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" Blue–green x%Co–Al2O3/TiO2

nanoceramic pigments were
prepared by sol–gel methods.

" High thermal stability up to 1200 �C.
" Color intensity increased as the

amount of Co increased at
calcination temperatures.

g r a p h i c a l a b s t r a c t

Blue–Green Co2+-doped alumina–titania nanoceramic pigments calcined at different temperatures.
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a b s t r a c t

Blue-green nanoceramic pigments from Co2+-doped alumina–titania (xCo2+–Al2O3/TiO2) have been syn-
thesized by alkoxide sol–gel route from a mixture of titania and boehmite sols that derived from titanium
isopropoxide and aluminum nitrate precursors. The composition of the alumina/titania (AT) matrix is
3:1 M ratio. A series of xCo2+:3TiO2:1Al2O3 mixed oxides with different Co2+-dopant ion concentration
has been prepared. The molar ratio of the Co2+-dopant ion in the Al2O3/TiO2 matrix is from x = 0 to
0.5 M ratio relative to the titania composition. Characterizations of Co2+-doped alumina/titania nanocom-
posites are carried out using reflectance spectroscopy, transmission electron microscope (TEM), scanning
electron microscopy (SEM-EDS), thermo-gravimetric analysis (TGA) and X-ray diffractometer (XRD). The
experimental results demonstrated that the prepared Co2+-doped alumina–titania nanocomposites fulfill
the current technological requirements for ceramic pigment applications that exhibit a high physico-
chemical and thermal stabilities at high firing temperatures.

� 2012 Elsevier B.V. All rights reserved.

Introduction

Titania nanomaterials have a broad range of industrial applica-
tions in different areas including pigment, photocatalysts, solar
cells, ceramics, inorganic membranes, sensors, nonlinear optics
and environmental purification, etc. [1–5]. Alumina–titania (AT)
nanocomposites have found extensive uses not only in photocatal-

ysis but also in ceramic industry and many other applications. This
is due to their specific properties such as thermal stability, high sur-
face area and its ability to alter the catalytic activity by interacting
with the active phases [6–9]. Different techniques are adopted for
the fabrication of AT composite [10,11]. A cost-effective way to
fabricate Al2O3/TiO2 nanocomposite matrix, are the simple sol–gel
methods [12]. These sol–gel processes have been used to prepare
oxide nanomaterials and composite catalysts with higher thermal
stability, higher resistance and high surface area [13]. In the
present work of research, we have synthesized a series of novel
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Fig. 1. XRD patterns of (A) the different x%Co-AT samples calcined at 1000 �C; (B) 0.05%Co-AT samples calcined at different temperatures from 0 to 1200 �C.

Table 1
Crytallite phases and average crystallite sizes of the different pigment samples with different Co-content, and 0.05%Co-AT samples calcined at different temperatures.

Sample Phases

Anatase Rutile Aluminum oxide Tialite (Al2TiO5) Spinel (CoAl2O4)

% Crystallite size (nm) % Crystallite size (nm) % Crystallite size (nm) % Crystallite size (nm) % Crystallite size (nm)

AT-0.0 45.0 71.23 23.0 141.82 32.0 311.21 – – – –
AT-0.05 43.0 69.55 22.0 141.53 35.0 296.90 – – – –
AT-0.1 42.0 62.05 21.0 141.50 37.0 279.76 – – – –
AT-0.3 – – 62.4 135.00 18.8 52.20 – – – –
AT-0.5 – – 93.1 78.18 – – – – 6.9 22.25
0 �C AT-0.05 100 9.36 – – – – – – – –
200 �C AT-0.05 100 10.60 – – – – – – – –
400 �C AT-0.05 100 10.84 – – – – – – – –
800 �C AT-0.05 77.0 20.36 – – 33.0 35.40 – – – –
1000 �C AT-0.05 43.0 69.55 22.0 141.53 35.0 296.90 – – – –
1200 �C AT-0.05 – – 58.4 174.35 24.8 219.71 16.8 142.57 – –
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and highly stable xCo2+-doped Al2O3/TiO2 nanocomposite pigments
using a simple sol–gel process from a mixture of titania and
boehmite sols derived from titanium isopropoxide and aluminum
nitrate. The effect of different calcination temperatures on the color
intensity of the different prepared nanocomposite pigments has
been studied. Material characterization tools such as diffuse reflec-
tance (SEM-EDS), TEM, thermo-gravimetric analysis (TGA) and
X-ray diffractometer (XRD) have been used to investigate the
prepared nano-pigments.

