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Abstract

Doped-rutile has been traditionally used in ceramic pigments for its intense optical properties. In this paper, we compare the classical

ceramic synthesis of Ti1�2xNbxNixO2�x/2 system with the sol–gel methodology, which allows a reduction of the anatase–rutile

transformation temperature. The composition was optimised in order to obtain a unique rutile phase with the minimum amount of

pollutant Ni(II) and enhanced chromatic coordinates. Incorporation of the doping ions in the rutile structure was corroborated by XRD

and Rietveld refinements. The species responsible for the colour mechanism were studied by different techniques. UV–VIS spectroscopy

showed the characteristic features of Ni2+ ions, whose existence was corroborated by EPR and magnetic measurements. From these

results, (Ni,Nb)doped-TiO2 powder samples can be now shaped as thin films, monoliths, etc. by using sol–gel methodology without

modifying their properties. This study introduces new possibilities of coloured TiO2-based solid solutions in new combined advanced

applications (colouring agent and photocatalyst, etc.).

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

TiO2 has attracted much attention for the last decades
due to its wide industrial applications in cosmetics, paints,
electronic paper, ceramics, solar cells, etc. [1]. In most of
these applications TiO2 is required as a powder, however,
for specific advanced applications (optics, electronics,
sensors, photocatalysisy) is convenient to shape it as
films, fibers, etc. In these cases, non-conventional synthesis
methods such as chemical vapour deposition, spray
pyrolysis, e-gun evaporation, rf sputtering, sol–gel process,
etc. must be used [2].

The allotropic structures of TiO2 used in industry are
anatase and rutile, both of them obtained as thermo-
dynamically stable phases at higher temperatures than
400 1C. Above 1000 1C, the oxygen partial pressure
e front matter r 2006 Elsevier Inc. All rights reserved.
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increases continuously since oxygen is liberated and a
partial reduction of Ti4+ to Ti3+ can occur. This
phenomenon is accompanied by changes in colour and
electrical conductivity. However, these changes are usually
induced by substitution of Ti4+ by transition metal ions
(Ni2+, Fe3+, Nb5+y), which can act as chromophore
species for its application in ceramics or can give excellent
photocatalytic abilities [3].
As ceramic pigment, doped-rutile structures can give

a wide variety of coloration. If the coloured cation
substituent is not tetravalent, additional changes are
needed to retain charge valence and mixed metal oxides
pigments can be obtained. Among them, NiO-TiO2

pigments have already attained a large technical applica-
tion. In order to satisfy the charge valence other metal
species such as Sb(V,III), Nb(V) or W(VI) can be
introduced and the colouration is little affected by this
second dopant [4,5]. Ni-containing rutile crystals appear
more or less bright yellow shade depending on the
Ni content in the solid solution but also on the nature
of the co-doping ion [5]. This yellow colour is mainly
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caused by absorption in the blue and red regions of the
spectrum of Ni(II) ions in an octahedral coordination. The
co-doping of this solid solution with Sb allows the
enrichment of the structure in Ni content. However,
the use of Sb2O5 causes several problems because this
oxide dissociates at �960 1C and the oxygen is lost prior
to the solid solution formation. Therefore, the volatilisa-
tion of Sb during calcination induces changes in the
chemical composition [6]. Thus, the use of the other species
(W, Nb) has been proposed. By doping with W, the
products become darker in colour [7]. On the contrary,
addition of Nb leaves the colour unchanged [8], and
therefore it has been chosen as the appropriate co-dopant
ion in this work.

The characteristics required for commercial uses of
ceramic pigments are: colour-tone and saturation, colour
covering, tinting strength, brightening and brilliance
ability, non-reactivity, insolubility, chalking resistance,
dispersibility, etc. [8,9]. Nowadays, Pr3+-doped ZrSiO4

yellow pigment is the most used for industrial glazes but
this pigment is very expensive because of the high cost of its
raw materials and high temperature synthesis. Therefore,
research needs to be performed in developing a cheaper
yellow pigment.

NiO-doped rutile has already been used in industry as an
alternative yellow pigment (doped with Sb and Nb,
classified as 11-15-4 and 11-16-4 DCMA [10], respectively)
but it is generally prepared with a high amount of Ni ions
in its composition. Nickel and its compounds represent a
risk factor as they are potential carcinogens in human
beings and animals, and in plants they have a phytotoxic
action when present in high concentrations [11]. Since Ni
species could be solubilized and removed in the washing
stages, it can be an important source of pollution. The
current environmental regulatory restrictions make in-
creasingly necessary to modify the current pigmenting
systems containing potential pollutants with a view to
substitute and/or reduce them. As a result, diminishing the
amount of nickel in Ni-containing pigments could help
making ceramics a more ecological sector.

