
Journal of Colloid and Interface Science 357 (2011) 497–503
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier .com/locate / jc is
Effect of titania structure on the properties of its supported copper oxide catalysts

Haiyang Zhu ⇑, Lin Dong ⇑, Yi Chen
Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 19 November 2010
Accepted 3 February 2011

Keywords:
Copper oxide
Anatase
Rutile
Surface interaction
Surface structure
0021-9797/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jcis.2011.02.012

⇑ Corresponding authors. Present address: Institute
Northwest National Laboratory, P.O. Box 999, MSIN
United States (H. Zhu). Fax: +86 25 83317761 (L. Don

E-mail addresses: haiyangz79@gmail.com (H.
(L. Dong).
Anatase and rutile have the same chemical composition as TiO2 but different crystalline structures (space
group of D19

4h � I41 for anatase and D14
4h � P42 for rutile, respectively), which result in different surface

structures and can be used ideally to investigate the effects of support and surface structure on the prop-
erties of their supported catalysts. In this work, anatase- or rutile-supported copper oxide catalysts
(signed as Cu-A and Cu-R, thereafter) prepared by the impregnation method were characterized by
X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area, X-ray photoelectron spectroscopy
(XPS), and H2 temperature-programmed reduction (H2-TPR) to study the support effect of titania on
the physicochemical properties and catalytic properties for the NO reduction by CO of these supported
copper oxide catalysts. The results indicated that (1) copper oxide presented different dispersion capac-
ities on anatase or rutile; (2) dispersed copper oxide species on anatase and rutile also showed different
reduction behaviors; i.e., one-step reduction for dispersed copper oxide species in Cu-A and stepwise
reduction for that in Cu-R; (3) the NO + CO activity test suggested dispersed copper oxide and small
CuO particles on rutile are the main active species under the current reaction conditions and copper oxide
supported on rutile is more active than that on anatase, which might result from Cu+ species in Cu-R sam-
ple formed during the reaction due to its stepwise reduction behavior.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction and support. Accordingly, the performances of these catalysts were
TiO2 is widely used as a support in heterogeneous catalysts.
These catalysts have excellent properties in many important reac-
tions such as selective oxidation of o-xylene to phthalic anhydride,
selective photo-oxidation of alcohol, and hydrodesulfurization of
hydrocarbon oils [1–11]. Notably, the activities of these supported
catalysts were influenced greatly by the dispersion status of active
species and the interaction between active species and supports,
which were determined by many factors including the precursors,
the preparation process, and the structure of the supports
[1,12,13].

In general, titania exists in three main crystalline structures, i.e.,
anatase, rutile, and brookite [13]. Among them, anatase and rutile
were widely investigated as catalysts support in the literature.
Although anatase and rutile have the same chemical composition
as TiO2, they have different crystalline structures, which result in
different physicochemical properties such as thermal stability,
density, and band gap as well as surface structures. In addition,
most catalytic reactions over heterogeneous catalysts took place
on the surface of the catalysts or at the interface of active species
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influenced greatly or determined by the surface structure of sup-
ports [14–17]. Active species supported on TiO2 with different sur-
face structures would exhibit different physicochemical properties
and catalytic properties due to the strong interaction between ac-
tive species and support [12,13,16,18–20]. In addition, it is quite
difficult to predict which structure is preferred for a certain reac-
tion because of the complexity of this interaction.

TiO2-supported copper oxide catalysts presented favorable
activity in the deep oxidation of CO and hydrocarbons [21,22] and
selective catalytic reduction (SCR) of NO [23–25] and special atten-
tion has been paid to this catalyst as a substitute for noble metal-
containing catalysts recently. Notably, most of these researchers
focused on catalysts with anatase used as support. We also reported
that the dispersion behavior and catalytic activity of anatase-
supported copper oxide catalysts for the NO reduction by CO
[26–28]. However, limited information could be found about
rutile-supported catalysts as well as the difference between antase-
and rutile-supported catalysts [29,30]. One reason for this limita-
tion is the low surface area of rutile. Compared to the surface area
of anatase (>50 m2 g�1), rutile usually has a BET surface area of
<5 m2 g�1, which causes an extremely low content of dispersed
active species. It will be a great challenge to characterize these dis-
persed active species at extremely low contents by current tech-
niques. Hence, most research on rutile was carried out on a single
rutile crystal under an ultrahigh vacuum system and the conclusion
might not be extended to powder catalysts completely.

