track whether the xCu-
Z catalysts were changed during the reaction process. As shown in
ig. 10, XRD results of 0.6Cu-TZ and 1.8Cu-TZ samples after reaction
denoted as AR) suggest that the copper oxides species are changed
t the reaction atmosphere. For 0.6Cu-TZ sample (Fig. 10(a)), cop-
er oxides are still present as high dispersed states after reaction
t 250 ◦C. With the reaction temperature increasing to 300 ◦C, crys-
alline metal copper Cu0 appears (the explanation for the crystalline
u0 appearing can be seen in supplementary material 2). For 1.8Cu-
Z sample (Fig. 10(b)), it can be seen that the crystalline CuO is
educed to Cu2O and no Cu0 metal can be detected after reaction
t 250 ◦C. With the temperature increasing, the Cu2O species dis-
ppears and is further reduced to Cu0 metal by CO after reaction at
00 ◦C. These results suggest that the surface copper oxide should
e changed to Cu+/Cu0 species at high temperature (>250 ◦C), which
ight be responsible for the N2 selectivity enhancement [45,55].

.4.2. Influence of ZrO2 doping on the catalytic activity
In order to explore the ZrO2 doping effect, 0.6Cu–TiO2,

.6Cu–ZrO2 and 0.6Cu/0.533Zr/TiO2 catalysts are comparatively
tudied in NO + CO reaction. Noticeably, the unique information
onveyed by calculating the turn-over frequency of NO molecule
sually provides a complementary proof on the significance of the
upport effects [45]. However, it is difficult to accurately quantify
he absolute amounts of surface copper species of the catalysts
fter NO + CO reaction. Thus, a relative turn over frequency value is
mployed to compare the activities of different catalysts.

XPS was performed to confirm the atomic concentrations and
he valences of surface copper species after reaction at 300 ◦C.
ig. 11(a) shows the Cu 2p spectra of the catalysts. For the
.6Cu–TiO2 (AR) and 0.6Cu/0.533Zr/TiO2 (AR) catalysts, the main
eaks of copper species locate at 933.7 eV and 932.2 eV, and satel-

ite peaks for characteristic Cu2+ can also be seen at 936.5–947.5 eV.
s reported elsewhere [56], the peak at 933.7 eV indicates the
ppearance of Cu2+ species, and the peak at 932.2 eV is related to
ow valence copper species (Cu+ or/and Cu0). For 0.6Cu-TZ (AR)
nd 0.6Cu–ZrO2 (AR) catalysts, shake up peaks for Cu2+ obviously

+
isappear, while the peak for reduced state copper (Cu or/and
u0) at 932.2 eV dominates the spectra. The XPS elementary sur-

ace concentrations of the catalysts after NO + CO reaction at 300 ◦C
re listed in Table 2. In order to clarify the valence state of cop-
er, the Auger LMM lines of Cu were also investigated over these
0.6Cu-TZ 134.7
0.6Cu–ZrO2 83.8

mentioned catalysts, as shown in Fig. 11(b), and the overlapped
peaks were fitted by Gaussian–Lorentz curves. It can be observed
that for 0.6Cu–TiO2 (AR) and 0.6Cu/0.533Zr/TiO2 (AR) catalysts,
surface copper species mainly exist as Cu2+ (569.0 eV) and Cu+

(570.2 eV) [57], and a little Cu0 (568.1 eV) [57] appears in the
0.6Cu/0.533Zr/TiO2 (AR) catalysts. Whereas for 0.6Cu-TZ (AR) and
0.6Cu–ZrO2 (AR) catalysts, copper species are present as Cu+ and
Cu0. In addition, as can be seen, the Ti 2s (565.0 eV) peak is very
near to the Cu-LMM peaks in this system. In this way, it is difficult
to quantify the ratio of Cu0, Cu+ and Cu2+.

The relative TOF value of copper species at 300 ◦C was cal-
culated and listed in Table 3. It can be seen that although the
catalytic activity is improved by the ZrO2 surface-modification of
the support compared with the 0.6Cu–TiO2 catalyst, the activity
of the 0.6Cu/0.533Zr/TiO2 catalyst is also much lower than that
of the 0.6Cu-TZ catalyst, which implies that the changed surface
structure of ZrO2-doped TiO2 support takes an important effect
on the catalytic activity of the copper oxide species. According
to the Auger results, it can be concluded that, in the 0.6Cu-TZ
(AR) and 0.6Cu–ZrO2 (AR) catalysts, the main active species are
Cu+/Cu0 species, which may be an effective redox couple, show-
ing high activity for the NO + CO reaction. In the 0.6Cu–TiO2 (AR)
and 0.6Cu/0.533Zr/TiO2 (AR) catalysts, the main copper species are
Cu2+/Cu+ species, which exhibit low activity for the NO + CO reac-
tion.