By the other hand, traditional solid-state synthesis of
ceramic pigments involves slow diffusion processes because
the reactants are not mixed in an atomic level. Thus, their
synthesis requires high temperatures with long reaction
times, which affect the economic costs and may alter the
end product stoichiometry as a result of possible volatilisa-
tions during calcination. Sol–gel methodology has largely
demonstrated to be a suitable synthetic procedure for
preparation of ceramic pigments [12,13]. The mild condi-
tions of sol–gel chemistry (reaction in solution, use of
metalorganic precursors and organic solvents, low reaction
temperatures, etc. [14]) allow the reduction of synthesis
temperature and better incorporation of the doping
elements, avoiding lixiviation in the washing liquids as
well as the appearance of non-desired secondary phases,
etc. Furthermore, the material can be shaped as a bulk,
film, fibber, powder, etc [14].
Since Ni2+–TiO2 systems present other interesting
properties besides its yellow coloration such as semicon-
ducting, [15] magnetic, [16] or photocatalytic properties, [3]
and the shape can be tuned in accordance with the further
application, the study of sol–gel prepared Ti1�2xNbxNix
O2�x/2 solid solutions with the minimum quantity of Ni(II)
is crucial not only for ceramics but also as a base for new
advanced applications with combined abilities.
Thus, this paper is focused on the compositional

optimisation of the Ti1�2xNbxNixO2�x/2 system from an
environmental point of view. Structural characteristics and
optical properties of the optimised composition are
compared for the material prepared by traditional ceramic
and non-conventional sol–gel procedures. Finally, the
oxidation states of the different elements presented in the
system are studied by UV–VIS spectroscopy, EPR and
magnetic measurements.

2. Experimental section

2.1. Sample preparation

Several compositions based on Ti1�2xNixNbxO2�x/2

(x ¼ 0.1, 0.05, 0.03 and 0.01) stoichiometry were prepared
by ceramic and sol–gel methods.
The precursors for the traditional ceramic pigment

synthesis route were the corresponding oxides: TiO2,
Nb2O5 and NiO. In this method, the reactants were mixed
and homogenised by wet milling with acetone in a
planetary ball mill for 20min. The heat treatment was
chosen from similar ceramic studies [12] in which good
colorations are developed at 1200 1C. Thus, samples were
fired in air at 1200 and 1300 1C with annealing times of 2
and 6 h in a Nabertherm electric furnace at a heating rate
of 10 1C/min. After heat treatment, samples showed yellow
coloration. To refine and homogenise the particle size after
calcination, the resulting products were ground in an agate
mill with acetone.
The samples were also prepared by sol–gel procedure.

This process is based on the hydrolysis and condensation of
the corresponding metal precursors. Firstly, titanium (IV)
isopropoxide, niobium (V) ethoxide and nickel (II) nitrate
hexahydrate were separately dissolved using absolute
methanol and then were mixed leading to a transparent
solution. After a complete homogenisation, the sol was
dried and a transparent monolith was obtained, as shown
in Fig. 1. The samples were ground and calcined in the
same way that the ceramic samples.

2.2. Characterization techniques

Phase analysis of the fired samples was performed by
X-ray powder diffraction (XRD) with a SIEMENS D5000
diffractometer with Cu Ka radiation. Data were collected
by step-scanning from 20 to 7012y with a step size of
0.0512y and 5 s counting time at each step. The goniometer
was controlled by the ‘‘SIEMENS DIFFRACT plus’’



ARTICLE IN PRESS

Fig. 1. Photography of the sol–gel sample with composition Ti0.98Nb0.01
Ni0.01O1.995.
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software, which also determined diffraction peak positions
and intensities. The instrument was calibrated using an
external Si standard.

For Rietveld analysis, powder XRD patterns were
collected over 2y range from 101 to 1101, the step scan was
selected with step width of 0.021 and scanning time of 10 s.
The refinement of structure was carried out by using the
FULLPROF program, developed by Rodriguez-Carvajal
[17]. The structural model and initial structural parameters
for Ti1�2xNbxNixO2�x/2 (x ¼ 0.01) were taken as follows:
space group P42/mnm; Ti(IV), Nb(V) and Ni(II) were in the
Wyckoff 2a and O2� ions in the 4f positions. Diffraction
profiles were modelled by using a pseudo-Voigt function that
was corrected for peak asymmetry for angles less than 4012y.
The final refinement converged to give RF and RBragg. The
refined crystallographic parameters were: scale factors, zero
point, six parameters for the background, rutile cell
dimensions, atomic positions, peak asymmetry and the
overall isotropic displacement temperature factor.

