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Abstract

This study involves the production of a yellow ceramic pigment and examines the influence of the addition of Ce2O3 to a TiO2–MoO3 matrix

processed by solid state reactions in a calcination step at 1200 8C. The presence of Ce+3 ions in the matrix leads to a decrease in the band gap value,

intensifying the yellow color of the pigment. The absorbance spectra show light absorption in the visible region at a wavelength in the range of

yellow color. The system under study results in a yellow pigment with a more intense color than that of the matrix.
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1. Introduction

Ceramic pigment production requirements today include

low product toxicity, cost reduction, and improved color

shading, i.e., light and strong color intensity, using lower firing

temperatures, due to the highly competitive market and the

development of new materials [1]. These pigments are used for

coloring materials such as glazes, paints and plastics [2].

The industrial ceramic pigments most widely employed are

constituted of transition elements, which are characterized for

having incomplete d or f orbitals, enabling the action of two

phenomena responsible for pigmentation: electronic transitions

within d–d or f–f levels, and charge transfer [3].

A pigment has a defined crystalline structure, which is

determined by its host lattice [4]. At high temperatures, some

oxides in a host lattice form either a solid solution or a new

compound [5]. The majority of pigments composed of mixtures

of transition-metal oxides show equilibrium between the

metallic cations and the oxygen anions whose crystalline

structure is similar to that of natural minerals [6].

TiO2-based pigments are widely employed in industrial

applications due to their color range, which depends on the
* Corresponding author. Tel.: +55 42 3220 3053; fax: +55 42 3220 3160.

E-mail address: siarasilvestri@hotmail.com (S. Silvestri).

0272-8842/$36.00 # 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2011.05.161
chromophore ions [4,7] or counterions [8–10] added to the

matrix. These pigments can also act as opacifying agents [6].

When Cr2O3 is added to TiO2, whose structures are cassiterite

and rutile, respectively, the mixture becomes yellow at 700 8C,

and pink at 1400 8C [11]. The addition of ceria to the TiO2

matrix results in a yellow pigment that can be employed in the

fabrication of dental prostheses [12], with the possibility of

obtaining a color similar to that of commercial dentine [12,13].

The doping of titanium oxide with vanadium and zirconium

oxides produces a bright yellow shade whose colorimetric

parameters are very similar to those of industrial ceramic

pigments [14].

The addition of cerium and praseodymium to the TiO2

matrix results in a color varying from yellow to red after

calcination at 1250 8C; this pigment is employed as a plastic

colorant [1,9]. In addition, the combination of cerium and

molybdenum oxides yields a new environmentally friendly

class of yellow pigments, thus serving as an alternative to toxic

elements such as lead, cadmium and chromium [15].

Pigments containing molybdenum show different shades

that change according to the matrix and temperature. For

example, the addition of molybdenum to Al2O3 leads to a blue

pigment [16].

The addition of dopants in oxide mixtures may change the

pigment’s color through band gap manipulation [1]. In other

words, the use of dopants may shift the band gap energy to
d.
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Fig. 1. XRD patterns of samples calcined at 1200 8C. (a) TiO2–MoO3 + Ce2O3,

(b) TiO2-MoO3 (c) TiO2.
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values nearer to that necessary to obtain the desired color. For

example, by doping TiCeO4 with Pr+4 ions it is possible to

obtain a reduction in the band gap from 2.96 to 1.84 eV; this

decrease in the band gap causes the color to change. This first

band gap value falls within the indigo region in the visible

wavelength, leading to a light yellow color, while the second

band gap value leads to a red brick color [1].

As mentioned earlier, pigments based on TiO2 with a rutile

structure are widely reported in the literature [17–19]. However,

the synthesis of these pigments generally involves an anatase-

to-rutile transformation, which is strongly affected by

chromophores [17–19]. On the other hand, the crystal structure

of rutile pigments, and, therefore their color properties, are

modified by chromophore and counterion doping [17].

