
InÑuence of CuO loading on dispersion and reduction behavior of
(anatase) systemCuO/TiO

2

Bin Xu, Lin Dong and Yi Chen*
Department of Chemistry, Institute of Mesoscopic Solid State Chemistry, Nanjing University,
Nanjing 210093, China

In this paper, BrunomerÈEmmettÈTeller (BET) surface area, X-ray di†raction (XRD), X-ray photoelectron spectroscopy (XPS)
and temperature programmed reduction (TPR) are used to investigate the interactions between CuO and the (anatase)TiO2
support, in samples prepared by impregnating the support with an aqueous solution of The resultsTiO2 Cu(NO3)2 É 6H2O.
indicate that the surface structure of the support has not been changed by supported CuO, and the dispersion capacity ofTiO2
CuO is about 6.98 Cu2` nm The structure of the supported copper oxide species is strongly dependent on the amount(TiO2)~2.
of CuO loaded. At low CuO loading, only a highly dispersed surface CuO species is formed on the support and when the CuO
loading exceeds its dispersion capacity, crystalline CuO is formed as all the vacant surface sites of the support are occupiedTiO2
by Cu2` ions. In addition, it is found that both the reduction behavior and the crystalline-structure transition of the TiO2
support are related to the interactions between and CuO.TiO2

Introduction
The interactions between metal oxides and metal oxide sup-
ports have attracted much attention in heterogeneous cataly-
sis for many years not only because the supported metal
oxides have found wide applications as catalysts or as the pre-
cursors of the supported metal catalysts used in a variety of
industrial reactions, but also because there are still a diversity
of explanations on the nature and structure of dispersed metal
oxides on various supports.1h4

is one of the major supports widely used in heter-TiO2ogeneous catalysis. Transition metal oxides supported on
catalysts have found applications in various importantTiO2reactions,5 such as a catalyst used for air pol-V2O5/TiO2 ,

lution control, e.g., used in the selective catalytic reduction of
with and the partial oxidation of hydrocarbons,7NO

x
NH3 ,6

catalyst for the hydrodesulfurization ofCoOÈMoO3/TiO2 ,
hydrocarbon oils,8 and catalyst for the selectiveMoO3/TiO2 ,
photo-oxidation of alcohol,9 etc. To clarify the interactions
between the supported transition metal oxide and the TiO2support is obviously important in elucidating the nature of the
catalysts and in exploring the key factors in controlling the
properties of the catalysts.

Cupric oxide has often been used as the active component
of various catalysts, and cupric oxide supported on alumina
has been intensively investigated by a variety of physico-
chemical techniques.10h13 This might stem from its applica-
tion as an oxidation catalyst, e.g., for the synthesis of glyoxal
from glycol.14 In contrast, few papers on the study of

catalyst can be found.15,16CuO/TiO2Reported in this paper are the results of the interactions
between CuO and (anatase) support investigated byTiO2BET, XRD, XPS and TPR methods. The dispersion capacity
of CuO on and the coordination environment of theTiO2dispersed copper cations on the surface of the support are dis-
cussed with an incorporation model that has been proposed
previously.4,17,18

Experimental
Sample preparation

The support was prepared via hydrolysis of titaniumTiO2alkoxides, the product was washed, dried and then calcined at

793 K for 5 h. Its BET surface area was 47 m2 g~1, the
anatase crystalline form of the product was veriÐed by XRD.

The samples with di†erent CuO loadings wereCuO/TiO2prepared by impregnating the support with aqueousTiO2solutions containing the required amount of Cu(NO3)2 É 6H2Oanalytical reagent. The impregnated samples were dried at 383
K for 5 h, hand ground in an agate mortar and calcined in an
oxygen stream at 723 K for 3 h.

Instrumental

The BET surface areas of the samples were measured using a
Micromeritics ASAP-2 2000 instrument with a computer-
controlled measurement system. The samples were evacuated
at 573 K to a vacuum below 3 lm Hg before measurement.

XRD was carried out using a Shimadzu XD-3A di†ractom-
eter employing Ni-Ðltered Cu-Ka radiation (j \ 0.154 18 nm).
The X-ray tube was operated at 35 kV and 15 mA.