Combined with the TPR results, the different reducibility of cop-
per oxide species on the supports with different surface structures
should be responsible for the different valence states of copper
species, which further influence the activity of the catalysts. It can
be seen that the order of the activity is:

0.6Cu-TZ > 0.6Cu–ZrO2 > 0.6Cu/0.533Zr/TiO2 > 0.6Cu–TiO2

This trend is contrary to the order of the reduction temperatures.
In the TPR results, it can be observed that the reduction tempera-
ture of 0.6Cu–ZrO2 is higher than that of the 0.6Cu-TZ, thus, the
Cu+/Cu0 species form more easily on the TZ support, leading to
the higher activity of the 0.6Cu-TZ than that of 0.6Cu–ZrO2. How-
ever, for the 0.6Cu/0.533Zr/TiO2 catalysts, the surface copper oxides
species which are far away from the surface ZrO2 species, i.e. close
connecting with the surface TiO2, may be difficult to be reduced to
Cu+/Cu0 by CO, thus, they make little contribution to the reaction
and result in the low activity of the catalyst.

3.5. CO or/and NO interaction with 0.6Cu-TZ and 0.6Cu–TiO2
catalysts

In order to further investigate the influence of the ZrO2 doping
on the variation of copper species and understand the interaction

of reactants with the catalysts, which can provide the informa-
tion about the changes of the surface adsorbed species, CO or/and
NO adsorption in situ FT-IR was carried out under the simulative
reaction conditions for 0.6Cu-TZ and 0.6Cu–TiO2 catalysts.

Administrator
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.5.1. Single CO interaction with 0.6Cu-TZ and 0.6Cu–TiO2
atalysts

Fig. 12 shows the in situ FT-IR results of CO adsorption on
.6Cu-TZ and 0.6Cu–TiO2 catalysts as the temperature increases
rom 25 ◦C to 325 ◦C. For 0.6Cu-TZ sample, as shown in Fig. 12(a),
he peaks at 1633 cm−1 and 1374 cm−1 can be attributed to the
identate bicarbonate [58] and bidentate formate [59], respec-
ively, and the latter maybe originates from the interaction between
O molecule and the surface hydroxyls. Their intensities get weaker
ith the temperature increasing and disappear completely at

50 ◦C due to their decompositions. Two peaks at 1559 cm−1 and
442 cm−1 which are attributed to surface carbonate species can
lso be observed at room temperature [58,60], and their intensities
lso get weaker with the increase of the temperature. In the higher
avenumber region, a peak at 2112 cm−1 can be seen at room

emperature, which should be ascribed to the adsorption of lin-
ar CO–Cu+ species [38]. When the temperature is raised to 300 ◦C,
he CO–Cu+ species nearly disappears. This phenomenon is proba-
ly caused by two factors. One is resulted from partial reduction of
he Cu+ ions to Cu0 metal and another is heat effect on CO desorp-
ion. In order to further confirm the reason for the CO desorption,
he sample was cooled down to 150 ◦C from 325 ◦C in CO atmo-
phere and the spectra were re-collected, as shown in Fig. 12(b).
ompared with the peak detected in the temperature-increasing
rocess at 150 ◦C, the peak intensity of the CO–Cu+ adsorption gets
uch weaker, indicating that partial Cu+ ions have been reduced

o Cu0 metal. For 0.6Cu–TiO2 sample (shown in Fig. 12(c)), only one
eak at 2119 cm−1 can be observed, which should also be ascribed
o the adsorption of linear CO–Cu+ species, However, it is notewor-
hy that, as shown in Fig. 12(d), the peak intensity of the CO–Cu+

dsorption at 150 ◦C in temperature-decreasing process is even a
ittle stronger than that in the temperature-increasing process. The
esults suggest that dispersed CuO supported on TiO2 can hardly
e reduced to Cu0 metal by CO under this condition.