The present study involved the evaluation of a pigment with

a new composition based on the rutile structure. This pigment

was synthesized starting from rutile TiO2 powders without

involving the anatase-to-rutile transformation. The effect of the

addition of Ce2O3 in increasing the yellow color intensity and

lightness when compared with the TiO2–MoO3 matrix was also

evaluated using the CIELab color system [4], as was the

system’s morphology.

2. Material and methods

The pigment was developed using a stoichiometric mixture

of commercial titanium dioxide TiO2 (Synth, 91%) and 20%

(mole percentage) of molybdenum oxide (Vetec, 99%) as the

matrix, and adding 0.1–1% (mole percentage) of Ce(N-

O3)3�6H2O (Aldrich, 99.9%). The powder’s particle sizes were

114 nm for titanium and 1.4 mm for molybdenum oxide.

The mixture was ground in an agate mortar and then calcined

in a muffle furnace up to a final temperature of 1200 8C. For

comparison with the doped samples, pure rutile TiO2 samples

were also sintered at 1200 8C. The furnace heating rate was

10 8C/min, and all the samples were sintered in air.

Samples of pure rutile TiO2, MoO3-doped TiO2, and MoO3–

TiO2 doped with 1% of Ce(NO3)3�6H2O were characterized by

X-ray diffraction (XRD) using a Shimadzu XRD6000 with

CuKa radiation, with the patterns recorded from 108 to 708 in

steps of 28/min.

The particle size of the pigment was analyzed using a

CILAS 920 particle size analyzer. The powder morphology was

examined by scanning electron microscopy, using a Zeiss Supra

35 FEG-SEM microscope. The pigment’s reflective capacity

was characterized by UV-visible diffuse reflectance spectro-

scopy (360–830 nm), using a Varian Cary 50 spectrophot-

ometer. The color of the samples was measured according to the

ASTM D 2244-09b: Standard Practice for Calculation of Color

Tolerances and Color Differences from Instrumentally Mea-

sured Color Coordinates, using the CIELab testing method.

The preparation of samples for UV-visible diffuse reflec-

tance spectroscopy measurements consisted of grinding in an

agate mortar and then sifting the material through a # 325 mesh

laboratory test sieve.

The results of the UV-visible diffuse reflectance spectro-

scopy experiments were used to calculate the pigment band gap
with the Kubelka–Munk function (K–M) [20], which is given

by Eq. (1)

K � M ¼ ð1 � RÞ2

2R
(1)

where R is the reflectance.

The band gap is calculated using the reflectance as a function

of wavelength curves, which are obtained by UV-visible diffuse

reflectance spectroscopy. The reflectance curve is then

extrapolated in the direction of the wavelength axis. This

wavelength is the band gap wavelength, in nanometers, which

is converted into energy (in electron volts) using Eq. (2)

E ¼ 1240

l
(2)

where E is the band gap energy (eV) and l is the wavelength

(nm).

3. Results and discussion

The synthesized pigments were characterized by X-ray

diffraction, and their patterns are shown in Fig. 1.

Fig. 1 presents the XRD pattern of pure TiO2 (c) indicating

the reflection of rutile crystalline phase. Fig. 1(b) shows the

MoO3 added to TiO2, highlighting the three most intense

reflections of MoO3, as well as changes in the relative intensity

of TiO2 reflections. A sample powder system containing TiO2,

MoO3, and Ce2O3 is shown in Fig. 1 (a).

A comparison of a calcined sample of the TiO2–MoO3

system containing 1% of Ce2O3 (Fig. 2(a)) and a non-calcined

sample (Fig. 2(b)) shows changes in the XRD reflections,

indicating that the introduction of cerium into the system

contributed to promote structural changes in the rutile matrix. It

can therefore be inferred that the structural changes in the

matrix are due to a charge-transfer transition between Ti+4 ions

and f electrons of Ce+3 or the conduction or valence ions of

TiO2.

Fig. 3 depicts the morphology of the TiO2–MoO3 system

with and without Ce2O3 evaluated by SEM. These SEM

micrographs suggest that the two samples had a similar



Fig. 2. XRD patterns of the TiO2–MoO3 system doped with 1% of Ce2O3: (a)

calcined at 1200 8C; (b) non-calcined.