http://dx.doi.org/10.1016/j.jcis.2011.02.012
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In this work, we prepared rutile support with a BET surface area
of 36 m2 g�1, which is comparable to that of anatase (77 m2 g�1), to
study the support effects of rutile and anatase on the dispersion
properties of their supported catalysts. This is the focus of this
work. CuO/anatase and CuO/rutile catalysts with different copper
oxide loadings were prepared by the impregnation method. X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and H2

temperature-programmed reduction (H2-TPR) were used to char-
acterize the dispersion of copper oxide species on TiO2. A tentative
model for the dispersion behavior of surface copper oxide species
in CuO/TiO2 (anatase or rutile) has been proposed based on the sur-
face structure of anatase and rutile.
2. Experimental

2.1. Catalyst preparation

Anatase TiO2 was prepared via hydrolysis of titanium alkoxides
and the product was washed, dried, and then calcined in flowing
air at 500 �C for 5 h. The BET surface area of anatase support is
77 m2 g�1. Rutile was prepared via hydrolysis of titanium tetra-
chloride (TiCl4) [18]. Rutile TiO2 was calcined in flowing air at
500 �C for 4 h. The BET surface area is 36 m2 g�1.

CuO/anatase and CuO/rutile samples were prepared by impreg-
nating anatase or rutile with an aqueous solution containing the
requisite amount of copper nitrate, and then dried at 100 �C fol-
lowed by calcinations at 450 �C in air for 4 h. For the sake of sim-
plicity, CuO/anatase and CuO/rutile samples were signed as xCu-
A and xCu-R, respectively. For example, 02Cu-A is corresponding
to CuO/anatase sample with CuO loading amount of 0.2 mmol/
100 m2 anatase. We used a unit of ‘‘mmol/100 m2’’ for the disper-
sion amount of copper oxide to compare the behavior of copper
oxide species at the same surface density. However, the weight
percent loading should vary due to different BET surface areas of
anatase and rutile.
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Fig. 1. XRD patterns of anatase (a) and rutile (b).
2.2. Instrument

XRD qualitative and quantitative analyses were carried out on a
Philips X’pert Pro diffractometer using Ni-filtered CuKa radiation
(0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.
Brunauer–Emmett–Teller (BET) surface areas were measured by
nitrogen adsorption at 77 K on a Mircrometrics ASAP 2000. XPS
were obtained by using a V.G. Escalab MK II spectrometer equipped
with a hemispherical electron analyzer. The system was operated
at 13 kV and 20 mA using a magnesium anode (MgKa, E =
1253.6 eV). A binding energy (BE) of 284.5 eV for the C1s level
was used as an internal reference. TPR was carried out in a quartz
U-tube reactor, and a 100-mg sample was used for each measure-
ment. Prior to the reduction, the sample was pretreated in N2

stream at 100 �C for 1 h and then cooled to room temperature.
After that, H2–Ar mixture (7% H2 by volume) was switched on
and the temperature was increased linearly at a rate of 10 �C
min�1. A thermal conductivity cell detected the consumption of
H2 in the reactant stream.

The activities of the catalysts for NO + CO reaction were carried
out under steady state, involving a feed stream with a fixed com-
position, NO 3.33%, CO 6.67%, and He 90% by volume as diluter. A
quartz tube was employed as the reactor and the requisite quantity
of catalysts (20 mg for each test) was used. The catalysts were pre-
treated in N2 stream at 100 �C for 1 h and then heated to reaction
temperature, and after that, the mixed gases were switched on. The
reactions were carried out at 400 �C with the same space velocity
of 30,000 ml g�1 h�1. Two volumes and thermal conduction detec-
tor (TCD) were used for the purpose of analyzing the production,
volume A with Porapak Q for separating N2O and CO2, and volume
B with 13X molecular sieve (30–60 M) for separating N2, NO, and
CO. The activities were measured after 1 h reaction time to achieve
a steady state.
3. Results and discussion

