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The thermal behavior of Cu-doped TiO2 gels obtained by
the sol-gel method was investigated by thermogravimetric
and differential thermal analysis (TG/DTG/DTA) and
differential scanning calorimetry (DSC) measurements. The
comparative investigation of the structure and morphology
of the as-prepared gels and of the nanopowders obtained by
annealing them was realized by transmission electron
microscopy (TEM), Fourier transmission infrared
spectroscopy (FTIR), X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). Significant differences
were noticed depending on the amount of dopant (0.5 or 2.0
mol % CuO). A higher dopant concentration resulted in a
more complex decomposition of the sample. This behavior
was associated with the formation of various molecular
species in the sol-gel solutions before gelation, determined by the different amount of the dopant used.

INTRODUCTION*
Since the “nano era” started,1 the most studied
oxide in nanometric size has been TiO2. TiO2 is an
n-type semiconductor with a large band gap
(3.2 eV for anatase and 3.0 eV for rutile phase) and
a long lifetime of photo-excited electrons.2,3 It has
*
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several remarkable properties, such as nontoxicity, exceptional resistance to corrosion,
physical and chemical stability, good optical
properties, high photocatalytic activity, and low
cost. Up to date, the nanostructured TiO2 was
successfully applied in fields such as
photocatalysis,4 gas sensors,5 dye sensitized solar
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cells,6 optical coatings, antimicrobial materials,7
pigments, etc.
To improve the properties of TiO2, respectively
to increase its functionality within the frame of the
desired application, various dopants have been
proposed. Among them, an increased interest is
given to doping with the Al3+ and transition metal
ions (for example: Fe3+, Co3+, V4+/ 5+, Nb5+, Mo5+/
6+
, Ag+, Pt4+, Cu+), as well as to certain lanthanides
and actinides: (La3+, Ce3+, Er3+, Ru3+, Pr3+, Gd3+,
Nd3+, Sm3).8-16 Transition metal ions are the most
popular dopants because they have partially filled
d orbitals. Doping with various metals or nonmetals has been extensively explored as a way to
narrow TiO2 bandgap and to enhance its
photocatalytic activity under visible light. Using
Cu as a dopant is a cheap and affordable
alternative, and it can form an additional band.17- 21
For the preparation of TiO2 or doped TiO2
materials different methods are available. Among
them, the sol-gel method is often used to
synthesize doped TiO2 because it has advantages
such as high purity, relatively low processing
temperature and offers the possibility of
controlling stoichiometry.9, 21-27
In the case of Cu doped TiO2 system previous
papers were published. In these papers low amount
of Cu and mainly inorganic Cu reagents were used,
as the following: copper (II) trioxonitrate (V)
(0.033 g),19 copper sulphate pentahydrate (0.5 mol
%),20 copper (II) chloride anhydrous (1 mol.%)22 or
copper chloride dihydrate (0 to 6 at. %)23 and
cooper (II) nitrate/Me(NO3)x/TIP = 0.015 molar
ratio.24
In the present paper, the sol-gel preparation of
Cu doped TiO2 nanometric powders is discussed,
as well as the influence of the amount of dopant on
the thermal behavior of the synthesized samples
and on the structure and properties of the resulted
nanopowders. As compared to the literature data,

the Cu amount in our investigation was in the
range mentioned in literature, but the reagent used
was an organic one (Cu acetylacetonate).

EXPERIMENTAL
Gels and powders preparation
The Cu-doped TiO2 powders were prepared by the sol-gel
method. The initial calculated compositions correspond to a
TiO2:CuO molar percentage of 98:2.0 and 99.5:0.5,
respectively. The titanium tetraisopropoxide (Du Pont)
[TTIP = Ti(O-i-C3H7)4] and Cu acetylacetonate Cu(Acac)2
(Sigma-Aldrich) – [C10H14CuO4] were used as starting
precursors in isopropanol medium. Acetylacetone (AcAc)
(Sigma-Aldrich) [C5H8O2] was used as chelating agent. Nitric
acid (Merck) [HNO3] was used as catalyst. The obtained
reaction mixtures were homogenized at room temperature for
2 hours, then dried at 100oC for 12 h to prepare the gel
samples, followed by a thermal treatment for 1 h at 400°C
with a heating rate of 1°C/min, in order to eliminate the water
and organic residues and to obtain crystallized nanometric
powders. The thermal treatment was established based on the
TG/DTG/DTA results.
The synthesized powders were labeled (TiO2–Cu 0.5%)
and (TiO2–Cu 2.0%), respectively.
The composition of the initial solutions and the
experimental conditions used are presented in Table 1.
Methods of gels and powders characterization
The thermal behavior of the as-prepared samples was
determined by thermogravimetric and differential thermal
analysis (TG/DTG/DTA) using Mettler Toledo TGA/SDTA
851e equipment in open Al2O3 crucibles and in flowing air
atmosphere. The maximum temperature was set at 1000°C and
the heating rate was of 10°C/min.
Differential scanning calorimetry (DSC) measurements
were carried out in a DSC 3 Mettler Toledo differential
calorimeter, in closed aluminium crucibles with a pinhole in
the lead to prevent pressure and build up due do gaseous
products. The maximum temperature was set at 600°C with
the heating rate of 10°C/min and the purge gas was nitrogen.
The transmission electron microscopy (TEM)
observations were done using the JEOL ARM200F analytical
electron microscope, working at 200 kV.