Combined with the reaction activities, after-reaction XRD and
PS (X-AES) results of the 0.6Cu-TZ catalyst, it can be concluded

hat: (1) at lower temperature (<300 ◦C), the main copper species
n this catalyst are Cu2+/Cu+ species, which show a relatively low
ctivity and N2 selectivity; (2) at higher temperature (≥300 ◦C), the
ain copper species are reduced to Cu+/Cu0 species, which show a

igher activity and N2 selectivity. While for the 0.6Cu–TiO2 catalyst,
he main species are also kept as the Cu2+/Cu+ species when the
emperature is higher than 300 ◦C. Hence, its activity and selectivity
s low.

.5.2. Single NO interaction with 0.6Cu-TZ and 0.6Cu–TiO2
atalysts

As shown in Fig. 13, the NO adsorption in situ FT-IR spectra of
he 0.6Cu-TZ and 0.6Cu–TiO2 catalysts were recorded. For 0.6Cu-
Z sample, as shown in Fig. 13(a), the peak at 1894 cm−1 should
e assigned as chemisorbed NO on Cu2+ species [17]. With the
emperature increasing, this peak disappears completely at 200 ◦C.
n addition, the peaks of monodentate nitrates (1505 cm−1 and
294 cm−1) and bidentate nitrates (1575 cm−1) can be observed
t room temperature [61], and they disappear as the temperature
ncreases to 250 ◦C due to their poor stability. However, the peaks at
bout 1615 and 1244 cm−1, attributed to bridged nitrates [61], can
e observed in the whole temperature region (even at 325 ◦C), indi-
ating the adsorption of bridged nitrates on the surface of 0.6Cu-TZ
s fairly stable under NO atmosphere.

For 0.6Cu–TiO2 sample, similar absorbed nitrates can also be

bserved, as shown in Fig. 13(b). However, all the peaks disappear
t lower temperatures (<150 ◦C) than that of 0.6Cu-TZ sample, indi-
ating the introduction of zirconium oxide improves the adsorption
tability of NOx on these catalysts. According to the literature [49],
he possible reason should be that the modification in the electron
Wavenumber (cm )

Fig. 13. In situ FT-IR results of NO (5% in volume) adsorption on (a) 0.6Cu-TZ and
(b) 0.6Cu–TiO2 catalysts from 25 to 350 ◦C at a heating rate of 10 ◦C min−1.

charge density (ECD) of the Zr–O–Ti link can produce adsorption
centers for NOx.

3.5.3. NO and CO co-interaction with 0.6Cu-TZ and 0.6Cu–TiO2
catalysts

In situ FT-IR was performed under the simulative reaction con-
ditions in order to understand the interaction of reactants with the
catalysts, which can provide the information about the changes of
the surface adsorbed species and the copper state. As shown in
Fig. 14(a), for 0.6Cu-TZ sample, after exposing these catalysts to the
NO + CO atmosphere at room temperature, the adsorption of mon-
odentate nitrates (1502 cm−1 and 1285 cm−1) and the bidentate
nitrates (1579 cm−1) can be observed on the 0.6Cu-TZ surface and
they disappear above 150 ◦C. The result suggests that these nitrates

species are also unstable under the NO + CO atmospheres, which is
similar to the single NO adsorption. However, the peak intensity
of bridged nitrates (1618 cm−1 and 1246 cm−1) decreases sharply
at 150 ◦C, which is in disagreement with the single NO adsorption
result (in which the adsorption of bridged nitrates keeps consid-
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Fig. 14. In situ FT-IR results of NO (5% in volume) and CO (10% in volume) adsorption on catalysts (a) 0.6Cu-TZ and (d) 0.6Cu–TiO2 from 25 to 350 ◦C at a heating rate of 10 ◦C
min−1; (b) in situ FT-IR results of CO react with the pre-adsorbed NO on 0.6Cu-TZ catalyst at 150 ◦C with different times; in situ FT-IR results for the temperature increase
and decrease to 150 ◦C of (c) 0.6Cu-TZ and (e) 0.6Cu–TiO2 catalysts.
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Fig. 15. Possible schemes for adsorbed

