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Fine titanium(IV) oxide amorphous powders containing
two different amounts of CuO were prepared by the sol–gel
process. The samples were crystallized to anatase by heating.
The reduction of CuO–TiO2 samples was investigated by
temperature-programmed reduction (TPR). Three types of
signals were detected: Two of them are strong and were
assigned to two different types of copper ions distributed on
the surface. The third kind was a weak broad signal and was
ascribed to the simultaneous reduction of titanium and a third
type of copper ion incorporated into the TiO2 network. This
was confirmed by electron spin resonance measurements of
the samples before and after programmed reductions at vari-
ous temperatures selected from the TPR profiles. The results
showed that the lowest reduction temperature is due to the
existence of isolated copper ions distributed on the surface.
The second TPR peak was due to a CuO phase with small
particle size. These results were consistent with X-ray photo-
electron spectroscopy studies, which showed two signals as-
signed to –Cu–O–Ti–O– and CuO species. ( 1998 Academic Press

INTRODUCTION

Different methods are currently being used to obtain
information on structural changes that occur during the
phase transformations in solids prepared by the sol—gel
process. These methods include nuclear magnetic resonance
(1), Raman spectroscopy (2, 3), and X-ray diffraction (3, 4).
However, frequently additional techniques are needed to
characterize the chemical and structural evolution of the
sol—gel solids, especially if other components are introduced
along with the starting materials (5—8). During the prepara-
tion of doped materials by the sol—gel process, an in-
homogeneous distribution of the dopant cations due to
different factors can exist (5, 6). The differentiation of the
various species present in the solid is important due to
potential applications in optical (7), magnetic (9), electrical
(10), and catalytic materials (11). In the present work, the
1To whom correspondence should be addressed.
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distribution of copper ions in the mixed oxide CuO—TiO
2
,

prepared by the sol—gel method, was studied. The charac-
terization of the materials was achieved mainly by temper-
ature-programmed reduction (TPR), electron spin
resonance (ESR), and X-ray photoelectron spectroscopy
(XPS).

TPR is a relatively simple technique which was been used
to characterize a variety of oxides. Peaks in the TPR profiles
can be assigned to the reduction of a particular component
(12). The ESR signal of Cu(II) ions incorporated into solids
can provide information about the environment in which
the paramagenetic centers are situated. Several ESR studies
of Cu(II) ions in oxide glasses and zeolites have been made
recently (6, 11, 13—17). The XPS technique is useful to deter-
mine the chemical structure of the surface. Information
about the chemical composition and chemical bonding of
the superficial species can be obtained by analyzing chem-
ical shifts, satellites, and multiplet structure in the XPS
spectra (8, 17—21).

EXPERIMENTAL

The sol—gel synthesis of CuO—TiO
2

samples with vary-
ing amounts of CuO (0, 5, and 10 mol%) was achieved by
adding, with stirring, a solution of Ti[OCH(CH

3
)
2
]
4
(TIPT)

diluted with 2-propanol [TIPT:HOCH(CH
3
)
2
"1 :2 molar

ratio] to a solution of Cu(CH
3
COO)

2
)H

2
O in ammonium

hydroxide (28 wt% NH
3

in water) and 2-propanol
[HOCH(CH

3
)
2
:H

2
O:NH

4
OH"2 :1 :0.33 molar ratio].

Precipitation occurred in seconds. This mixture was stirred
at room temperature for 20 min. After that, 3 mol of de-
ionized water was added, and a major precipitation occur-
red. Stirring was continued for another 60 min. The
resultant mixture was aged for 24 h, and the residual liquid
(colorless) was then removed by decanting. Addition of
acetate groups to TIPT was not investigated. The solids
were converted to xerogels by heating at 353 K in a drying
oven for 24 h and later divided into aliquots which were
treated at a heating rate of 5 K/min in a furnace at 623 and
698 K for 72 h in air. The samples containing 5 and
10 mol% treated at 623 K will hereafter be referred to as
0022-4596/98 $25.00
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FIG. 1. X-ray diffraction patterns of samples treated at 698 K: (a) TiO
2
,

(b) TCuO5, and (c) TCuO10.
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TCuO5-1 and TCuO10-1, and those treated at 698 K as
TCuO5-2 and TCuO10-2, respectively.

Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) measurements were performed with
a Shimadzu DT-30 instrument to investigate the thermal
behavior of the xerogels; an open aluminium basket in a dry
air atmosphere and a heating rate of 20 K/min were used for
these experiments. X-ray diffraction (XRD) patterns were
obtained on a Siemens D-500 diffractometer (CuKa radi-
ation, j"0.1543 nm). Bragg angles ranging from 5° to 70°
were scanned at a rate of 1°/min. The surface area of the
dried samples was measured using commercial BET
measurement equipment (ISRI-RIG-100).