UV–visible–NIR spectroscopy and a colorimetric study
of the samples were carried out in a CARY 500 SCAN
VARIAN spectrophotometer in the 300–1100 nm range.
The diffuse reflectance spectra (DRS) were obtained using
an integrating sphere and BaSO4 as reference. The
CIELAB colour parameters L*a*b* were determined by
coupling an analytical software for colour measurements to
the VARIAN spectrophotometer. The data were registered
from 380 to 700 nm using a PTFE blank as reflecting
standard and a D65 standard illuminant. The chromatic
coordinates of the samples have been compared with those
of a commercial yellow pigment used in the ceramic
industry. In the CIELAB system, L* is the lightness axis
[black (0) to white (100)], a* is the green (o0) to red (40),
and b* is the blue (o0) to yellow (40) axis. [9,18]

The study of Ni content in the washing liquids of
the samples was realized by an induced coupled plasma
(ICP-MS). For this analysis, 0.3 g of the fired sample was
subjected to successive washings with hot 0.3M HNO3,
and the Ni content in these acid washing liquids was
directly measured.
Scanning electron micrographs of the samples were

taken on a scanning electron microscope (SEM) Leica, Leo
440 model, equipped with a spectrometer of energy
dispersion of X-ray (EDX) from Oxford instruments, using
the following operational parameters: acceleration voltage
20 kV, measuring time 100 s, working distance 25mm,
counting rate 1.2 kcps. The samples for microstructural
and microanalysis determinations were deposited in an
aluminium holder and coated by graphite film.
Particle size was measured in a Coulter LS230 with

micro volume module. The particle-size range which can
be determined by this instrument lies between 0.4 and
2000 mm.
Electron paramagnetic resonance (EPR) measurements

were performed with an X-band Bruker Elexsys E 500
spectrometer equipped with Oxford Instrument variable
temperature device. The spectra were recorded at 9.5GHz
with a microwave power of 20mW and magnetic field
modulation amplitude of 0.5mT.
Magnetic susceptibility of the polycrystalline samples

was obtained using a Quantum Design SQUID magnet-
ometer in the temperature range 1.9–300K and magnetic
fields from 50G to 1T. magnetisation measurements
were carried out at 2.0K operating up to 5T. Sealed
plastic bags of about 5mg were used as sample containers.
The susceptibility data were corrected according to
the diamagnetism of the container and the sample
(40.10�6 cm3mol�1). Susceptibility is represented as molar
susceptibility using a molecular weight of 79.9 g/mol,
corresponding to TiO2.

3. Results and discussion

3.1. Compositional study

Firstly, a preliminary study was made in order to
optimise the solid solution stoichiometry and the annealing
temperature regarding the best coloration. The samples
studied in this initial study were the ones synthesised by the
ceramic route.
Fig. 2 illustrates the XRD patterns obtained for

the different Ti1�xNbxNixO2�x/2 compositions fired at
1200 1C/2 h, revealing the formation of the rutile phase
(JCPDS 87–710).
A secondary phase associated to NiTiO3 (JCPDS

76–334) was found in all the solid solutions except for
the x ¼ 0.01 composition, in which the rutile phase appears
as a single phase. In this sample, Ni ions seem to be
completely incorporated into the rutile lattice, giving the
Ti0.98Nb0.01Ni0.01O1.995 solid solution. The existence of this
solid solution is supported by the shift observed for the
peak positions towards lower 2y values. The cell para-
meters of the rutile lattice for the non-doped and
doped (x ¼ 0.01) samples have been obtained from the



ARTICLE IN PRESS

Fig. 2. XRD spectra for the ceramic samples calcined at 1200 1C/2 h.

(*: indicates the NiTiO3 secondary phase, JCPDS 76–334).

