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The dispersion and reduction behaviors of samples have been studied by using X-ray di†ractionCuO/a-Fe2O3
(XRD), X-ray photoelectron spectroscopy (XPS), BrunauerÈEmmettÈTeller (BET) and temperature
programmed reduction (TPR). XRD and XPS results show that the dispersion capacity of CuO on isa-Fe2O3
about 13.7 Cu2` nm~2 (a- At low copper loading, highly dispersed surface copper oxide is the mainFe2O3).
species, and crystalline CuO evidently appears after the Cu loading exceeds the dispersion capacity. For Cu
XPS spectra, the intensity ratio of satellite peaks to the principal peaks shows that the highly(Isat) (Ipp)
dispersed Cu2` ions simultaneously exist as tetrahedrally and octahedrally coordinated states in the low Cu
loading samples, and the octahedrally coordinated surface Cu species is the predominant species in high Cu
loading samples, which is in basic agreement with the prediction of the incorporation model proposed
previously (Y. Chen and L. F. Zhang, Catal. L ett., 1992, 12, 51). The BET surface area of support ina-Fe2O3
all the samples remains constant, indicating that the calcination process has not induced an evident change to
the surface of support. TPR results indicate that the reduction peaks at about 473 and 493 Ka-Fe2O3
correspond to the reduction of the octahedrally and tetrahedrally coordinated surface copper oxide species,
respectively, and the reduction peak at about 563 K is ascribed to the reduction of crystalline CuO. In
addition, the inÑuence of the di†erent calcination temperatures on the interaction between CuO and a-Fe2O3
has also been investigated by XRD, TPR and XPS, and the results show that the calcination temperature can
a†ect the extent of interaction, and a new compound, formed as the sample wasCuFe2O4 , CuO/a-Fe2O3
calcined at 1123 K.

Introduction
Copper oxide has been demonstrated to be a very active
species among the base-metal oxides as oxidation catalysts, in
which the catalysts based upon CuÈAl oxides have been used
in a variety of processes in the chemical industry.1h3 They
have been investigated by di†erent physical methods, includ-
ing X-ray photoelectron spectroscopy (XPS),4,5 infrared (IR)
spectroscopy,6 secondary-ion mass spectroscopy (SIMS),7
electron paramagnetic resonance (EPR),8 extended X-ray
absorption Ðne structure (EXAFS),9 low-energy ion scattering
spectroscopy (ISS),10 etc. Despite the extensive character-
ization, the nature of copper species on catalyst surfaces is
essentially not well understood.

It is known that studying the nature of the interaction
between the support material and the catalytic species is a key
step in gaining an understanding of heterogeneous cata-
lysts.4h10 However, as pointed out by Massoth,11 the well
known hydrodesulfurization (HDS) catalystCoÈMoÈc-Al2O3is the most studied, at least from a fundamental point of view,
using a variety of techniques, and its cobalt promoting role is
still somewhat controversial. Many di†erences in results
obtained and interpretations made for the state of dispersed
metal oxides on supports can be found in the literature, such
as etc.4,9,11h13MoO3/c-Al2O3 , NiO/c-Al2O3 , CuO/c-Al2O3 ,

For the CuO/support system, the coordination environment
and the redox properties of copper ions on the catalyst surface
have attracted much attention.4,9 Iron(III) oxide is well known
as a catalyst for dehydrogenation of some hydrocarbons, e.g.,
butene14 and ethylbenzene,15 and as a component of catalysts
for methanol oxidation to formaldehyde.16,17 However, few
papers on the investigation of iron(III) oxide as a support have

been found.18,19 In this study, we focus our attention on the
dispersion and reduction behaviors of copper oxide supported
on hematite, and the results have been discussed bya-Fe2O3 ,
considering the preferentially exposed (001) plane of a-Fe2O3 .