TPR of samples was carried out using 5 mol% hydrogen
in argon as a reducing gas. The temperature of the sample
was controlled with a programmable controller (Omega
CN-2010) at a heating rate of 5 K/min. The gas flow rate
was adjusted by mass flow controllers to 60 mL/min and the
hydrogen consumption was followed with a thermal con-
ductivity detector (TCD). The reactor used for TPR was
made of an 8-mm-i.d. quartz tube and the sample (100 mg)
was mounted on a quartz plate. The outlet of the TPR cell
was connected to a quartz column packed with molecular
sieve 3 As to remove water produced from the reduction. The
samples reduced at different temperatures utilized for ESR
experiments were prepared in the reactor and then transfer-
red to the quartz tube without exposing them to air.

ESR measurement were made on a Bruker ER-200 D-
SRC spectrometer working at the X-band frequency and
100-kHz field modulation. The spectra were recorded at 291
and 77 K. The finely powdered sample, contained in
a quartz tube, was introduced into the resonance cavity.
Microwave frequency was measured with a frequency
counter. The magnetic field was measured with a gauss-
meter (Bruker ER035 M). The simulation of the ESR
spectra was performed with the program ‘‘EPR: A Model-
ling Approach’’, written by Frank Neese of the University of
Konstanz, Germany. The g and hyperfine splitting values
used in this work are taken from the simulated spectra.

X-ray photoelectron spectra were acquired with a VG
ESCALAB 200R spectrometer equipped with a MgKa 120-
W X-ray source (ht"1253.6 eV). Both calcined and H

2
-

reduced samples were analyzed by XPS. The samples were
pressed into small aluminum cylinders and then mounted
on a sample rod placed in a pretreatment chamber and
outgassed at room temperature or prereduced in H

2
at 523

and 623 K for 1 h prior to being transferred to the analysis
chamber. The pressure in the ion-pumped analysis chamber
was below 3]10~9 Torr during data acquisition. The
spectra were collected for 20—90 min, depending on the
peak intensities, at a pass energy of 10 eV. The intensities
were estimated by calculating the integral of each peak after
smoothing and subtraction of the S-shaped background and
fitting the experimental curve to a combination of Gaussian
and Lorentzian lines of variable proportion. All binding
energies (BE) were referenced to the adventitious C 1s line at
284.9 eV. This reference gave BE values within an accuracy
of $0.1 eV.

RESULTS AND DISCUSSION

The calcination temperatures were selected based on the
results of the TGA and DTA of the xerogels. These results
showed a weight loss from room temperature up to approx-
imately 600 K together with an endothermic peak (about
360 K) and an asymmetric exothermic peak (about 525 K).
The former was assigned to the loss of 2-propanol and water
(22) and to the decomposition of amine copper complexes
(23). The exothermic peak, whose relative intensity depends
on the copper content, was due to the decomposition of
acetate groups, which is strongly exothermic (24). Finally,
the TGA did not show additional weight losses, and the
DTA showed a sharp exothermic peak at 750 K, which was
assigned to a phase change of TiO

2
(25).

The XRD pattern obtained from the xerogels showed that
these are amorphous. The XRD patterns of the TiO

2
,

TCuO5-2, and TCuO10-2 samples are shown in Fig. 1.



TABLE 1
Specific Surface Area Results

Thermal treatment (K) Sample Surface area (m2/g)

623 TiO
2

44
TCuO5 56
TCuO10 90

698 TiO
2

21
TCuO5 40
TCuO10 61

STUDY OF Cu2` IN TiO
2

3

These patterns present broad peaks due to anatase-type
TiO

2
, and no reflection is observed at 2h"35.5° corres-

ponding to the most intense reflection of tenorite CuO; this
means that if part of the copper exists in the form of CuO
clusters, these are not large enough to be detected by XRD
(26). This behavior suggests that the sol—gel method stabil-
izes the CuO phase in a highly dispersed state. The samples
treated at 623 K showed similar results. The BET surface
areas (Table 1) decreased with a rise in calcination temper-
ature and increased with the addition of copper. This latter
fact indicates that copper ions were effectively introduced
into the TiO

2
network.
FIG. 2. Temperature-programmed reduction profiles of samples
treated at 623 K [m"0.100 g, gas"H

2
/Ar (5 mol%), flow"60 mL/min,

ramp"5K/min]: (a) TiO
2
, (b) TCuO5, and (c) TCuO10.
The TPR analysis for the samples treated at 623 and
698 K are shown in Figs. 2 and 3, respectively. It can be seen
that in the samples without copper a small and very broad
signal is present between 673 and 1023 K. This signal is
related to the reduction of TiO

2
exclusively. In addition to

the broad signal shifted to lower temperature, the samples
containing copper show peaks at 425 and 448 K; the inten-
sity of these peaks increases with the amount of copper. The
peak at 425 K is assigned to the reduction of isolated super-
ficial copper ions, and the other peak to the reduction of
CuO particles. The shift in the reduction temperature of
TiO

2
in these samples can be explained by the presence of

Cu0 clusters (formed after reduction of CuO particles) that
may catalyze the reduction of Ti4` (27).