Table 1

Cell parameters obtained for ceramic and sol–gel Ti0.98Nb0.01Ni0.01O1.995

samples at different temperatures

Ti0.98Nb0.01Ni0.01O1.995 Ceramic Sol–gel

a c a c

900 1C * * 4.5939 2.9608

1000 1C 4.5943 2.9594 4.5942 2.9607

1100 1C 4.5945 2.9598 4.5943 2.9611

1200 1C 4.5957 2.9603 4.5947 2.9618

1300 1C 4.5967 2.9612 4.5958 2.9624

*Indicates the presence of anatase and rutile TiO2 phases.
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adjustment of the XRD patterns with the WinXPow
program. The a and c cell parameters increase from
4.5906 to 4.5957 Å and from 2.9581 to 2.9603 Å, respec-
tively, with incorporation of the dopant elements after
calcination at 1200 1C. This expansion of the lattice agrees
with the substitution of Ti ions in their atomic positions by
Ni and Nb ions, since the atomic radii for Ti4+ (74.5 pm) is
smaller than those of the dopants in octahedral coordina-
tion (Ni(II): 83 pm and Nb(V): 78 pm) [19]. In the case
of samples with xX0.03 the increase of the cell parameters
is still observed (e.g. for x ¼ 0.03, a ¼ 4.6018 Å and
c ¼ 2.9638 Å), but the apparition of a secondary phase
certainly influences the solid solution formation.

The effect of the heating temperature (from 900 to
1300 1C) on the rutile lattice has also been studied for the
composition with x ¼ 0.01 and the data are resumed in
Table 1. A feeble increase of both a and c parameters with
the temperature can be observed, indicating that the lattice
still incorporates dopant ions because of the more
facilitated diffusion processes. The increase of the a

parameter is higher than that of the c parameter, indicating
a distortion of the structure with the doping.
The effect of the soaking time was also evaluated by
XRD but the variations in the crystalline phases and cell
parameters were less important than the effect of composi-
tion and temperature and the results were not worthy to be
mentioned here.
Fig. 3(a) depicts the b* chromatic coordinate, which

indicates the yellow contribution and the Ni content in the
washing liquids obtained for the powder samples. The b*
coordinate of a commercial yellow pigment (dotted line,
standard:std) based on Pr-doped ZrSiO4 is included as a
reference of the typical coloration used in industry. Taking
into account that the sample with x ¼ 0.01 was the only
one showing TiO2 as single phase, the best b* value for this
composition was obtained after firing at 1200 1C/2 h.
Moreover, for this specific thermal treatment the b*
value was not very sensitive to the composition, what is
of great interest from an industrial application point of
view. Even if some samples with higher content in Ni
(xX0.03) showed a better yellow coloration, the much
higher Ni content in the washing liquids (see Fig. 3(b)) and
the appearance of a secondary phase make the x ¼ 0.01
stoichiometry the optimal composition from an environ-
mental point of view.
The pigments were tested in commercial glazes and all of

them resulted to be stable after a standard industrial
ceramic tile firing cycle.

3.2. Ceramic vs. sol–gel procedure

Once the optimal composition (x ¼ 0.01) was chosen, it
was compared with the sol–gel route synthesis. As this
methodology allows a higher reactivity, the anatase–rutile
transformation should occur at low temperatures. Indeed,
(Ni,Nb)-doped rutile single phase was obtained after heat
treatment at 900 1C for 2 h with intense yellow coloration
(L* ¼ 79.4, a* ¼ 0.1 and b* ¼ 45.6). On the contrary,
the sample synthesised by ceramic procedure did not
develop either a single rutile phase or yellow coloration at
900 1C (L* ¼ 87.5, a* ¼ �2.3, b* ¼ 15.0). Thus, this kind
of sol–gel materials would be interesting for industrial
applications at low temperatures. However, although the
sol–gel sample presented yellow coloration with good
stability within a standard glaze (firing cycle at 1080 1C),
it has been preferred to calcine the sol–gel pigment at
1200 1C/2 h in order to compare its properties with those of
the ceramic one. The XRD pattern is shown in Fig. 4, and
it presents the same features than that of ceramic sample,
i.e. a single rutile phase and a shift of the diffraction peaks
because of the incorporation of Ni(II) and Nb(V) in the
rutile lattice.
The structural study of the sol–gel Ti0.98Nb0.01

Ni0.01O1.995 solid solution with temperature was also
performed by adjusting the XRD patterns with the
WinXPow program, and the variation of the a and c rutile
cell parameters are resumed in Table 1. The effect in the
parameters was the same that for ceramic samples, i.e. the
expansion of the lattice with temperature.
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Fig. 3. (a) Colorimetric coordinates of ceramic samples and (b) Ni content in washing liquids of samples fired at 1200 1C/2 h.