Experimental

Instrumental

XRD qualitative and quantitative analyses were carried out
on a Shimadzu XD-3A X-ray di†ractometer. The Fe-Ka radi-
ation (0.1979 nm) and a Mn Ðlter was used. powdera-Al2O3has been taken as a reference for quantitative analysis, and the
method has been described in detail elsewhere.20

XPS results were obtained on a V.G. Escalab MK II
spectrometer equipped with a hemispherical electron analyzer.
The magnesium anode was operated at 15 kV and 20 mA. The
digital data obtained were processed with an HP 2114A com-
puter. Samples were analyzed in the constant pass energy
mode at 20 eV. C 1s (285 eV) was taken as a reference to
calculate the binding energies (BE).

BET surface areas of the samples were measured volu-
metrically at liquid-nitrogen temperature on a Micromeritics
ASAP-2000 instrument equipped with a computer-controlled
measurement system. The samples were degassed by evac-
uation at 623 K to reach a vacuum below 3 lm Hg prior to
measurements being made.

TPR (temperature programmed reduction) was carried out
in a quartz U-tube reactor, and a 30 mg sample was used for
each measurement. Prior to the reduction, the sample was
pretreated in a stream at 373 K for 1 h and then cooled toN2
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room temperature. After that a mixture (5% byH2ÈN2 H2volume) was switched on. The temperature was increased lin-
early at a rate of 10 K min~1. The consumption of in theH2reactant stream was detected using a thermal conductivity
cell.

Sample preparation

support was donated by Shan-Xi Coal and Chem-a-Fe2O3istry Institute and then calcined at 823 K for 5 h in air before
it was used for sample preparation, and it was found to have a
BET surface area of 58 m2 g~1. The structure of hasa-Fe2O3been discussed elsewhere.19

For the samples ; in order to avoid theCuO/a-Fe2O3partial dissolution of in the solution ofa-Fe2O3 Cu(NO3)2(pHB 2), all the samples were prepared by impregnating a-
with an aqueous solution containing the requisiteFe2O3amount of (pH B 10), then dried at 373 K fol-[Cu(NH3)4]2`lowed by calcination at 723 K in air for 2 h.

Results and discussion
Dispersion and reduction of CuO/a-Fe

2
O

3

Fig. 1 shows the XRD patterns of samples withCuO/a-Fe2O3di†erent Cu loadings. As shown in Fig. 1(aÈc), no peaks for
crystalline CuO could be detected, only the pattern of a-

For the sample with Cu loading of 14.2 Cu2` nm~2Fe2O3 .
[Fig. 1(d)], the characteristic CuO crystalline peak at
2h \ 49.37¡ shows up, indicating that the bulk CuO exists
besides the dispersed copper oxide species. Further quantitat-
ive analysis of the results points to the fact that the dispersion
capacity of copper oxide on is about 13.3 Cu2`a-Fe2O3nm~2, as shown in Fig. 2.

The binding energies of the elements included in CuO/a-
samples are listed in Table 1, which shows that theFe2O3binding energies of copper (Cu and iron (Fe are2p3@2) 2p3@2)around 933.3 and 711.3 eV, respectively. Fig. 3(A), (B) and (C)

show the XPS spectra of copper, iron and oxygen in the
samples with di†erent Cu contents. In Fig. 3(A), one can see

Fig. 1 XRD patterns for samples containing di†erentCuO/a-Fe2O3Cu loadings, Cu2` nm~2 (a- (a) 3.2 ; (b) 7.8 ; (c) 11.5 ; (d) 14.2 ;Fe2O3) :(e) 15.6 ; (f ) 18.5 ; (g) 24.0.

Fig. 2 Relationship between crystalline CuO and the total amount
of Cu in samples.CuO/a-Fe2O3

that both the main peaks of Cu and Cu are accom-2p1@2 2p3@2panied by a satellite located at the high binding energy side,
and the main peak of Fe is accompanied by a satellite in2p3@2Fig. 3(B), indicating that the valences of copper and iron in
the samples are 2] and 3], respectively.4,9,21 In addition, for
the spectra of O 1s in Fig. 3(C), the binding energy is close to
530.0 eV, which is near the value observed for pure a-Fe2O3(BE\ 529.8 eV), suggesting that the nature of the oxygen
anions accompanying the Cu2` ions is similar to that of the
lattice oxygen in a-Fe2O3 .