Fig. 4. Absorbance spectra of the TiO2–MoO3 system: (a) 0.0% Ce2O3; (b)

0.3% Ce2O3; and (c) 1.0% Ce2O3.

Fig. 5. L*, a* and b* coordinates for the Ce2O3-doped TiO2–MoO3 system 0,

0.3, 0.5, 0.7, 0.9 and 1% in mol of Ce2O3.
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morphology, and that the calcination temperature employed

sufficed to initiate the particle sintering process. The particle

size analysis indicated that the pigment had a mean particle size

of about 6.6 mm.

The absorbance of TiO2–MoO3 samples with different

amounts of Ce2O3 was analyzed by UV-visible reflectance

spectroscopy. The TiO2–MoO3 system was doped with 0.3, 0.5,

0.7, 0.9 and 1% (mole percentage) of Ce2O3. Absorbance

spectra of the TiO2–MoO3 system without Ce2O3 and doped

with 0.3 and 1% of Ce2O3 are shown in Fig. 4. The values of 0.3

and 1% of Ce2O3 represent, respectively, the maximum and

minimum absorbance verified in the system under investiga-

tion. A comparison of Fig. 4(a)–(c) suggests only a small

difference in absorption in the system containing Ce2O3, since

the absorbance values fell within a narrow range.

The CIELab system includes three parameters for identify-

ing a color [21]: the L* parameter indicates the lightness level,

which varies from 0 (black) to 100 (white); the a* parameter:

a* < 0 indicates the amount of green while a* > 0 indicates the

amount of red; the b* parameter: b* < 0 indicates the amount

of blue while b* > 0 indicates the amount of yellow.

Parameters a* and b* are the chromatic coordinates [14,22].

Fig. 5 shows the color parameters of the TiO2–MoO3

samples doped in the range of 0.0–1.0% of Ce2O3 estimated by

the CiELab method. In comparison to the samples without

Ce2O3, the increase in the amount of Ce2O3 did not promote an

increase in lightness, as indicated by the L* coordinate of the

CIELab method.
Fig. 3. SEM micrographs of the TiO2–MoO3 system calcine
According to the CiELab method coordinates, �a* indicates

the maximum green intensity, and +a* the maximum red

intensity. On the other hand, �b* indicates the maximum blue

intensity, and +b* the maximum yellow intensity. Although it
d at 1200 8C: (a) TiO2–MoO3; (b) TiO2–MoO3 + Ce2O3.



Table 1

Gap values of pure the TiO2–MoO3 system, and the Ce2O3-doped system.

System Gap (eV)

TiO2–MoO3 3.02

TiO2–MoO3 + 0.3% Ce2O3 3.02

TiO2–MoO3 + 1% Ce2O3 2.93
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cannot be seen in Fig. 5, the addition of Ce2O3 to the TiO2–

MoO3 matrix increases the intensity of yellow (+b*). This

phenomenon may be due to the presence of Ce+3 ions, which

promote yellow color added to a matrix.

The band gap was calculated using the Kubelka–Munk

function (Eq. (1)) [20]. The band gap value indicates the

minimum energy required to excite an electron. When the

electron returns to its fundamental state, visible radiation is

emitted at a wavelength in the range of 360–400 nm, which is

the range absorbed by the pigment (Table 1).

Yellow is defined by a specific gap range, and the smaller the

gap the lower the energy required to produce the color. The

addition of Ce2O3 to the TiO2–MoO3 system decreases the gap

value.

Colors depend on the number of unpaired electrons.

Pigments derived from rare earths show their characteristic

colors due to their intense charge-transfer interactions between

a donor and a receptor, with the ion generally acting as a

receptor.

As a result of the color obtained, the use of cerium as a

doping agent in a system comprising a mixture of oxides

promotes energy faults and displacement of electrons in

conduction and valence bands.

4. Conclusions

The addition of Ce2O3 to the TiO2–MoO3 system up to a

specific concentration limit enhances the intensity of the yellow

color. This effect is produced by Ce2O3, whose presence

diminishes the energy (gap) required to promote the yellow

color.
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