XPS results were obtained 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 magne-
sium anode (Mg-Ka, j \ 1254.6 eV). A binding energy of(Eb)284.6 eV for the C 1s level was used as an internal reference.

A quartz U-tube reactor was used for the TPR measure-
ments. Prior to the reduction, about 50 mg of sample were
pretreated in a nitrogen stream at 373 K for 1 h and then
cooled to room temperature. The Ñowing rate of the H2ÈN2mixture (5% by volume) was 30 ml min~1. The tem-H2perature was increased linearly at a rate of 10 K min~1. The
consumption of was detected by a thermal conductivityH2cell.

Results and Discussion
Characterization of CuO on (anatase)TiO

2

The relation of the BET surface area vs. CuO loading for the
samples is shown in Fig. 1. From the Ðgure oneCuO/TiO2can see that little change is observed in the surface areas of

samples with di†erent amounts of CuO loadings. The result
seems to indicate that the loading of CuO has no appreciable
e†ect on the surface morphology of the support.

Shown in Fig. 2 are the XRD patterns of the CuO/TiO2samples with di†erent CuO loadings. As can be seen from Fig.
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Fig. 1 Variation of the BET surface area of the samplesCuO/TiO2with CuO loading

2bÈd, only the characteristic di†raction peaks of TiO2(anatase) can be observed in samples with low CuO loadings.
In comparison, Fig. 2b@ is the XRD pattern of a physical
mixture containing the same amount of CuO and TiO2(anatase) as that of sample b, the characteristic peaks of crys-
talline CuO are evident, these indicate that the disappearance
of the CuO peaks in the low CuO loading samples is due to
the high dispersion of the supported species and not the detec-
tion sensitivity of the apparatus. However, as shown in Fig.
2eÈi, when the CuO loading exceeds a critical amount, i.e., the

Fig. 2 XRD patterns of the support and theTiO2 CuO/TiO2samples with CuO loadings of : (a) 1.81, (b) 3.01, (c) 4.52, (d) 5.90, (e)
7.22, (f ) 8.79, (g) 11.80, (h) 14.69, (i) 17.82 Cu2` nm~2. (b@) A physical
mixture of CuO and (anatase) with the same CuO content as (b).TiO2

dispersion capacity, the characteristic peaks of crystalline
CuO can clearly be detected and the peak intensities increase
with increasing CuO loading. It can also be inferred from Fig.
2 that the crystalline form of the support has not beenTiO2changed by loading CuO as the shapes and the relative inten-
sities of the characteristic peaks remained basicallyTiO2unchanged in all the supported samples.

XRD quantitative analysis to determine the dispersion
capacity of the metal oxides on the support has been discussed
elsewhere.3,19 Plotted in Fig. 3 are the ratios of the XRD peak
intensities of CuO and vs. the loading amounts of CuOTiO2in the samples, from which the dispersion capacity of CuO on

(anatase) is determined to be 6.74 Cu2` nm~2. By usingTiO2the “percentage of the di†raction peak intensity of CuO to
i.e., the relative intensities, instead of the “residual crys-TiO2 Ï,

talline CuO per gram of commonly used in the liter-TiO2 Ï
ature, the experiment and calculations can be simpliÐed
without using as a reference material and the calcu-a-Al2O3lation of the proportionality constant, k, is no longer needed.

The binding energies of Cu Ti and O 1s of the2p3@2 , 2p3@2samples with di†erent CuO loadings are listed inCuO/TiO2Table 1. The main XPS features of the samples areCuO/TiO2the appearance of spinÈorbit split Cu and Cu2p1@2 2p3@2peaks along with their shake-up satellites (as a representative,
the Cu 2p spectrum of sample 4 is shown in Fig. 4), indicating
a characteristic spectrum of Cu2`.17,18,20 It is known that
the satellite peaks of Cu2` are sensitive to the changes of the
coordination environment of Cu2` ions. In particular, the
coordination geometry of the surface Cu2` ions can be inves-
tigated by determining the intensity ratio of the satellite peak
to the corresponding principal peak and this ratio(Isat/Ipp),was found to be about 0.5 for all the samplesCuO/TiO2investigated. The conclusion that the coordination environ-
ment of cupric ions in the samples are close toCuO/TiO2