Table 2

Chromatic coordinates and Ni content in the washing liquids for samples

with x ¼ 0.01 fired at 1200 1C/2 h

Sample L* a* b* mg Ni/gr pigment

Ceramic 76.5 2.4 50.4 0.015

Sol–gel 82.9 �2.1 51.8 0.013

Fig. 4. Calculated (the top solid line) and observed (the cross markers)

X-ray diffraction pattern for Ti0.98Nb0.01Ni0.01O1.995 (a) ceramic sample

and (b) sol–gel sample. The lowest line represents the difference between

the calculated and observed intensities. The vertical markers stand for the

angles of Bragg reflections. Results of fit using the space group P42/mnm.
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Chromatic coordinates and the Ni content in the
lixiviated liquids (expressed as mg of Ni per gram of
pigment) for both synthesis methods are resumed in
Table 2. It can be observed that the chromatic coordinates
are very close and that the Ni segregation in the sol–gel
sample is lower than in the ceramic one.
With the aim of comparing the incorporation of Ni and

Nb ions in the rutile structure in ceramic and sol–gel
synthesis, an accurate study by the Rietveld method of the
optimised samples was made. The structural refinement
patterns for the doped ceramic and sol–gel samples are
included in Fig. 4.
The final Bragg factor RB for the two samples was

8.974% and 7.429%, respectively. The quality factors
(GoF) for both samples were obtained from

GoF ¼
Rwp

Rexp
,

where Rwp and Rexp are the weighted residual error and the
expected error, respectively. The calculated GoF values
were 1.18 and 1.14 for ceramic and sol–gel samples,
indicating a good fit adjustment. The cell parameters, as
already mentioned, evidenced a significant increase in the
cell volume of the doped samples (Vceramic ¼ 62.52 Å3 and
Vsol–gel ¼ 62.50 Å3) in comparison with the non-doped
structures (Vceramic ¼ 62.34 Å3 and Vsol–gel ¼ 62.35 Å3).
It is important to note that the non-doped ceramic
and sol–gel samples were prepared following the same
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Fig. 6. Particle size analysis of ceramic and sol–gel samples.

Fig. 5. SEM micrographs and EDX results of (a) sol–gel sample; (b) ceramic sample.

Fig. 7. UV–Vis spectra for the ceramic and sol–gel samples. As an

example, deconvolution of sol–gel spectrum is also included.
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experimental protocol. These results corroborate once
again the distortion of the rutile host structure because of
the introduction of the doping ions (with larger sizes than
titanium ions).

Particle size is known to be an important parameter
which strongly influences powder characteristics (colora-
tion, stability in the glaze, etc.). Fig. 5 shows some
photographs obtained by SEM and the semi-quantitative
analysis made by EDX of ceramic and sol–gel samples. In
both cases, particle sizes are found in the micrometric scale,
which is characteristic of the high firing temperatures.
Ceramic particles do not present any specific morphology
meanwhile the sol–gel ones are constituted by aggregation
of small grains. Elemental analysis by EDX indicated that
the chemical compositions were close to stoichiometrical
percentages (97.42% TiO2, 0.93% NiO and 1.65% Nb2O5).
Moreover, as shown in Fig. 6, the maximum of the particle
size distribution for the sol–gel sample appears at lower
value than that obtained for the ceramic one. These results
are in accordance with the grain size observed in the SEM
photographs. As a conclusion, in this study, the presence of
small grains in sol–gel particles does not significantly
influences the coloration after calcining at 1200 1C, but
could contribute to the lower Ni lixiviation observed in the
sol–gel pigment.

3.3. Study of the colour mechanism

To the best of our knowledge, no information about the
colour mechanism of the Ti1�2xNbxNixO2�x/2 system has
been reported. In order to go deep in this matter, a study
by UV–VIS spectroscopy, EPR and magnetic measure-
ments was performed.
The DRS patterns are depicted in Fig. 7, and show very

similar features. In order to determine the position of the
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bands, deconvolution of the spectra was performed. As an
example, Fig. 7 includes the different components obtained
for the spectrum of the sol–gel sample. Both spectra show
the characteristic bands of Ni2+ in the rutile structure. Two
strong absorbance bands at �27,000 and �22,000 cm�1 are
attributable to the Ti4+2O2� charge transfer and to the
n3 transition 3A2g(