As reported elsewhere,19,22h24 a quantitative evaluation of
the dispersion capacity of copper oxide on can bea-Fe2O3done by plotting the peak intensity ratio of as a func-ICu/IFetion of Cu loadings, e.g. the intensities of and are rep-ICu IFeresented by the areas of the Cu Cu and Fe2p1@2 , 2p3@2 2p1@2 ,
Fe spectra, respectively. The areas are measured by tri-2p3@2angulation, using the average of the widths at 1/3, 1/2 and 2/3
of full peak height, and the results are shown in Fig. 4. The Cu
loading corresponding to the crossing point of the two
straight lines with di†erent slopes provides a dispersion capac-
ity of 13.7 Cu2` nm~2 (a- which coincides with theFe2O3),data determined by XRD. These results further indicate that
the copper oxide species is dispersed as Cu2` cations on the
surface of as long as the loading amount of coppera-Fe2O3 ,
is below its dispersion capacity. This is in basic agreement
with the predicted value using the incorporation model based
on the assumption that the (001) plane is preferentially
exposed on the surface of and consequently thea-Fe2O319number of usable surface vacant sites is 14.8 Cu2` nm~2 (a-

The distribution of the incorporated Cu2` ions in theFe2O3).vacant sites of the (001) plane is schematically showna-Fe2O3in Fig. 5. From this picture it can be seen that the highly
dispersed Cu2` ions are all octahedrally coordinated and the
capping O2~ ions associated with the incorporated Cu2` ions
form an epitaxial oxygen layer on the surface of Ina-Fe2O3 .
addition, the ratio of the vs. Cu loadings slightlyICu2p/IFe2pdecreases for the samples with Cu loading beyond the disper-

Table 1 XPS results for samples with various CuCuO/a-Fe2O3loadings

CuO loading
BE/eV in sample

Cu2` nm~2
Sample Cu 2p3@2 Fe 2p3@2 O 1s ICu 2p/IFe 2p (a-Fe2O3)

a-Fe2O3 È 711.00 529.8 È È
(a) 933.1 711.45 529.8 0.10 3.2
(b) 933.4 711.35 530.1 0.24 5.2
(c) 933.5 711.15 530.3 0.29 7.8
(d) 933.0 711.10 530.0 0.44 11.5
(e) 933.4 711.15 530.3 0.52 14.2
(f ) 933.8 711.25 530.2 0.50 18.5
(g) 933.3 711.35 530.0 0.47 24.0
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Fig. 3 XPS spectra of samples containing di†erentCuO/a-Fe2O3Cu loadings Cu2` nm~2 (a- (a) 3.2 ; (b) 5.2 ; (c) 7.8 ; (d) 11.5 ; (e)Fe2O3) :14.2 ; (f ) 18.5 ; (g) 24.0. (A), Cu 2p spectra ; (B), Fe 2p spectra ; (C), O 1s
spectra.

sion capacity, shown as in Fig. 4, which is di†erent from those
observed in other systems.19,24 This abnormal phenomenon
might be related to (a) the translation of some of the incorpor-
ated Cu2` (e.g. dispersed CuO species) from the surface
vacancy of to the formed micro-crystalline CuO toa-Fe2O3reduce the amount of the highly dispersed CuO species in the
sample, and/or (b) the migration of the dispersed surface CuO
to the sublayer or bulk of a-Fe2O3 .