Table 1
Composition of the initial solution and the experimental conditions of sol preparation
Molar ratio
Sample

Reagents

TiO2/
CuO

∑

ROH
precursor

∑

H 2O
precursor

catalyst
∑ precursor

pH sol

Experimental
conditions
T (oC)

t (h)

TiO2-Cu 0.5%

Ti(OC3H7)4 +
Cu(Acac)2

99.5/0.5

36.5

1.35

0.35

3.5

25

2

TiO2-Cu 2.0%

Ti(OC3H7)4 +
Cu(Acac)2

98/2.0

36.5

1.35

0.35

3.5

25

2

ROH = C3H7-OH

Copper-doped gels
The Fourier-transform infrared (FT-IR) spectra of the
as-prepared samples and powders resulted after thermal
treatment were obtained using a Nicolet Spectrometer 6700
FT-IR between 400 and 4000 cm-1. The spectra were collected
using the KBr pellet technique. For each sample the spectra
were recorded at a resolution of 4 cm-1 and processed using
the OMNIC 7.3 software.
The X-ray measurements (XRD) were performed with
an Ultima IV X-Ray Diffractometer (Rigaku, Japan) using the
Cu Kα radiation (Kα = 1.54056 Å) with a scan rate of 2o/min
and 0.02o step size, at 40 kV and 30 mA. The diffraction
pattern ranging between 10o and 80o was recorded.
The samples’ surface was investigated by X-Ray
Photoelectron Spectroscopy (XPS) performed with an AXIS
Ultra DLD (Kratos Surface Analysis) setup, using Mg Kα
(1253,4 eV) radiation produced by a non-monochromatized XRay source at operating power of 120 W (12 kV×10 mA).
Partial charge compensation was reached by using a flood gun
operating at 1.5 A filament current, 2.7 V charge balance,
1.0 V filament bias. High resolution core level spectra have
been recorded using hybrid lens mode, 40 eV pass energy slot
aperture.

RESULTS AND DISCUSSION
The samples obtained in the conditions
presented above were investigated for their
structure, morphology and thermal behavior. In the
case of the sample doped with 0.5% mol CuO a
brown gel is formed, while the sample containing
2.0% mol CuO transforms into an amorphous
yellow powder.
As-prepared gels
The FT-IR spectra of Cu doped TiO2
as-prepared samples are shown in Fig. 1 and the
corresponding vibration bands are presented
comparatively in the Table 2.
In both studied samples the same vibration
bands are identified, but with different intensity.

221

The broad absorption bands between 3420 cm-1
and 3200 cm-1 indicate the presence of the
hydroxyl groups, while the vibration band at 2962
cm-1 is assigned to the presence of C-H, νas(CH)3.
The vibration band around 2428 cm-1 is attributed
to physical CO2 gas absorbed at the surface of
material.28,29 The sample with 0.5% Cu shows the
presence of a high amount of hydroxyl groups in
its composition, while the sample with 2.0 % Cu
contains a higher amount of organic components
confirmed by the presence of the vibration band at
2962 cm-1 and much lower intensity of the
hydroxyl vibration bands.
The band at about 1386 cm-1 is the typical
vibration band of the NO3- , while the band at
1638 cm-1 is related to the bending vibration of the
molecular
water.
The
vibration
bands
corresponding to organic part of the reagents are
observed between 1250 and 1000 cm- 1.
The vibration band attributed to O-Metal (M)-O
is observed at 790 cm−1. The vibration bands
related to M-O framework (Ti-O and Cu-O) are
noticed at 559 and 479 cm−1.
The surface of the samples and the oxidation
states of the components were investigated by XRay Photoelectron Spectroscopy (XPS). All the
core level spectra of interest (Ti 2p, O 1s and Cu
2p) have been deconvoluted using Voigt profiles,
based on the methods described in reference.30 The
atomic composition has been determined by using
the integral areas provided by the deconvolution
procedure normed to the atomic sensitivity factors
provided by reference.31 The XPS spectra
deconvoluted with Voigt profiles are illustrated in
Fig. 2. For better visualization the baseline for the
core level Cu 2p3/2 was extracted and the main
parameters are presented in Table 3.