Experimental

Chemical and materials

All starting materials are of analytical grade and are used with-
out further purification. Boehmite and titanium isopropoxide (TIP)
sols are used as the precursors for alumina and titania oxides,
respectively. Co(NO3)2 is used as a source for the Co2+-dopant me-
tal ion.
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Fig. 2. TG/DSC curves of the different x%Co-AT samples.
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Synthesis

Boehmite sol was synthesized from aluminum nitrate, Al(-
NO3)3�9H2O by controlled precipitation followed by peptization
by dilute nitric acid at pH 3–3.5 [14]. In the present experiment,

the concentration of alumina in the boehmite sol was 0.03 g/ml.
The titania sol was prepared by acid catalyzed sol–gel hydrolysis
with acetic acid in ice bath under vigorous stirring for 2 h. In a
typical experiment, the alumina:titania (1:3 M ratio) was prepared
by mixing 100 ml Boehmite sol and 13 ml TIP sol then stirring for

Fig. 3. SEM/EDS micrographs of (a) pure AT samples calcined at different temperatures; (b, c) different Co-doped AT ceramic pigments sintered at 1200 �C.
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5 h followed by flocculation at pH 3 using dilute nitric acid. The
flocculated gel was then dried at 60 �C in an air oven. Following
a similar procedure, x%Co-doped alumina/titania composite sam-
ples of 3TiO2:1Al2O3 were synthesized using Co(NO3)2 as a source
for the Co2+ metal ions. The molar ratio of the Co2+-dopant ion con-
centration in the TiO2/Al2O3 matrix was from x = 0% to 0.5% relative
to the titania composition. The product materials were labeled as
AT 0, AT0.05, AT0.1, AT0.3 and AT0.5, respectively, for x%Co-doped
(3TiO2:1Al2O3); x = 0, 0.05, 0.1, 0.3, and 0.5% molar ratio. Final
calcination for all the samples was done in an alumina crucible
at 200, 400, 800, 1000 and 1200 �C for 1 h.

Characterizations

The crystalline phases as a function of calcination temperatures
were analyzed by X-ray diffraction (XRD, on a Bruker D8-ADVANCE
X-ray diffractometer at 40 kV and 40 mA for monochromatized
CuK at 0.154 nm radiation. Crystallite size calculations and phase
quantification were determined using X’Pert Program software.
Thermogravimetry (TG) and differential thermal analysis (DTA)
tests were done ranging from room temperature to 1200 �C at
10 �C/min, using an (Shimadzu, DTA-50 H) equipment, to evaluate
the phase transformation temperatures of the doped alumina/tita-
nia. Morphological characterization of the samples was performed
using Hitachi S-5200 scanning electron microscope. Energy disper-
sive X-ray (EDS) of samples was measured by an INCA-2000 spec-
trum. The color intensity and reflectance spectra of the samples
were measured by using a (UV-3100) UV–VIS spectrophotometer
(Shimadzu Corporation, Japan).

Results and discussion

X-ray diffraction patterns of the different Co-doped alumina–
titania samples (AT-x%Co; x = 0–0.5%) (Fig. 1A) calcined at
1000 �C were studied in order to investigate the effect of doping
with the different%Co-content on the crystallographic characteris-
tics of the obtained pigments. Pure alumina–titania materials
calcined at 1000 �C showed the presence of both anatase (JCPDS

01–037-1764) and rutile (JCPDS 01–087-0921) phases of titania
nanomaterials. a-Al2O3 (JCPDS 01-075-1862) diffraction peaks at
2h = 35.1, 37.7, 43.3, 52.5, 57.5 and 66.58, were also identified in
the XRD patterns of all the samples. However at very high
concentration of Co-dopant in the (AT-0.5%Co) samples, the excess
of Co2+-ions tend to form a spinel (CoAl2O4, JCPDS 01-082-2244)
and the a-Al2O3 was totally disappeared however, rutile, supposed
as an unreacted component, exists. Moreover, it was observed
that with increasing the Co-content, the transformation of
anatase-to-rutile ratio increases till the formation of pure rutile
phase in AT-0.3, 0.5%Co samples (see Fig. 1A and Table 1).

The XRD patterns of the 0.05%Co2+-doped alumina–titania (AT-
0.05%Co2+) materials, as example, calcined at the different temper-
atures ranging from 0 to 1200 �C are presented in Fig. 1B. The XRD
patterns of the nanopigment materials heated at 70, 200, 400 and
800 �C showed a well-defined diffraction peaks corresponding to
anatase phase, irrespective of the presence of alumina. At
1000 �C, both anatase and rutile phases were present, however at
higher temperature up to 1200 �C, the only crystalline phase of
titania was rutile, which means complete phase transformation
from anatase to rutile.

Moreover, Al2TiO5 crystalline phase (a ceramic structural com-
monly known as tialite) was obtained at high temperature up to
1200 �C due to combination between rutile TiO2 and a-Al2O3

[15]. Initially Ti4+ ions are substituted by Al3+ with associated
charge compensation by oxygen vacancy formation, although as
the dopant level is increased, Al3+ enters interstitial sites [16].
Similar defect chemistry is exploited in a commercial context
when Al3+ is added to titania pigments during its manufacture [17].

From these X-ray diffraction data, the average crystallite sizes
were calculated via measuring the peak broadening using Scher-
rer’s equation [18] and are given in Table 1. It was found that at
higher calcination temperatures, the average crystallite size
increases. With increasing Co-dopant concentration, there is a
remarkable decrease in the crystallite sizes of the anatase, rutile
and alumina crystallites.