For Cu-containing compounds, their satellite peaks are
quite sensitive to changes in the coordination environment of
Cu2` ions. In particular, the coordination geometry of the

Fig. 4 XPS intensity ratio, vs. copper content inICu 2p/IFe 2p ,
samples.CuO/a-Fe2O3

surface Cu2` ions can be investigated by determining the
ratio of intensities of the satellite peaks to those of the prin-
cipal peaks Generally, the ratio of decreases(Isat/Ipp).25 Isat/Ippas the number of oxygen ions coordinated with Cu2` ion
increases.25 Fig. 6 shows the relationship between the Isat/Ippand the Cu loadings. For the samples with low Cu loading,
the ratio of gradually decreases with increasing CuIsat/Ipploading and reaches a stable value near the dispersion capac-
ity, 13.7 Cu2` nm~2 (a- for the crystalline CuO. Con-Fe2O3)sidering that the ratio is 0.5525 and the coordinationIsat/Ippnumber of Cu2` is six in the distorted octahedra,26 it is rea-
sonable to propose that the decrease of the ratio Isat/Ippshould be due to an increase in the surface octahedral Cu

Fig. 5 Incorporation model of the highly dispersed copper oxide
species on the (001) plane.a-Fe2O3

Fig. 6 XPS intensity ratio of the satellite peaks to those of the prin-
cipal peaks vs. copper content (Cu2` nm~2) inIsat/Ipp CuO/a-Fe2O3samples.
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species. The value close to 0.57 corresponds to the largest
amount of octahedral surface Cu species formed on the a-

surface, and this is later supported by TPR results. TheFe2O3dispersion state of Cu2` ions on the surface can bea-Fe2O3tentatively pictured as in Fig. 7 for lower Cu loading and in
Fig. 5 for the Cu loading beyond the dispersion capacity.

The BET surface area per gram of decreasedCuO/a-Fe2O3as Cu loading increased, while the BET surface area per gram
of remained constant, as shown in Fig. 8(a) and (b)a-Fe2O3respectively. These results further indicate that the copper
oxide exists in a highly dispersed state on the surfacea-Fe2O3and the calcination process at this temperature has not
induced the evident changes for the surface area of a-Fe2O3 .
This phenomenon has also been reported by Niwa et al. in
some other systems.18,27

Fig. 9 shows the TPR proÐles of samplesCuO/a-Fe2O3with di†erent Cu loadings. The comparison of curves (a) and
(b) shows that the reduction peaks of at ca. 673 Ka-Fe2O3and bulk CuO at ca. 563 K, can be evidently distinguished,
indicating that the reduction of bulk CuO is easier than that
of In curve (c), the main peak with reduction tem-a-Fe2O3 .
perature ca. 493 K, and the shoulder peak with temperature
ca. 473 K, are attributed to the reduction of the surface copper
species. In addition, the weak shoulder peak at about 563 K is
due to the residual bulk CuO which did not disperse on the
surface, although the Cu loading is below the dispersion
capacity. As the Cu loading increases, TPR proÐles (d) and (e)
mainly exhibit the three peaks at 473, 563 and 663 K, and
they are ascribed to the reduction of the surface Cu species,
bulk CuO and respectively. Note, with increasinga-Fe2O3 ,
Cu loading [from proÐle (c) to (e)], the peak-shape corre-

Fig. 7 Scheme for the dispersed copper oxide in the low Cu loading
samples.

Fig. 8 Variation of the BET surface area as a function of copper
content Cu2` nm~2 in the samples : (a)CuO/a-Fe2O3 CuO/a-Fe2O3 ;
(b) a-Fe2O3 .

Fig. 9 TPR proÐles of samples with di†erent CuCuO/a-Fe2O3loadings, Cu2` nm~2 : (a) (b) mixture of CuO anda-Fe2O3 ; a-Fe2O3(mol ratio (c) 11.5 ; (d) 18.5 ; (e) 24.0.CuO/a-Fe2O3\ 1 : 4) ;

sponding to the reduction of the surface Cu species becomes
symmetrical and the reduction peak maximum shifts from 493
to 473 K. Considering the results of the coordination environ-
ment of surface copper ions discussed in XPS, the peaks at
473 and 493 K are attributed to the reduction of octahedral
and tetrahedral surface copper species, respectively, and the
increasing amount of octahedral surface Cu species and the
decreasing amount of tetrahedral surface species results in the
increase of the peak at 473 K and the decrease or disap-
pearance of the peak at 493 K.