Compared with the anatase structure, rutile TiO2 is more stable
at high temperatures. It has been well documented that the phase
transition from anatase to rutile was from 550 to 700 �C, depend-
ing on the composition of the catalysts and preparation process
[31]. However, one disadvantage of rutile TiO2 as catalyst support
is its lower surface area, which limits both its application and the
research as catalyst support. In this work, we prepared rutile
TiO2 with a relatively large BET surface area of 36 m2 g�1 by follow-
ing the work of Li et al. [30]. Although the preparation procedure
for rutile is quite complicated, it results in the possibility of com-
paring the support effects of anatase and rutile on the properties
of active species. As shown in Fig. 1, anatase and rutile TiO2 used
in this work presented the typical characteristic diffraction peaks
of anatase (centered at 2h = 25.4, 38.0, and 48.2�) and rutile (cen-
tered at 2h = 36.1 and 39.2�) in XRD patterns, respectively, which
indicated clearly that the crystalline structure in anatase and rutile
samples were single phase.

Fig. 2 shows XRD patterns of Cu-A samples with different cop-
per oxide loading amounts. For the 02Cu-A sample, no diffraction
peaks of crystalline CuO could be detected in Fig. 2, a. For those
samples with the copper oxide loading above 0.6 mmol/100 m2

anatase, the characteristic diffraction peaks of crystalline CuO cen-
tered at 2h = 35.7 and 38.8� can be clearly seen and their intensities
increased with copper oxide loadings, indicating that crystalline
CuO particles are formed in these samples besides the dispersed
copper oxide species.

Quantitative analysis was carried out on these XRD measure-
ments. Fig. 3 shows the relationship between the XRD intensity
ratio of crystalline CuO and anatase TiO2, i.e., I(2h = 35.7�)/I(2h =
25.4�), and copper oxide loading. The intercept of the straight line
and x-axis represented the dispersion capacity of copper oxide on
anatase [26,27]. The XRD quantitative results suggested that the
dispersion capacity of copper oxide on anatase is �0.52 mmol/
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Fig. 2. XRD patterns of Cu-A samples with CuO loading amounts: (a), 0.2, (b), 0.6,
(c), 1.0, (d), 1.4, (e), 1.8, (f), 2.2, (g), 2.5 and (h), 3.0 mmol/100 m2 TiO2, respectively.
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Fig. 3. Quantitative XRD result of Cu-A samples.
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Fig. 4. Cu2p XPS results of Cu-R samples with different copper oxide loadings: (a)
0.2, (b) 0.6, (c) 1.4, (d) 1.8, (e) 2.6, and (f) 3.0 mmol CuO/100 m2 rutile.
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100 m2, which was consistent with the results we reported previ-
ously [26]. Generally, when copper oxide loading amount is less
than dispersion capacity, copper oxide could disperse on support
to form highly dispersed copper oxide species; otherwise, dis-
persed copper oxide and crystalline CuO coexist in the samples.
Therefore, dispersion capacity of active species on a certain sup-
port could be used to investigate the status of active species in sup-
ported catalysts at a certain loading.

Similarly, XRD measurements (not shown here) were also car-
ried out for rutile-supported copper oxide sample. Unfortunately,
we were not able to use the same method to measure the
dispersion capacity of copper oxide on rutile by XRD because both
crystalline CuO and rutile have diffraction peaks at �36.0�
and 39.0�, which are very close to each other. It is extremely
challenging to measure the individual XRD intensity of crystalline
CuO in this case. Therefore, X-ray photoelectron spectroscopy was
carried out to determine the dispersion behavior of copper oxide
on rutile, as reported elsewhere [32].

Fig. 4 shows the Cu2p3/2 binding energy of XPS results of Cu-R
samples with different copper oxide loadings. For Cu2+ species in
CuO and Cu+ species in Cu2O, the Cu2p3/2 binding energies were
933.6 and 932.0 eV, respectively [33]. For the sample with low cop-
per oxide loadings such as 02Cu-R and 06 Cu-R, as shown in Fig. 4a
and b, the center of Cu2p3/2 binding energy is about 931.9 eV, indi-
cating that the main copper oxide species in these samples is the
Cu+ species. The center of Cu2p3/2 binding energy for 14Cu-R,
18Cu-R, 26Cu-R, and 30Cu-R samples increased to �932.7 eV with
the copper oxide loading, which is in between 933.6 and 932.0 eV.
Notably, a shake-up peak of Cu2p3/2 can be detected at about
942.4 eV for these samples with high copper oxide loadings. Gen-
erally, for copper species, the presence and absence of the shake-
up peak were considered to be the indication for Cu2+ species
and Cu+ species [26,27]. The appearance of the shake-up peaked
indicated that Cu2+ species can be detected in these samples. How-
ever, the Cu2p3/2 binding energy in high copper oxide loading sam-
ples was in between the Cu2p3/2 binding energies of CuO and Cu2O,
suggesting that both Cu+ and Cu2+ species existed in these samples.