Thermal treatment of samples at increasing temperatures
produces a change in the ESR spectra due to the appearance
of various copper species; these spectra (shown in Fig. 4) are
anisotropic and have hyperfine splitting (HFS) features for
different copper sites. The ESR spectrum (Fig. 4a) for the
xerogel exhibits a pronounced peak at go"2.095 and
a poorly resolved quadruplet at gE"2.305 arising from
parallel hyperfine splitting. Such spectral features are char-
acteristic of d9 ions in axially distorted octahedral sites
FIG. 3. Temperature-programmed reduction profiles of samples
treated at 698 K [m"0.100 g, gas"H

2
/Ar (5 mol%), flow"60 mL/min,

ramp"5K/min]: (a) TiO
2
, (b) TCuO5, and (c) TCuO10.



FIG. 4. ESR spectra at 77 K of TCuO5 and TCuO10: (a) xerogel, (b)
TCuO5 treated at 623 K, (c) TCuO5 treated at 698 K, and (d) TCuO10
treated at 698 K. The large lines shown in (d) indicate the HFS assigned to
copper ions incorporated into the TiO

2
network, and the short lines the

HFS due to isolated superficial copper ions.

TABLE 2
Spin-Hamiltonian Parameters of ESR Spectra

Sample TCuO5-2
reduced at (K) Assignment g

x
g
y

g
z

Aa
x

A
y

A
z

Unreduced Cu2` in clusters 2.081 2.335
Isolated surface Cu2` 2.095 2.400 77 220

Cu2` incorporated into TiO
2

1.985 2.075 2.420 305 70 255
426 Cu2` in clusters 2.078 2.340

Isolated surface Cu2` 2.079 2.400 82 250
Cu2` incorporated into TiO

2
1.985 2.085 2.430 250 75 260

510 Cu2` in clusters 2.080 2.360
Cu2` incorporated into TiO

2
2.015 2.070 2.431 270 80 260

573 Cu2` in clusters 2.081 2.356
Cu2` incorporated into TiO

2
1.986 2.086 2.470 245 85 250

Conduction electrons 2.002 2.002
623 Cu2` incorporated into TiO

2
1.985 2.087 2.430 265 80 260

Conduction electrons 2.002 2.002
Ti3` 1.951 1.890 25 35

673 Cu2` incorporated into TiO
2

1.985 2.089 2.426 265 82 250
Ti3` 1.940 1.890 50 50

1173 Ti3` 1.965 1.935 21 17

aUnits of A are megahertz.
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present in glassy systems (6, 8, 11, 13, 14). When the sample
is heated, the spectra (Figs. 4b and 4c) differ significantly
from that of the corresponding xerogel. Instead of broad
signals, the spectra show well-resolved HFS lines for two
different types of copper ions. A more defined spectrum is
observed when the sample is heated at 698 K. The amount
of copper does not affect the HFS as can be seen in Fig. 4d,
which shows the spectrum of TCuO10-2. The computer-
simulated spectrum for TCuO5-2 indicates the existence of
two copper species in sites with well-defined spin-Hamil-
tonian parameters and another species that does not show
HFS.

The spin-Hamiltonian parameters determined are shown
in Table 2. TCuO5-2 unreduced sample shows three compo-
nents. The following assignments are based on the combina-
tion of the ESR and programmed reductions (vide infra).
The component with no resolved HFS is assigned to copper
ions in CuO of small particle size on the TiO

2
surface (17),

as supported by XRD data. The dipolar broadening of ESR
lines did not permit the observation of HFS components for
g (6, 11). For the second component, the spin-Hamiltonian
parameters correspond to copper ions that remain isolated
on the TiO
2

surface even after thermal treatment. The
gE and go values are characteristic of an axially distorted
octahedral site (13—16). The last component shows g values
which correspond to copper ions present in an orthorhom-
bic symmetry. We propose that such ions are incorporated
into the TiO

2
network. The introduction of copper ions into

the network produces an oxygen deficiency in the solid for
the charge compensation (30).