InÑuence of the calcination temperature on the interaction
between CuO and a-Fe

2
O

3

Fig. 10 shows the XRD patterns of the samples with Cu
loading of 24.0 Cu2` nm~2 (a- calcined at di†erentFe2O3),temperatures 723, 923 and 1123 K. By comparing pattern (b)
to (a), there are no evident changes in pattern (b) with the
exception of the sharpness of the peaks for CuO and a-

This is due to the e†ect of the higher calcination tem-Fe2O3 .
perature which makes the better crystallizability of CuO and

In pattern (c), the characteristic peak for bulk CuOa-Fe2O3 .
at 2h \ 49.4¡ has vanished and the peaks for remain.a-Fe2O3However, new peaks at 2h \ 23.3, 38.2, 47.2 and 54.9¡, have
appeared, indicating the compound has formed atCuFe2O4the calcination temperature, 1123 K.28

Fig. 11 shows the TPR proÐles corresponding to the
samples in XRD. ProÐle (b) exhibits the main reduction peaks
at 573 and 663 K, for crystalline CuO and and thea-Fe2O3 ,
reduction peak at a temperature close to 473 K disappears
and in addition, a shoulder peak around 593 K arises. This
indicates that the evident decrease or disappearance of the
surface Cu species and the formation of a new species corre-
sponding to the reduction temperature 593 K occurred in this
calcination procedure. For the sample calcined at 1123 K, the
main reduction peak at 693 K should be due to the reduction
of the bulk and the weak peak at the temperatureCuFe2O4close to 673 K is ascribed to the reduction of the residual

These results are in agreement with XRD. Further-a-Fe2O3 .
more, the wide reduction in the temperatures from 600 to
650 K should correspond to the reduction of the surface
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Fig. 10 XRD patterns of a sample with a Cu loadingCuO/a-Fe2O3of 24.0 Cu2` nm~2, calcinated at di†erent temperatures in air for 2 h :
(a) 723 K; (b) 923 K; (c) 1123 K.

TPR and XRD results indicate that the extent ofCuFe2O4 .
interaction between copper oxide and can be inÑu-a-Fe2O3enced by the calcination temperature.

Fig. 12 shows the XPS spectra of Cu 2p and Fe 2p for the
same samples mentioned above. The BEs of Cu and Fe2p3@2are also near the values for Cu2` and Fe3` listed in2p3@2Table 1, which indicate that the valences of copper and iron in
the compound have not been changed in the reaction, and this
is in agreement with XRD. However, the shapes of both the
Cu and Fe spectra as well as the intensity ratio of areICu/IFechanged when compared with the samples calcined at 723 K
[Fig. 3(a) and (b)], which means that the interaction between

Fig. 11 TPR proÐles of a sample with a Cu loadingCuO/a-Fe2O3of 24.0 Cu2` nm~2, calcinated at di†erent temperatures in air for 2h :
(a) 723 K; (b) 923 K; (c) 1123 K.

Fig. 12 XPS spectra of Cu 2p (A) and Fe 2p (B) in a sample calcined
at 923 and 1123 K.

copper and iron becomes stronger as the calcination tem-
perature increases.

Conclusions

(1) XRD and XPS results indicate that the dispersion capacity
of CuO supported on is 13.7 Cu2` nm~2 (a-a-Fe2O3 Fe2O3),and copper oxide mainly exists as a highly dispersed surface
species as long as the Cu loading is below the dispersion
capacity, but bulk CuO and the surface copper species have
been identiÐed beyond the dispersion capacity. For the
samples with low Cu loadings, the highly dispersed copper
oxide simultaneously exists in a tetrahedral and octahedral
coordination environment, and the octahedrally coordinated
surface copper species is the predominant one in the high Cu
loading samples. These results are also supported by the
results of TPR and BET.

(2) XRD and TPR results for the samplesCuO/a-Fe2O3calcined at di†erent temperatures indicate that the calcination
temperature has an inÑuence on the extent of interaction
between copper oxide and a-Fe2O3 .
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