It is interesting that the main copper species is Cu+ species in
02Cu-R and 06Cu-R samples during XPS measurement, which is
quite different behavior from Cu-A sample reported previously
[27]. Although most copper species is Cu+ species in anatase-
supported copper oxide when copper oxide loading is 0.4 mmol/
100 m2, there is a small shake-up peak in the XPS measurement
indicating the existence of a small amount of Cu2+ species. In addi-
tion, the existence of Cu2+ species in the anatase-supported copper
oxide sample also could be evidenced by a high intensity ratio of
the shake-up to Cu2p3/2 peak of 0.41 for Cu-A sample when the
copper oxide loading is 0.78 mmol/100 m2 [27]. Clearly, a different
behavior of copper oxide on anatase and rutile should closely cor-
relate to the support effect of anatase and rutile. However, we also
reported that in ceria-supported copper oxide samples the main
copper species is Cu+ species under XPS measurement and almost
no Cu2+ species could be found in CuO/CeO2 [27]. In these samples,
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the formation of Cu+ species should come from the reduction of
surface Cu2+ species during the determination of XPS measure-
ment. As reported previously, dispersed copper oxide species on
anatase were stable and hard to be reduced to Cu+ species com-
pletely under XPS measurement [27]. However, when ceria, con-
sidered as a promotion component to the reduction of dispersed
copper oxide species, was introduced to anatase-supported copper
oxide catalysts, the reduction of surface Cu2+ species to Cu+ species
became easier during the determination of XPS measurement [34–
37]. When ceria was used as support, almost no dispersed Cu2+

species could be found in the XPS measurement [27]. The behavior
of copper oxide species in rutile-supported samples is quite similar
to that in ceria-supported samples. These results suggested that
the reduction behavior of dispersed copper oxide species on rutile
from Cu2+ to Cu+ species was easier compared to that on anatase. In
addition, these results also suggested that Cu+ species were stable
on rutile under certain reduction conditions.

For 14Cu-R, 18Cu-R, 26Cu-R, and 30Cu-R samples, both Cu+ and
Cu2+ species could be detected by XPS in these samples. Actually,
the diffraction peaks of crystalline copper oxide were observed in
XRD measurements. These crystalline copper oxide particles con-
tacted with rutile loosely, which led to a limited promotion effect
on the reduction behaviors of these copper oxide particles. There-
fore, these copper oxide particles could not be reduced completely
during XPS measurements under the current conditions. Fig. 5
shows the relationship between the ratio of XPS intensity of
Cu2p and Ti2p and copper oxide loadings. The x-value of the inter-
cept of two straight lines represented the dispersion capacity of
copper oxide on rutile [32], which was �0.96 mmol/100 m2.
Clearly, the dispersion capacity of copper oxide on rutile is higher
than that on anatase.

Figs. 6 and 7 show the TPR results of Cu-A and Cu-R catalysts,
respectively. For Cu-A samples, two reduction peaks at about 170
and 230 �C appeared. As reported previously [26], the reduction
peaks at about 170 and 230 �C should be attributed to the reduc-
tion of dispersed copper oxide species and crystalline copper oxide,
respectively. Table 1 presents the quantitative TPR data for 22Cu-A
and 30Cu-A. The data indicated that the dispersion capacity of cop-
per oxide on anatase is about 0.55 mmol/100 m2, which is basically
consistent with XRD results.
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Fig. 5. Quantitative XPS results of Cu-R samples.
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Table 1
Quantitative TPR results for 22Cu-A, 30Cu-A, and 14Cu-R samples.