Fig. 1 – IR spectra of the synthesized Cu-doped TiO2 gels, a) TiO2-Cu 0.5%, b) TiO2-Cu 2.0%.

222

Jeanina Pandele-Cusu et al.
Table 2
The assignment of the vibration bands in IR spectra of the samples
Wavenumber/cm-1
TiO2-Cu 0.5% gel
TiO2-Cu 2.0% gel
3371
3417
2962
2428
2424
1638
1634
1381
1386
1266
1257
1087
1075
794
790
556
559
479
479

(a)

TiO2-Cu 0.5%

Assignments and vibration mode
νOH structural OH group
C-H, νas(CH)3
CO2 absorption
δH2O adsorbed water
νNO3δCH3
C-O
O-M-O
Cu-O, νTi-O
Cu-O, Ti-O-Ti
(b) TiO2-Cu 2.0%

Fig. 2 – XPS spectra of the core level Ti 2p, O 1s and Cu 2p3/2 for the a) TiO2-Cu 0.5% and
b) TiO2-Cu 2.0% as-prepared samples.

From the XPS spectra we can see that Ti 2p3/2
exhibits an intense peak at ~ 458.4 eV and Ti 2p1/2
at ~ 464.1 which is attributed to TiO2. The O 1s
was deconvoluted with 3 components, the first
two, at 529.68 eV and 531.36 eV, constitute the OTi, the surface and the “volume” components of

TiO2, and the small component is due to
contamination. The Cu 2p3/2 spectra present a peak
at ~ 932 eV, attributed to Cu+, as it was found in
the NIST (National Institute of Standards and
Technology) database and in reference. 20

Copper-doped gels
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Table 3
Main parameters obtained from XPS of the samples whose spectra are presented in Fig. 2
Sample
TiO2-Cu 0.5%,
gel

TiO2-Cu 2.0%,
gel

Ti 2p

Element
C1

BE (eV)
458.32

% at
37.66

O1s

C1
C2
C3
C1
C1

529.68
531.36
532.84
931.42
458.40

40.83
14.43
7.06
0.02
37.62

TiO2 vol.
TiO2 surface
contamination
Cu(I)
TiO2

C1
C2
C3
C1

529.81
531.52
532.89
931.82

41.37
13.92
7.02
0.07

TiO2 vol.
TiO2surface
contamination
Cu(I)

Cu 2p3/2
Ti 2p
O1s

Cu 2p3/2

Interpretation
TiO2

Fig. 3 – TG/DTG/DTA curves of the TiO2-Cu 0.5% sample.

In order to establish the influence of the samples
composition on the thermal behavior, the
thermogravimetric and differential thermal
analysis (TG/DTG/DTA) and as well as the
differential scanning calorimetry (DSC) were used.
The TG/DTG/DTA curves corresponding to the
decomposition of the as-prepared samples are shown
in Fig. 3 for the TiO2-Cu 0.5% sample and in Fig. 4
for the TiO2-Cu 2.0% sample.
The TG curves of TiO2-Cu 0.5% sample (Fig. 3)
shows a total weight loss of 25.7%. On the DTA
curve, three heat effects are observed. The
endothermal effect at 83°C is attributed to the
removal of adsorbed water. The two exothermal
effects at 143 °C and 241 oC are assigned to the
decomposition of the samples and burning out of
organic residues.
The TG/DTA/DTG curves of sample TiO2-Cu
2.0% (Fig. 4) present more complex decomposition
behaviour. The total weight loss is 31% in the 20–
200oC temperature range. In the DTA curve, four
heat effects are observed. The first effect at 84°C is