The differential and thermo-gravimetric (DTA/TG) analyses of
the Co-doped alumina–titania nano-powders heated from room
temperature up to 1200 �C are shown in Fig. 2. The TGA profiles

Fig. 4. TEM image of the 0.3%Co-doped AT nanopowder calcined at 1200 �C; Inset HRTEM image of equiaxial a-Al2O3 crystal surrounded by titania nanoparticles.
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of all the samples reveal that there are three well defined mass loss
regions: the first region from room temperature to 140 �C, where
the weight loss was around 15% due to removal of water. The
second region from 140 �C to 210 �C, where the weight loss until
this temperature was around 25% due to removal of chemically
bonded OH groups. The third region was from 210 �C to 450 �C,
where the rate of weight loss was about 50% corresponding to
removal of organic content. There was no loss between 450 �C until
1200 �C indicating thermal stability of the prepared pigments. The
DTA plot shows a broad exothermic peak in the range of 80–200 �C
and two main endothermic peaks. The first one was very sharp at
about 218 �C with an overlapped shoulder at 260 �C. In this range
of temperatures, the sample continuously loses water molecules,
most probably due to dehydration and loss of OH� and beginning
of crystallization. Another shallow endothermic peak was observed

at 850 �C, which is corresponding to anatase–rutile transformation.
This temperature is higher than that anatase–rutile transformation
for the pure nanometer TiO2 sample that occurs at 789 �C, indicat-
ing the retarding effect of the alumina content [19].

The SEM micrographs of the pure AT ceramics sintered at differ-
ent temperatures are shown in Fig. 3A. The composite powders
show a completely dense of titania nanoparticles (white particles),
that was gradually increased into agglomerate of nanoparticles
with increasing temperature. Equiaxial a-alumina gray particles
began to appear above 800 �C. The SEM–EDS results of the different
Co-doped AT ceramic pigments sintered at 1200 �C are shown in
Fig. 3B and C. It was found that by doping, grain boundaries had
formed between the AT grains that probably enhance the density
of bulk ceramic [20]. It can be inferred from the XRD results
(Fig. 1A) and EDS analysis (Fig. 3B) that Co2+ entered into the crys-

Fig. 5. UV–Vis absorption spectra of (A) the different x%Co-AT powders calcined at 1000 �C; (B) 0.3%Co-AT powders calcined at different temperatures.
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tal lattice of titania, where the oxygen vacancies and substitution
atoms brought high lattice distortion energy.

TEM results confirmed the nanostructure of the obtained pig-
ments. The detailed TEM image of the Co-doped alumina–titania
(0.3%Co2+-AT) calcined at 1200 �C, as an example, was presented
in Fig. 4. It showed a uniform nanosize of titania particles with
an average size of 20–30 nm, as well as an equiaxial a-Al2O3

crystals that appears with an average size of 300–500 nm.
UV–Vis absorption spectra of the different ceramic pigments are

shown in Fig. 5A and B. The optical spectra of the different
(AT-x%Co2+) pigments calcined at 1000 �C are dominated by very
strong absorption bands in the range 490–700 nm (Fig. 5A), with
three characteristic absorption bands assigned to the [4A2(F) ?
4T1(P)] transition of Co2+ in a tetrahedral ligand field at around
m1 = 630 nm (red region), m2 = 590 nm (yellow–orange region),
and m3 = 550 nm (green region), which gives rise to the blue color-
ation [21].

This blue color becomes more intense with the increase of the
Co2+-content. Fig. 5B shows the change in the absorption spectra
of the AT-0.3%Co2+ pigments at different calcination temperatures
up to 1200 �C. It was observed that at higher temperatures, a shift
of the color from blue to blue-green color has been done. This fact
is due to the higher intensity of the octahedral ligand field at
m4 = 480 nm as a consequence of the higher temperatures [21].

Clearly the nano-pigment colors change when the calcination
temperature increases. This behavior can be attributed to the crys-
talline phase transition as observed by the X-ray results and by the
increasing of the particle size. The synthesized pigments also pre-
sented intense and uniform colors with good stability after calcina-
tions at 1200 �C [22].

From the above results, we have demonstrated that the pre-
pared nano-pigments may behave satisfactorily in ceramic applica-
tions by developing a deep blue color with thermal stability at high
temperatures.

Conclusion

Blue-green nanoceramic pigments from x%Co2+-doped alu-
mina–titania (xCo2+-1Al2O3/3TiO2) have been synthesized via a
simple sol–gel method. By this method, different nanoceramic pig-
ments with different blue color intensity have been obtained
which exhibit a coloring performance with very low amount of co-
balt, and high thermal stability up to 1200 �C. These nano pigments
containing a much lower amount of cobalt than conventional cera-
mic colorants, which are able to significantly reduce the Co con-
sumption, and improve manufacturing cost and sustainability,
also owing to its easy synthesis method.
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