Sample CuO loading Area (%)

mmol/100 m2 support Dispersed copper oxide Crystalline CuO

Cu-A 2.2 26.0 74.0
3.0 17.3 82.7

Cu-R 1.4 77.6 22.4
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Since the reduction behavior of dispersed copper oxide species
on rutile has been well discussed previously, we focused on the
reduction behavior of dispersed copper oxide species on rutile in
this work. For Cu-R samples, three reduction peaks could be de-
tected in the TPR profiles and similar results have been reported
in the literature [12]. However, the attribution of these reduction
peaks is not clear yet and few literature could be found about
the reduction behavior of copper oxide on rutile. Sermon et al.
investigated the dispersion and reduction behavior of CuCl2 on ru-
tile and suggested that dispersed copper species in the CuCl2/rutile
system would be stepwise reduced, i.e., Cu2+ ? Cu+ and Cu+ ? Cu
[38]. Giordano et al. simulated the interaction between copper
atoms and the (1 1 0) plane of rutile by the density function meth-
od. Their results suggested that Cu atoms on bridge oxygen sites
were more stable than on other sites such as terminal oxygen sites
and Cu atoms could transfer part of outer layer electrons to support
and form Cud+ ions, where d is in between 0 and 2 [39]. This seems
to suggest that Cud+ might be stable on a rutile surface. On the
other hand, considering the similar reduction behavior of dispersed
copper oxide species in the rutile-supported sample with that in
the ceria-supported sample under XPS measurement, it is reason-
able to assume they could have similar reduction behaviors during
TPR measurements and dispersed copper oxide species in the CuO/
CeO2 sample were stepwise reduced in TPR measurements [32].
Accordingly, two low temperature reduction peaks centered at
�163 and �230 �C could be attributed to the reduction of
Cu2+ ? Cu+ and Cu+ ? Cu0, respectively, based on experimental re-
sults and simulation results noted above. The high temperature
reduction peaks centered at �270 �C should be attributed to the
reduction of crystalline CuO and the area of these reduction peaks
increased with copper oxide loadings. Considering the possible H2

spillover effect in the samples with high copper oxide loadings
during the H2-TPR procedure [40], a quantitative analysis was car-
ried out only on 14Cu-R, as presented in Table 1. The result sug-
gests the dispersion capacity of copper oxide on rutile is about
1.09 mmol/100 m2, which is slightly larger than the value deter-
mined by XPS measurement due to the H2 spillover effect, i.e.,
the promotion of surface Cu atom prereduced from dispersed cop-
per oxide species on the reduction of crystalline CuO [32].

Since anatase and rutile have the same chemical composition,
the difference in the properties of dispersed copper oxide species
should result from different surface structures of TiO2 and its inter-
action with copper oxide species. Therefore, the structures of the
A
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Fig. 8. Schematic diagram of dispersed copper oxide on the (0 0 1) pla
preferentially exposed plane for anatase and rutile played an
important role in determining the properties of dispersed copper
oxides species. The (0 0 1) and (1 1 0) planes are the preferentially
exposed planes for anatase and rutile, respectively. Schematic dia-
grams of anatase (0 0 1) and rutile (1 1 0) plans are shown in
Fig. 8A and B, respectively [41,42]. The dispersion capacity of cop-
per oxide was determined by the density of vacant sites on the sur-
face of support [43]. For Cu-A samples with one time impregnation,
the dispersion capacity of copper oxide on anatase is about
0.66 mmol/100 m2, which is basically consistent with XRD and
TPR results [26]. This result was also supported by the quantitative
results from Yu et al. [31].

For Cu-R samples, the oxygen bridge site is the vacant site for
the dispersion of surface copper oxide species, the density of which
on the (1 1 0) plane of rutile is �0.86 mmol/100 m2. This expected
value matched the XRD and TPR quantitative results well.

Notably, on anatase and rutile, dispersed copper oxide species
might have different coordination structures. For Cu-A samples,
dispersed copper oxide species occupy the vacant site and the cop-
per ion would be in the 6-coordination environment (Fig. 9A);
while for the Cu-R samples, dispersed copper oxide species occupy
the oxygen bridge site and the copper ion would be in the 5-
coordination environment (Fig. 9B) [26]. On the other hand, TiO2