Fig. 3 XRD quantitative analysis result

Table 1 XPS results of the samplesCuO/TiO2
Eb/eV CuO loading/

sample Cu 2p3@2 Ti 2p3@2 O 1s Cu2` nm~2

1 932.2 458.5 529.8 1.81
2 932.3 458.5 529.9 4.52
3 932.4 458.6 529.8 7.22
4 932.7 458.4 529.8 8.79
5 934.1 458.4 529.7 11.80
6 933.6 458.0 529.5 14.69
7 933.6 458.1 529.4 17.82
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Fig. 4 XPS spectrum of sample 4 listed in Table 1

octahedral symmetry can be withdrawn from the above
results.17

Reduction behavior and hydrogen spillover of CuO/TiO
2samples

The reduction behavior of CuO in the samples wasCuO/TiO2studied by TPR. Two reduction peaks with temperatures ca.
440 K and ca. 490 K, respectively, are observed in Fig. 5aÈi. In
contrast, as shown by the dotted line proÐle at the bottom of
Fig. 5, bulk CuO in a physical mixture of CuO and the TiO2

Fig. 5 TPR proÐles of the reduction of CuO in samples with CuO
loadings of : (a) 1.81, (b) 3.01, (c) 4.52, (d) 5.90, (e) 7.22, (f ) 8.79, (g)
11.80, (h) 14.69, (i) 17.82 Cu2` nm~2. (È È È) A physical mixture of
CuO and (anatase).TiO2

support has only one reduction peak at ca. 540 K. Thus it can
be concluded that the oxideÈsupport interactions have an
e†ect in the lowering of the reduction temperatures of the

(anatase) supported CuO species. However, the twoTiO2reduction peaks can not be explained by the stepwise
reductions of the supported copper species, i.e., Cu2`] Cu`
and Cu`] Cu0, as the area of the two peaks is apparently
di†erent. Referring to the literature,15,16 it seems reasonable
to suggest that the low and high temperature peaks corre-
spond to the reduction of the highly dispersed and the crys-
talline copper oxide, respectively. To verify the above
argument, the speciÐc peak area of the lower temperature
peak, i.e., the peak area per gram of is plotted againstTiO2 ,
the amount of CuO loaded in Fig. 6. The results reveal that,
with the increase in loading of CuO, the speciÐc peak area,
which is supposed to be proportional to the amount of the
highly dispersed CuO species, increases rapidly at Ðrst and
Ðnally reaches an almost constant value. The intersection of
the lines points to a value of 6.68 Cu2` nm~2, which is basi-
cally consistent with the dispersion capacity of CuO on TiO2 ,
i.e., 6.74 Cu2` nm~2, measured by XRD.

The lowering of the reduction temperatures of the sup-
ported CuO species can be understood by taking into con-
sideration the n-type semiconductor properties of the support.
Under a reducing atmosphere, tends to produce a highTiO2concentration of n-type defects, i.e., Ti3` ions and oxygen
vacancies21,22 on the surface, and by donating electric charges
to the Cu2` ions, the unstable surface Ti3` ions23 are
returned to Ti4` and the reduction of supported CuO species
is promoted. In comparison with the supported crystalline
CuO species, the highly dispersed copper oxide species are in
close contact with the surface of the thus a strongerTiO2 ,
inÑuence of the support and a lower reduction temperature
are expected.

The TPR proÐles of in samples are shownTiO2 CuO/TiO2in Fig. 7bÈc with the pure proÐle, Fig. 7a, shown forTiO2comparison. The reduction peak temperature of inTiO2samples is apparently lower than that of pureCuO/TiO2although their peak shapes and the intensities are veryTiO2 ,
similar. It is suggested that during the TPR of the CuO/TiO2sample, the supported copper oxides were reduced to metal
Cu at temperatures O570 K, on which hydrogen atoms were
generated by dissociative adsorption of the hydrogenH2 ,
atoms might then migrate from the Cu metal to the TiO2support resulting in the lowering of the reduction peak tem-
perature of i.e., to about 150 K lower than that of pureTiO2 ,

In fact, similar results were observed by Delk II andTiO2 .
Vavere15 with no interpretation. The hydrogen spillover on
the supported metal catalyst has been reported else-TiO2where, e.g., on a catalyst by Decanlo et al.21Rh/TiO2