rable intensity even at 325 ◦C). At the same time, it should be
oted that a new peak at 1554 cm−1 corresponding to bridged nitro
ppears at 150 ◦C [62], indicating the bridged nitrate may be con-
erted to bridged nitro. In order to prove the bridged nitro species
re provided from the products of the “bridged nitrate → bridged
itro” reaction, the experiment was carried out under the following
rocess. The NO was firstly pre-adsorbed on the 0.6Cu-TZ catalysts
t 150 ◦C for 30 min, and then N2 was used to drive the gas NO for
0 min. It can be seen that only the peaks for the bridged nitrates
ppear at 1618 cm−1 and 1244 cm−1. After that, the CO was intro-
uced to react with the bridged nitrates with the time proceeding
shown in Fig. 14(b)). In the first 2 min, the peaks intensity of the
ridged nitrates keep consistent with the initial and no CO2 forma-
ion can be observed, implying the reaction of CO with the bridged
itrates does not take place. This may be due to the low concentra-
ion of CO at the beginning. Between the 3rd and 5th minutes, the
eaks of the bridged nitrates gradually get weak. Simultaneously,
he peak for CO2 gets stronger gradually and the peak of bridged
itro also appears at this time. The results indicate that CO has
icked up the top oxygen of the bridged nitrates, and produces CO2
nd bridged nitro. After 5 min, the pre-absorbed bridged nitrates
re completely reduced by CO. Meanwhile, the peak of bridged
itro is almost unchanged with prolonging the time. In addition, the
eak of Cu+–CO becomes stronger between 4th and 6th minutes,
hich suggest that CO begins to react with copper species after the

ridged nitrates reduction. The peak of Cu+–CO keeps an invari-
ble intensity after 6 min. The results indicate that bridged nitro
pecies is produced from the CO reacting with the bridged nitrates
t this temperature. With further increase of temperature, the peak
ntensity of bridged nitro is attenuated gradually, accompanied
y the appearance of N2O adsorption at ∼2240 cm−1 at 250 ◦C
63], indicating the NOx has been converted into N2O through
ridged nitro at this stage, which is similar to the literature reported
64]. The N2O adsorption disappears finally at 325 ◦C, accordingly,
he N2 selectivity is nearly 100%, implying the N2O should be
urther reduced to N2 (which has no FT-IR signals) at high tem-
eratures. Thus, it is reasonable to assume that the bridged nitro
nd N2O might be the active intermediates for NO + CO reaction
nd the reaction may follow a route like “bridged nitrates–bridged
itro–N2O–N2”.

It should also be noted that no peak for CO adsorption on Cu+ can
e detected at room temperature, indicating that NO preferentially
nteracts with the active sites and covers the surface of the catalysts.
ith the temperature increasing, the NOx species desorbs gradu-

lly, meanwhile, the CO adsorption appears (2119 cm−1) at 125 ◦C
nd increases to a maximum at 150 ◦C. At the same time, the peak
f the bridged nitrates also decreases sharply at this temperature.
CO2u0 + Cu+

eduction by CO over xCu-TZ catalysts.

Thus, it can be concluded that the large amounts of Cu+–CO species
consequently reduce the bridged nitrates. As temperature increases
further, the peak intensity of Cu+–CO adsorption gets weaker and
finally disappears at 300 ◦C. In order to explore the change of the
copper species after exposing in NO + CO atmosphere at high tem-
perature, the NO + CO co-adsorption spectra were recorded after
the temperature decreased to 150 ◦C, as shown in Fig. 14(c). It can
be seen that the peak intensity of the CO–Cu+ adsorption at 150 ◦C
in temperature-decreasing process is a little weaker than that in
temperature-increasing process. The result suggests: (1) The slight
decrease in peak intensity of CO adsorption implies the existence of
Cu0 at high temperature, which is in correspondence with the XPS
(X-AES) and the XRD results. (2) As the Cu+ can be reduced to Cu0

remarkably in single CO atmosphere at 325 ◦C (see Section 3.5.1),
and Cu0 can also be reoxidized to Cu+ by NO under the same con-
dition (see supplementary material 3), it is reasonable to conclude
that in the NO + CO atmosphere, a Cu+/Cu0 redox cycle exists in
0.6Cu-TZ catalyst at high temperature. Combined with the results
in NO + CO reaction, the Cu+/Cu0 should be closely related to the
activity and selectivity in high temperatures.

For the 0.6Cu–TiO2 sample (shown in Fig. 14(d)), the adsorbed
nitrates species are similar to those detected on 0.6Cu-TZ sample,
but the desorption temperature of them are much lower, which
indicates that the ZrO2 doping into TiO2 improves the stability of
the absorbed nitrates species. In addition, the adsorption peaks for
bridged nitro (1560 cm−1) can also be observed over the 0.6Cu–TiO2
catalyst. However, the intensity of this peak is very weak, and
it disappears when the temperature is above 250 ◦C. Meanwhile,
no peak of N2O can be detected. Compared with the results of
the 0.6Cu-TZ sample, it can be concluded that adsorption stabil-
ity of the bridged nitrate/nitro affects the further proceeding of the
reaction.