The precise differentiation between these sites was pos-
sible by measuring the ESR spectrum of TCuO5-2 reduced
in a programmed manner. The ESR spectra of the samples
partially and totally reduced are shown in Fig. 5. As can be
seen, the signal assigned to isolated superficial ions disap-
pears when the reduction temperature is 510 K (Fig. 5c), as
was observed in the TPR profile. When the reduction tem-
perature is 573 K (Fig. 5d), the signal due to the clustered
ions practically disappears and a new signal at g"2.002
appears. This ESR signal, which is not present for reduction
temperatures of 673 K or greater, is due to the conduction
electrons that are present only in small nanocrystallites
(7 nm or smaller) (28). This result is currently being studied.
For reduction at 623 K (Fig. 5e) the spectrum changes; only
one type of copper (incorporated into the network) is ob-
served, and a signal due to Ti3` arises with gE"1.89 and
go"1.96 (29). The signal at g"2.002 is still present. The
spectrum of the sample reduced at 673 K (Fig. 5f ) shows the
signals assigned to incorporated copper ions and Ti3`.
Finally, when the sample is reduced at 1173 K, the signal of
Ti3` with gE "1.935 and go"1.965 is observed (Fig. 5g).

The spectral parameters obtained by XPS for samples
treated at 698 K are summarized in Table 3. The BE for Ti



FIG. 5. ESR spectra at 77 K of TCuO5 treated at 698 K: (a) unreduced, (b) reduced at 426 K, (c) reduced at 510 K, (d) reduced at 573 K, (e) reduced at
623 K, (f ) reduced at 673 K, and (g) reduced at 1173 K. The lines shown in (a) and (e) correspond to (long lines) HFS due to copper ions incorporated into
the TiO

2
network, and (short lines) superficial isolated copper ions.

STUDY OF Cu2` IN TiO
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2p
3@2

and O 1s are typical for TiO
2

(21). The XPS Cu 2p
3@2

core-level spectra of TCuO5-2 and TCuO10-2 samples are
shown in Fig. 6.
TABLE 3
Binding Energies (eV) of Core Electrons and Surface (XPS)

Atomic Ratios for Samples Treated at 698 K

Sample Treatment Ti 2p
3@2

O 1s Cu 2p
3@2

Cu/Ti at

TiO
2

vacuum 529.9(83)
458.5 531.6(17)

TiO
2

H
2

at 523 K 529.9(80)
458.5 531.4(20)

TiO
2

H
2

at 623 K 529.9(85)
458.5 531.5(15)

TCuO5 vacuum 529.8(87) 932.6(47)
458.5 531.4(13) 934.7(27) 0.232

TCuO5 H
2

at 523 K 529.9(88) 932.6(85)
458.5 531.0(12) 934.5(15) 0.221

TCuO5 H
2

at 623 K 529.9(87)
458.5 531.1(13) 932.4 0.089

TCuO10 vacuum 530.0(86) 632.6(19)
458.5 531.6(14) 634.8(45) 0.385

TCuO10 H
2

at 523 K 529.9(86) 932.4(92)
458.5 531.3(14) 933.6(8) 0.150

TCuO10 H
2

at 623 K 529.9(86)
458.5 531.3(14) 932.2 0.106
The TCuO5-2 and TCuO10-2 samples outgassed under
vacuum (Figs. 6a and 6b) present two contributions to the
Cu 2p

3@2
peak: one near 933 eV and another near 935 eV

associated with the CuO and —Cu—O—Ti—O— species,
respectively. These signals are accompanied by the typical
satellite peaks characteristic of Cu(II). The XPS spectra
after reduction at 523 K (Figs. 6c and 6d) show that the
satellite peaks practically disappear; in addition, the peak
intensity assigned to CuO decreases and its position is
shifted to 933.6 eV. The existence of CuO is also observed by
ESR. When the samples are reduced at 623 K, the spectra
do not show the satellite peaks, indicating the complete
reduction of copper, and the BE observed corresponds to
bulk copper (20); the decrease in the I

C6
/I

T*
ratio is most

likely due to the aggregation of copper into small particles.
These spectra show the reduction of surface copper species,
and therefore it is not possible to observe the copper species
entrapped in the bulk.

CONCLUSIONS

CuO—TiO
2

mixed oxides have been prepared by the
sol—gel technique. From the present study, the following
conclusions can be made. It is shown that copper(II) ions



FIG. 6. Cu 2p
3@2

XPS spectra of samples treated at 698 K: (a) TCuO5,
vacuum; (b) TCuO10, vacuum; (c) TCuO5, H

2
reduced at 523 K; (d)

TCuO10, H
2

reduced at 523 K; (e) TCuO5, H
2

reduced at 623 K; and (f )
TCuO10, H

2
reduced at 523 K.
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exist in three different environments in the samples. Isolated
copper(II) ions incorporated into the titania network were
detected by ESR spectroscopy, while two different cop-
per(II) superficial species—one isolated on the titania
surface and the other forming highly dispersed small CuO
aggregates—were observed by TPR, ESR, and XPS. In addi-
tion, in spite of the high copper content (5 and 10 mol%) in
the samples, they show a similar pattern in the ESR spectra,
suggesting that the copper(II) ions do not show dipolar
effects even at such a high molar percentage, which demon-
strates the validity of this method of synthesis to obtain
highly dispersed particles.
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