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Abstract

Novel yellow to blackish green Ni-doped aluminium titanate (Al2TiO5) ceramic pigments were synthesized by
solid-state reaction method at 1400 °C. Effects of nickel doping content on phase composition, microstructure,
optical properties and stability were studied. The results show that the higher content of Al2TiO5 phase and
the reduction of the lattice distortion of aluminium titanate could be attributed to the entry of nickel ions into
aluminium titanate lattice resulting in the formation of solid solution. Ni-doped aluminium titanate ceramic
pigments show exceptional glaze colouring and are expected to be promising high-temperature pigments.
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I. Introduction

The inorganic pigments are widely used in paint,
plastics, glazes and ceramics due to their thermal sta-
bility, chemical stability and high tinting strength [1,2].
The ceramic pigment is a kind of decorative material
used for the painting of ceramic products [3,4]. It can be
divided into tin-based [5], zirconium-based [6], spinel-
type [7], rutile-type [8], corundum-type [9] and encap-
sulated ceramic pigments [10]. It can also be divided
into high-temperature and low-temperature pigments.
There are many kinds of low-temperature pigments and
relatively few pigments with high stability at high tem-
perature, especially with the temperature higher than
1300 °C [11].

Aluminium titanate (Al2TiO5) has the characteristics
of high melting point (1860 °C) and high corrosion re-
sistance to alkali, salt and glass melt [12]. Compared
with spinel, corundum and rutile types of pigments, alu-
minium titanate base ceramic pigment has better corro-
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sion resistance to glass melt and high temperature sta-
bility. Also, compared with zirconia and tin based ce-
ramic pigments, aluminium titanate ceramic pigment
contains two doping positions of trivalent aluminium
ion and tetravalent titanium ion, which can be adapted
to different colouring ions. It also has a wider range
of high concentration doping (high colouring effect)
feasibility. At present, the research on aluminium ti-
tanate base ceramic pigment has just started. Michele
et al. [13] prepared M doped Al2TiO5 solid solution
ceramic pigments (where M is Cr (green colour), Mn
(brown colour), Co (pink colour)) by solid-phase reac-
tion method at 1400 °C.

With the dimethyl sulfoxide-d6 (DMSO-d6) transi-
tion occurring in the visible light region, some transi-
tion metal oxides show interesting hues and properties
and are attracting focus of the researchers as new pig-
ments. For decades, several inorganic pigments which
contain heavy metals and transition metals have been
extensively used for industrial and commercial purposes
[14]. Several transition metal oxides undergo energetic
transitions in the visible region that produce interesting
colours and good performance and have thus attracted
attention as novel chromophores [15]. Ni-doping is

314

https://doi.org/10.2298/PAC2103314C


J. Chen et al. / Processing and Application of Ceramics 15 [3] (2021) 314–318

expected to confer a rich colour to ceramic pigments via
the 4s23d8 ion configuration [16]. In this work, a novel
Ni-doped Al2TiO5 emerald green ceramic pigment was
developed. Effect of the Ni-doping concentration on the
pigment performance was investigated.

II. Experimental

2.1. Preparation method

TiO2 (analytically pure, AR), Al2O3 (analytically
pure, AR) and Ni2O3 (analytically pure, AR) were used
as starting materials directly without further refinement.
TiO2 and Al2O3 were weighed according to the sto-
ichiometric ratio of aluminium titanate and placed in
the mortar. Ni2O3 was weighed according to the doping
content (5, 10, 15, 20 and 25 mol%) and the benchmark
of aluminium titanate. The mixture was evenly mixed by
grounding for 30 min. Finally, the samples were main-
tained at 1400 °C for 2 h. The samples were marked as
W (without Ni-doping), A (5 mol%), B (10 mol%), C
(15 mol%), D (20 mol%) and E (25 mol%).

The ceramic body and glaze were supplied by Peiy-
intang Ceramic Glaze Shop in Jingdezhen, China. The
glazing process was performed by mixing the synthe-
sized pigments with a transparent glaze (using mass ra-
tio 6 to 94, respectively), followed by firing in air at
1200 °C for 2 h. In addition, the stability test of the sam-
ples is carried out for the selected samples W and D
undergoing additional heat treatment at 1200 °C for 2 h.