Another difference between the two samples should be realized
that the peak at 2120 cm−1 assigned to Cu+–CO appears at 150 ◦C for
0.6Cu–TiO2 sample, whereas it appears at 125 ◦C for 0.6Cu-TZ sam-
ple, which suggests that the CO active temperature is decreased on
the surface of 0.6Cu-TZ sample. The NO + CO co-adsorption spec-
tra of 0.6Cu–TiO2 sample for temperature decreasing to 150 ◦C
from 325 ◦C were also recorded, as shown in Fig. 14(e). It can be
seen that the peak intensity of the CO–Cu+ adsorption at 150 ◦C
in temperature-decreasing process is even a little stronger than
that in the temperature-increasing process. Combined with the

results of single CO adsorption on the 0.6Cu–TiO2 sample, it can
be concluded that the Cu2+ could be continuously reduced to
Cu+ with temperature increasing, but the Cu+ could hardly be
reduced to Cu0 on the surface of the 0.6Cu–TiO2 catalyst. Hence,
it is hard to form Cu+/Cu0 redox cycle on the surface of the
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.6Cu–TiO2 sample, which is the reason for its low activity and
electivity.

On the basis of the literatures [64] and our present work, the
ossible process for absorbed NO reduction by CO over the xCu-
Z catalysts are proposed (Fig. 15). As Eqs. (1) and (2) show, the
bsorbed bridged nitrates react with the Cu+–CO and produce the
ridged nitro, and then the bridged nitro react with NO and pro-
uce N2O. When the temperature is higher than 300 ◦C, the copper
pecies on the surface of catalyst can be reduced to Cu+ ions and
u0 metal and the N2O can be further reduced to N2. According
o the literatures [28], the Cu0 species is the active species for
2O decomposition. Thus, the Cu0/Cu+ redox cycle should play an

mportant role in the reduction of N2O to N2, as given in Eq. (3),
hich enhances the selectivity of NO + CO to nearly 100% at high

emperatures.
Combined with the XRD and XPS (X-AES) results and catalytic

est, for the xCu-TZ catalysts, two significant changes should be
oted: (1) the introduction of zirconium oxides promotes the for-
ation of Cu+/Cu0 species; (2) the addition of zirconium oxides also

mproves the adsorption stability of NOx (especially the adsorption
tability of bridged nitrate/nitro), and decreases the CO active tem-
erature of the catalysts. As the Cu+/Cu0 species and the bridged
itrate/nitro are both important factors for the NO + CO reaction,
herefore, the ZrO2 doping improves both the activity and selectiv-
ty of the reaction.

. Conclusions

Based on the above experimental results and discussion, it can
e concluded that a small quantity of ZrO2 doping into TiO2 sup-
ort will cause obvious change of the properties of the catalyst. The
resent work studies the dispersion, reduction and catalytic perfor-
ance of CuO supported on ZrO2-doped anatase TiO2 catalysts and

everal major conclusions can be obtained as follows:

1) The dispersion capacity of copper oxide on the surface of TZ is
about 1.1 mmol CuO/100 m2 TZ, which is basically in agreement
with the value predicted by the incorporation model, indicating
the ZrO2 doping does not change the preferentially exposed
plane of TiO2.

2) Copper oxide species supported on the TZ are much easier to
be reduced than those supported on the pure TiO2, ZrO2 and
ZrO2 surface-modified TiO2 prepared by stepwise impregnation
(first ZrO2 and then CuO). This phenomenon should be due to
the changing of the electron charge density (ECD) by the ZrO2
doping and the distortion of octahedral coordination structures
of Cu2+.

3) The ZrO2 doping into TiO2 improves the adsorption stability
of NOx (especially the bridged nitrate/nitro) and decreases the
active temperature of Cu+–CO species, both of which are the key
intermediates for NO conversion. On the other hand, the ZrO2
doping into TiO2 promotes the formation of Cu+/Cu0 species at
high temperatures, which has a crucial effect on N2O reduc-
tion. Thus, the ZrO2-doped catalysts have superior activity and
selectivity to common Cu–TiO2 catalysts.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.apcatb.2011.01.028.
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