Fig. 6 SpeciÐc reduction peak area of the highly dispersed CuO
species vs. CuO loading
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Fig. 7 TPR proÐles of the reduction of (a) pure andTiO2 : TiO2 ;
(b), (c) samples with CuO loadings of 1.81 and 14.69 Cu2`CuO/TiO2nm~2, respectively

Incorporation of the highly dispersed CuO species on TiO
2

To discuss the interactions between the dispersed ionic species
and the support, the surface structure of the support is one of
the key factors that should be taken into consideration.

Fig. 8 Structure of (anatase)TiO2

Fig. 9 Incorporation of the dispersed CuO species on the (001) plane
of (anatase) supportTiO2

Fig. 10 Coordination environment of Cu2` incorporated on the
(001) plane of anatase

Shown in Fig. 8 is the structure of (anatase). It has beenTiO2suggested that the (001) plane, i.e., the most atomically dense
plane of (anatase), is preferentially exposed.1,24 As canTiO2be seen from Fig. 9 there is only the octahedral vacant sites
available on the (001) plane of anatase, and the number of
these sites is 6.98 nm~2. According to the incorporation
model proposed by us and discussed elsewhere,4,17,18 the dis-
persion capacity of CuO on this support should be equal to
the number of the surface vacant sites available, i.e., 6.98
nm~2. When the loading of CuO is lower than this value, the
dispersed Cu2` ions will be incorporated into these sites with
the accompanying O2~ ions sitting on the top for charge com-
pensation, as shown in Fig. 9. When the CuO loading exceeds
its dispersion capacity, all the vacant sites will be occupied by
the highly dispersed CuO and the existence of crystalline CuO

Fig. 11 XRD patterns of pure calcined for 2 h at : (a) 973 KTiO2and (b) 1173 K. samples with a CuO loading of 17.82CuO/TiO2Cu2` nm~2 calcined for 2 h at : (a@) 973 K and (b@) 1173 K.
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can be detected. According to the above discussion the highly
dispersed Cu2` ions should be located in an octahedral coor-
dination environment, as depicted in Fig. 10, which is con-
sistent with the XPS results discussed above.

Crystalline transition of the supportTiO
2

It is well known that commonly exists in two crystallineTiO2forms, i.e., anatase and rutile. In general, anatase is stable at
low temperature and rutile at high temperature. With the
increase of calcination temperature, anatase will Ðnally trans-
form into rutile. To investigate the e†ect of the supported
copper oxide on the transformation of anatase to rutile, pure

and the sample with a CuO loading of 17.8TiO2 CuO/TiO2Cu2` nm~2 were calcined for 2 h at di†erent temperatures
and their XRD proÐles are shown in Fig. 11.

It can be seen in Fig. 2 that after calcination at 723 K for 3
h, only anatase is detected in both pure and theTiO2samples. However, Fig. 11 reveals the fact that theCuO/TiO2anatase in the sample has been completely trans-CuO/TiO2formed to rutile by calcination at 973 K for 2 h, but both the
anatase and rutile crystalline forms are detected in pure TiO2after similar thermal treatments. Although the crystalline
phase transformation in pure is more difficult than thatTiO2of it can also be completed by a further increaseCuO/TiO2 ,
in the calcination temperature to 1173 K for 2 h. In all these
cases, no other crystalline phases were detected (besides CuO,
anatase and rutile). These results lead to the conclusion that
the CuO and the support have not reacted to form anyTiO2new compounds and that the existence of the supported
copper oxide can promote the transformation of anatase to
rutile, which should be related to the incorporation of Cu2`
ions into the surface vacant sites of the support.TiO2

Conclusions
(1) The dispersion capacity of CuO supported on TiO2(anatase) is about 6.98 nm~2 as determined by XRD and TPR
quantitative measurements. The highly dispersed Cu2` ions
are located in an octahedral coordination environment, as
expected by the incorporation model and as proved by XPS
results.

(2) The reduction behavior and the crystalline form trans-
formation of the support from anatase to rutile are bothTiO2inÑuenced by the interaction between the and the CuO.TiO2
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