is a semiconductor and the band gap of anatase and rutile is 3.2
and 3.0 eV, respectively, which is closely related to different
surface Ti4+ densities on anatase and rutile [44]. As shown in
Fig. 8, the density of Ti4+ ion on the (1 1 0) plane of rutile is
�1.72 mmol/100 m2, which is much larger than that on the
(0 0 1) plane of anatase, i.e., �1.16 mmol/100 m2. On the other
hand, the lower band gap of rutile indicates that the electron in
rutile is activated with a requirement of lower energy than that
in anatase, which led to the lower initial reduction temperature
for dispersed copper oxide species on rutile compared to that on
anatase. This effect is quite similar to the effect of crystal planes
of ceria reported by Zhou et al. [45] that the catalytic activity of
ceria for CO oxidation was influenced by its exposed crystal planes,
which has different ceria ion density. Recently, we also reported
that the synergism effect of dispersed copper oxide with ceria–
zirconia solid solution also was influenced by the distance between
copper oxide species with cerium and zirconium ions in the sup-
port [14], which also supported that the properties and catalytic
activity of dispersed copper oxides could be influenced by surface
titanium ion density in the support. Accordingly, both different
B
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Fig. 9. Schematic diagrams of the 6-coordination structure on anatase (A) and the 5-coodination structure on rutile (B) of dispersed copper oxide species, respectively.
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coordination structure of dispersed copper oxide species and
surface Ti4+ density of anatase and rutile might cause different
reduction behaviors of dispersed copper oxide species on rutile
and anatase.

The influence of the structure of TiO2 on the activity of these
catalysts for NO reduction by CO was investigated in this work.
Table 2 presents the NO turnover number of every copper atom
in Cu-A and Cu-R samples per hour at 400 �C. For Cu-R samples,
the NO turnover number reached a maximum of 34.3 h�1 when
the copper oxide loading amount was 1.0 mmol/100 m2. The NO
turnover number dramatically decreased when the copper oxide
loading was higher than 1.4 mmol/100 m2, indicating that large
CuO particles had a limited contribution to the activity. Dispersed
copper oxide species and small CuO particle were the main active
species under the current conditions, which is similar to CuO/
Ce0.5Zr0.5O2 catalysts [46,47].

For Cu-A samples, the 06Cu-A sample showed negligible activ-
ity under the current conditions and Cu-A samples with higher
copper oxide loadings show low activity for this reaction. These re-
sults suggested that dispersed copper oxide on anatase was much
less active than dispersed copper oxide species on rutile.

As reported by Amano et al. [48], the one-electron reduction
behavior of dispersed copper oxide species over c-Al2O3 promoted
the catalytic reduction of NO with CO in the presence of oxygen on
the basis of redox-type mechanism between Cu2+ and Cu+ in an
atomically dispersed state. We also reported that the CO-
pretreated CuO/c-Al2O3 with Cu+ species presented much higher
activity than fresh catalysts. Accordingly, the existence of Cu+
Table 2
Turnover numbers of NO per copper ion per hour in different catalysts.

Catalysts CuO loading Turnover number
mmol/100 m2 support h�1

Cu-A 0.6 0
1.0 6.5
1.4 4.3
1.8 4.6
2.5 4.1

Cu-R 0.6 11.6
1.0 34.3
1.4 8.3
1.8 4.7
2.5 4.1
species is very important for this reaction. The reduction behavior
of dispersed copper oxide species suggested that Cu+ species is
more stable on rutile that anatase. Accordingly, the lack of stable
Cu+ species during the reaction might be the reason for the poor
activity of the anatase-supported copper oxide sample, which
could be evidenced by the one-step reduction behavior of dis-
persed copper oxide species on anatase from Cu2+ species to Cu0

species in TPR measurements.

4. Conclusion

The following conclusions can be drawn according to the dis-
cussion above: (1) copper oxide can be highly dispersed on anatase
or rutile with dispersion capacities of copper oxide species on ana-
tase or rutile of �0.66 and �0.86 mmol/100 m2, respectively; (2)
dispersed copper oxide species on anatase were one-step reduced,
i.e., Cu2+ ? Cu0; while dispersed copper oxide species on rutile
were stepwise reduced, i.e., Cu2+ ? Cu+ and Cu+ ? Cu0, which
was closely related to the interaction between the dispersed cop-
per oxide and the different surface structure of TiO2, especially
the higher Ti4+ surface density of rutile; (3) dispersed copper oxide
and small CuO particles on rutile are more active for NO reduction
by CO than that on anatase at 400 �C, which might benefit from Cu+

species formation during the reaction in rutile-supported copper
oxide species.
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