2.2. Characterization

The crystal phase composition, crystal structure and
crystal parameters of the samples were analysed by
D8 type X-ray diffractometer. Step scanning method
was used and CuKα target with the wavelength of
λ = 0.154 nm was employed as the radiation source.
The scanning ranges were from 10 to 70°. The crys-
tal cell parameters were determined by the Rietveld re-
finement. Since the prepared samples consisted of dif-
ferent phases, the content of aluminium titanate un-
der different process conditions was determined by
the adiabatic method (self-cleaning method) for semi-
quantitatively calculation of the content of each crys-
tal phase. The RIR(K) coordinate of each phase can be
checked through the PDF card (the coordinate of alu-
minium titanate phase the RIR value is 2, the RIR value
of the rutile phase is 3.4 and the RIR value of the corun-
dum phase is 1). The diffraction intensity of each phase
was measured and the mass fraction of the required
phase can be calculated [17,18]:

WAl2TiO5
=

1
KAl2TiO5
IAl2TiO5

·

n∑

i=1

Ii

Ki

(1)

n is the number of phases to be measured and i is the
phase to be measured.

Microstructure characterization of the powders was

carried out by scanning electron microscopy (SEM,
JSM-6700F). High-resolution transmission electron mi-
croscopy (HR-TEM) images were taken on a JEM-2010
microscope. In this experiment, the particle size and dis-
tribution of the samples were determined by a Master-
sizer 3000 dynamic light scattering laser particle size
analyser from Malvern, UK, where D10, D50 and D90

represent the particle sizes corresponding to a cumula-
tive particle size distribution of 10%, 50% and 90%, re-
spectively. The WSD-3C full-automatic whiteness me-
ter of Beijing Coroptics Instrument Company Limited
was used to characterize the pigments. The conditions
were set according to the table standard of The Interna-
tional Commission on Lighting (CIE).

III. Results and discussion

3.1. Structure and optical properties

Figure 1 shows the XRD patterns of the pigment sam-
ples with different nickel doping amounts of 5, 10, 15,
20 and 25 mol%. Figure 1 also lists the XRD pattern of
the sample without nickel doping. It can be seen from
Fig. 1 that the first and second main crystal phases of
the undoped sample are corundum and rutile, respec-
tively, with only 20.64% of aluminium titanate phase.
The aluminium titanate phase changes to be the sec-
ond main crystal phase with the content of 43.14%
when the nickel-doping amount is 5 mol%. The alu-
minium titanate phase changes to be the first main crys-
tal phase with the content of 85.85%, 90.99%, 80.91%
and 81.39% when the nickel doping amounts are 10, 15,
20 and 25 mol%, respectively. The aluminium titanate
content decreases when the nickel doping amount in-
creases to 20 and 25 mol%, indicating that too much
nickel doping also affects the synthesis of aluminium
titanate. Also, partial enlargement (25.5° < 2θ < 27°)
of XRD patterns on the right part of Fig. 1 show that
the nickel-doped samples of aluminium titanate ex-
hibit peaks shifting towards lower angles, indicating that

Figure 1. XRD patterns of samples with different Ni2O3

doping contents heat-treated at 1400 °C
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Figure 2. Samples of pigments with different Ni2O3 doping
contents and their corresponding glazes

Table 1. Chromaticity values of pigments with different
nickel doping contents

Sample L∗ a∗ b∗

A - 5 mol% 73.96 −16.96 40.58
B - 10 mol% 69.59 −15.76 33.34
C - 15 mol% 62.02 −19.24 29.57
D - 20 mol% 58.07 −22.03 24.25
E - 25 mol% 56.54 −21.25 20.46

nickel has been incorporated into the aluminium titanate
lattice with the formation of solid solution. Thus, nickel
doping can promote mass transfer and the formation of
aluminium titanate.

Figure 2 shows the picture of aluminium titanate base
ceramic pigments and their corresponding glazes with
different nickel doping amounts. The pigments change
from yellow to blackish green with the increasing nickel
doping amounts from 5 to 25 mol%. This is because
with the increase of Ni2O3 content, more nickel enters
into the crystal lattice of Al2TiO5. Table 1 lists the L∗,
a∗, b∗ chroma values of the samples with different nickel
doping amounts. L∗ and b∗ values of the pigments de-
cline from 73.69 to 56.54, and from 40.58 to 20 with the
nickel doping amount increase. The pigments change
from yellow to blackish green.