an endothermal one and is attributed, as in the case of
TiO2-Cu 0.5% sample, to the removal of adsorbed
water. The second effect at 122°C is assigned to
structural hydroxyls elimination. The exothermal
effect at 122 and 177°C is assigned to simultaneous,
elimination/oxidation and burning out organic
residues. A large effect between 240-345°C is also
present, assigned to the burning out of organic
residues and crystallization of the resulted amorphous
samples.
No weight loss is observed at temperatures higher
than 350°C, for neither of the studied samples.
Significant differences regarding the as-prepared
samples properties were noticed depending on the
amount of dopant (0.5 or 2.0 mol % CuO).
A higher dopant concentration has determined a
more complex decomposition. This behavior is
associated with the formation of a higher number of
different molecular species in the sol-gel solutions
before gelation. This fact is supported by the FT-IR
spectra that have shown different ratios of organic
inorganic components in the studied samples.
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Fig. 4 – TG/DTG/DTA curves of the TiO2-Cu 2.0% sample.

Fig. 5 – DSC curves of the a) TiO2-Cu 0.5% and b) TiO2-Cu 2.0% samples

A similar behavior was displayed also by solgel prepared TiO2 powders doped with other ions,
namely V.25-27
In order to confirm the results obtained by
thermal analysis of the TiO2-Cu 0.5% and TiO2-Cu
2.0% samples, their thermal behavior was also
determined by DSC measurements. The DSC
results obtained for both samples are presented in
Fig. 5.
According to the DSC results, the curves have
about the same profile as in the case of DTA
results regarding the decomposition behaviour of
the samples. In the case of the sample with a small
amount of dopant two exothermal effects at 134
and 240°C are observed. For the sample TiO2-Cu
2% three exothermal effects are present, being
associated with water elimination (at 112 oC),

oxidation and burning out of organic residues
(170 oC) and crystallization of the anatase phase
(345°C).
Based on the TG/DTG/DTA and DSC results,
the as-prepared powders were thermally treated at
400 °C for 1 h.
Thermally treated samples (powders)
The TEM investigation was performed to
gather information about the morphologies of the
studied samples. The images of thermally treated
samples at 400°C are presented in Figs. 6–8.
The morphology of the two samples is
completely different. The TiO2-Cu (0.5%) sample
has irregular or plate aggregates and the TiO2-Cu

Copper-doped gels

(2.0%) sample is formed mainly by TiO2
aggregates with a spherical shape. In both samples,
the TiO2 anatase crystallites have similar size
between 10 and 15 nm.
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In both cases only anatase reflexions are
present, as reveled by SAED investigations.
The absence of CuO in the samples indicates its
integration in the TiO2 anatase structure.

Fig. 6 – Low magnification images of the samples a) TiO2-Cu (0.5%), b) TiO2-Cu (2.0%).

Fig. 7 – TEM image, SAED and HRTEM detail for the sample TiO2-Cu (0.5%).

Fig. 8 – TEM image, SAED and HRTEM detail for the sample TiO2-Cu (2.0%).

The FT-IR spectra of Cu doped TiO2 treated
powders are shown in Fig.9.
As compared to the as-prepared samples, the
intensity of the characteristic bands assigned to
M-O (Ti-O and Cu-O) and M-O-M vibrations is
significantly increased.
The other bands assigned to the CO2 (2350 cm-1)
and to the water (1630 cm-1) have much lower
intensity and this presence could be due to their

adsorbtion from the atmosphere during samples
preservation. The band at (1250 cm-1) could be
explained by the presence of the organic residues
evolved during the thermal treatment of the gels,
but retained in low amount on the surface of the
sample. The possible retention of the organic
species evolved by gels decomposition on the
particle surface was previously reported. 32
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Fig. 9 – IR spectra of the thermally treated Cu-doped TiO2 powders, a) TiO2 0.5%, b) TiO2 2.0%.