The wide pigments colouring range is mainly as-
cribed to the outer electronic structure of nickel ion
(4s23d8). The outermost electronic structure is unstable
with easy transition between layers. If ∆E of track tran-

sition from ground state E1 to excited state E2 (∆E =

E2 − E1) is in the visible light wave energy range, there
will be a corresponding wave absorption of monochro-
matic light which can be affected by the coordination
number at the same time. Therefore, the nickel doping
of the aluminium titanate pigments change their colour
from yellow to blackish green.

Figure 3 shows the SEM, TEM and laser particle size
distribution test results of the sample C with 15 mol%
Ni-doping content prepared under the optimal condi-
tions. These results are highly consistent in particle size.
SEM and TEM graphs show that the sample particles
are irregular in shape, with dense surface and excellent
dispersion and main particle size in the range from 2
to 5 µm. Meanwhile, according to the laser particle size
distribution graph shown in Fig. 3c, the D50 of the sam-
ple C is 2.78µm. The particles are mainly distributed in
a narrow range of 0.905µm to 4.56µm, and the most
probable particle size is 3.58µm. The laser particle size
distribution is consistent with the SEM and TEM mea-
surement. These results indicate that the Ni-doped alu-
minium titanate pigments could have broad applications
such as glazing.

3.2. Pigment stability

To test the stability of aluminium titanate ceramic
pigment, the glaze sample W without nickel doping and
the sample D with nickel doping content of 20 mol%
were chosen to hold at 1200 °C for 2 h. Figure 4 shows
the XRD patterns of the samples after the stability
test analysis (W-1200 and D-1200 are samples with-
out nickel doping and 20 mol% nickel doping after
stability test). For comparison, Fig. 4 also shows the
XRD pattern of the sample D-1400 which corresponds
to the pigment D-1200 before stability test. The alu-
minium titanate phase synthesized in the sample without
nickel doping has completely decomposed into corun-
dum and rutile phases, which is because of the instabil-
ity of aluminium titanate at medium temperature (800–
1280 °C). Although corundum and rutile phases also in-
crease in the sample D with 20 mol% nickel doping con-
tent, the aluminium titanate phase content in the sample
D-1200 does not significantly decrease compared with

Figure 3. SEM (a), TEM (b) and particle size distribution curves (c) of nickel-doped aluminium titanate-based ceramic
pigments prepared under the optimal conditions
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Figure 4. XRD patterns of samples W-1200, D-1400 and
D-1200

the 80.91% in the original sample D-1400 before stabi-
lity test.

To confirm the cause of stability difference between
the sample without nickel doping and the sample D, the
lattice constants of these two samples were calculated
by adiabatic method. The lattice constants of aluminium
titanate phase in the sample W without nickel doping
are a = 9.44675 Å, b = 9.60339 Å and c = 3.59107 Å.
The lattice constants of aluminium titanate phase in
the sample D are a = 9.5290 Å, b = 9.6654 Å and
c = 3.59107 Å. For comparison, a and b increase sig-
nificantly and c is roughly the same. This is because
the nickel ions have entered the aluminium titanate lat-
tice at A-site replacing Al3+ ions. Ni3+ has ionic radius
of 74 pm and Al3+ has 67.5 pm. According to the ion
size effect, since the ratio of the radius size difference
is 8%, which is less than 15%, a continuous solid so-
lution can be formed. The volume of the lattice is in-
creased with nickel addition, i.e. a and b axes are in-
creased. Meanwhile, aluminium titanate crystal unit is
composed of [AlO6] and [TiO6] octahedron coordinated
by Al3+, Ti4+ and O2 – . [AlO6] is more prone to be dis-
torted than [TiO6], which is also an important reason
why aluminium titanate is easy to decompose at 750–
1280 °C. The valence state of Ni ions is +3 which is
closer to Al3+. The Ni3+ ions in the system will replace
the unstable Al3+ ions, which reduces the lattice distor-
tion degree and thus improves the thermal stability of
aluminium titanate. Therefore, the nickel-doping stabi-
lizes the crystal structure of aluminium titanate and im-
proves the thermal stability of aluminium titanate.

IV. Conclusions

Novel yellow to blackish green Ni-doped aluminium
titanate ceramic pigments were synthesized by solid-
state reaction method. It is discovered that appropriate
nickel doping content not only promotes the formation
of aluminium titanate, but also stabilizes it. This is be-
cause nickel ions have been doped into the lattice of
aluminium titanate and thus reduce its lattice distortion

degree. Ni-doped aluminium titanate pigments have a
broad market prospect.
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