Fig. 10 – The XRD patterns of the samples thermally treated at 400 °C a) TiO2-Cu 0.5% and
b) TiO2-Cu 2.0%.

interstitial incorporation of Cu ions within the TiO2
matrix. Interstitial doping generates structural
defects in the anatase structure that create internal
strain (Table 5).33
The average crystallite size estimated by the
Williamson method is 59 Å for TiO2-Cu 0.5% and
57 Å for TiO2-Cu 2.0%, respectively. The
calculated lattice parameters are similar to those
from the standard reference. One can assume that
due to the differences between the ionic radii of
Cu2+ (0.73Å) and Ti4+ (0.61Å), respectively, Cu
ions are mainly located in the interstitial positions
of the lattice rather than directly in Ti4+ sites.34

The XRD analysis was carried out in order to
identify the crystalline structure of the studied
samples. The XRD patterns of Cu doped TiO2
samples are displayed in Fig. 10 a, b.
The reflection peaks indicate the formation of
the TiO2-anatase phase (JCPDS card no. 0211272). No reflection peaks of the copper crystalline
phases (Cu metal, CuO, or Cu2O) were observed,
thus it can be concluded that Cu ions are
incorporated within the TiO2 lattice. For the
reflection (101), a slight shift from 25.27° to
25.20° in comparison with the reference (JCPDS
21-1272) is observed. This shift may be due to the
Table 5

Lattice parameters, strain and crystallite size of the samples
Sample
TiO2-Cu 0.5%
TiO2-Cu 2.0%
TiO2-anatase

a=b
(Å)
3.785(3)
3.784(2)
3.785

c
(Å)
9.491(7)
9.490(6)
9.514

2theta
(101)
25.20
25.21
25.28

Crystallite size (Å)
59(8)
57(8)
-

Strain
(%)
0.8(6)
0.9(5)
-

Copper-doped gels

XPS measurements were also performed for
the thermally treated samples. In Fig. 11 the XPS
spectra are presented. As in the previous samples,
the core level spectra of atoms for interest (Ti 2p,
O 1s and Cu 2p3/2) have been deconvoluted using
Voigt profiles 30 and in this case we can see that the
XPS intensity is improved for the Cu 2p3/2.
Table 6 presents the binding energies, atomic %
values obtained from the deconvolutions and the
interpretation of peaks.
For the thermally treated powder samples the
XPS spectra of Ti 2p have a more intense peak at ~
458.4 eV, which is attributed to TiO2. In this case
the O 1s was deconvoluted with 2 components, one
at 529,6 eV, which represents the O-Ti, and a small
(a)TiO2-Cu 0.5%
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component due to contamination. The Cu 2p3/2
spectra present a peak at ~ 932 eV, attributed to
Cu+, as it was found in the NIST (National Institute
of Standards and Technology) database and in
reference. 22
No shifts were observed for the gel or powder
samples, as it was in reference20. The XPS analysis
shows an oxygen deficit, which seems related to
the transformation of Ti4+ into Ti3+states as shown
in reference.20 The presence of Cu in TiO2 and the
fact that we obtained a lower percentage of Cu
could result from the fact that we are seeing only
the small amount of Cu from the surface and Cu
substitute Ti. 22

(b)TiO2-Cu 2.0%,

Fig. 11 – XPS spectra of the core level Ti 2p, O 1s and Cu 2p3/2 for the a) TiO2-Cu 0.5%
and b) TiO2-Cu 2.0% powders, thermally treated.
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Table 6
Main parameters obtained from XPS of the samples whose spectra are presented in Fig. 11
Sample
TiO2-Cu 0.5%, powder,
thermally treated

TiO2-Cu 2.0%, powder,
thermally treated

Ti 2p

Element
C1

BE (eV)
458.46

% at
42.37

Interpretation
TiO2

O1s

C1
C2
C1
C1
C1
C2
C1

529.60
531.77
931.80
458.28
529.55
531.28
931.71

53.51
4.07
0.05
37.79
55.49
6.42
0.32

TiO2 vol.
TiO2 surface + cont
Cu(I)
TiO2
TiO2 vol.
TiO2 surface + cont.
Cu(I)

Cu 2p3/2
Ti 2p
O1s
Cu 2p3/2

Comparing the structure and morphology of the
as-prepared samples with that of the thermally
treated ones, it could be noticed that the
differences observed for the gel samples are
maintained also for the powder samples. The
differences are correlated with the amount of Cu
dopant in the studied samples.
CONCLUSIONS
In the present paper, the preparation by sol-gel
method of Cu doped TiO2 nanometric powders was
presented. The influence of the amount of dopant on
the thermal behavior as well as on the structure and
properties of the resulted nanopowders is also
discussed.
The thermal behavior of the as-prepared samples
was significantly influenced by the amount of dopant.
The mentioned differences are also maintained in
the case of the thermally treated samples.
The results are preliminary and are under further
investigation.
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