3F)-3T1g(
3P) of the Ni2+ ion in an

octahedral field, respectively. The maximum light transmis-
sion at around 17,000 cm�1 justifies the intense yellow
colour of these pigments. A less intense broad peak centred
at the red-NIR border (at �13,000 cm�1) is observed, and
it can be assigned to the n2 transition

3A2g(
3F)-3T1g(

3F) of
the Ni2+ ion in an octahedral field [20,21]. In the red-NIR
region there is another peak at �13,500 cm�1, that could
be due either to the unusual co-presence of Ni3+,
4T1g(

4F)-4T2g(
4F), or to a considerable splitting of the

Ni2+ n2 transition, as wide as 11,900–14,100 cm�1, related
to the TiO6 octahedral transition [7]. These features are
further studied by EPR and magnetic measurements.

It is well known that Ti(IV) tends to reduce into Ti(III)
giving light yellow shade. In order to determine the
possible presence of other active species besides Ni2+ ions
responsible for the coloration, EPR analysis at different
temperatures was performed.

Two representative EPR spectra found for the ceramic
and sol–gel samples at 30K and 10K are depicted in
Figs. 8 and 9. The response observed in both samples is
quite similar, indicating that the type of paramagnetic
species is the same. At temperatures X30K (Fig. 8) the
spectra are composed of one intense signal which can be
associated to the existence of Ni(II) in a very symmetric
coordination (Oh) or Ni(III). The position of the signal
presence of Nb(IV) and Ti(III) is completely discarded. An
Fig. 8. EPR spectra at 30K (a) ceram
interesting behaviour is observed when the temperature
reaches values below 30K (see Fig. 9). The magnetic
response drastically diminishes, contrarily to the Curie’s
law. This effect can be due to the existence of ferro- or
antiferromagnetic interactions between the spins of neigh-
bour magnetic species.
In order to prove the EPR results about the existence of

Ni3+ ions, a complementary study of magnetic behaviour
of the samples was performed. The magnetic properties of
the samples expressed as wMT vs. T (wM being the molar
magnetic susceptibility) are displayed in Fig. 10(a). wMT at
room temperature is around 0.013 cm3mol�1K for both
ceramic and sol–gel samples. If we consider that the
magnetic response is generated from Ni (II) as the unique
oxidation state, with S ¼ 1 and g ¼ 2.2, this wMT value
would be associated to the presence of �0.01 Ni(II), which
is completely in agreement with the initial proposed
stoichiometry. On the contrary, if the nickel intro-
duced in the samples is completely oxidised to Ni(III),
with S ¼ 1/2 and g ¼ 2.2, the expected susceptibility value
would be around 0.45 cm3mol�1K. This value would
correspond to 0.029 Ni molar ratio in the stoichiometric
formula, which is far from the prepared composition. Since
EPR experiences evidenced the existence of Ni(III) species,
the low total magnetisation of the samples indicates that
this specie must be in a very small quantity. In the same
way, the presence of another paramagnetic such as Ti(III)
would also give high susceptibility values (�0.36 cm if all Ti
species are in this oxidation state, with S ¼ 1/2 and
g ¼ 1.96), which is not the case. Furthermore, its existence
has been discarded by EPR measurements.
An important feature is that at low temperature,

the existence of antiferromagnetic interactions between
ic sample and (b) sol–gel sample.
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Fig. 9. EPR spectra at 10K (a) ceramic sample and (b) sol–gel sample.

Fig. 10. Magnetic measurements of ceramic and sol–gel samples. (a) magnetic susceptibility as function as temperature and (b) magnetisation analysis vs.

magnetic field.
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paramagnetic ions can be observed, what is in agreement
with the diminution of the magnetic response previously
detected by EPR.

Fig. 10(b) shows the magnetisation vs. magnetic field
recorded at 2K. In this figure no saturation is reached after
application of 5T, which corroborates the presence of
antiferromagnetic interactions at low temperature. How-
ever, saturation can be expected at values higher than
0.015MB. If all Ni species appear as Ni(II) the saturation
would be at about 0.020MB; meanwhile a saturation value
of 0.011MB would be expected for Ni(III) as the only ion,
being this last possibility discarded by the experimental
results.
From this study it can be concluded that the origin of the

colour could be associated to the incorporation of Ni2+

ions in the octahedral positions of the rutile structure.
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4. Conclusion

In summary, we report the synthesis of
Ti1�2xNbxNixO2�x/2 by sol–gel route in comparison to
traditional solid-state process, allowing the reduction
of the yellow pigment synthesis temperature up to 300 1C.
The analysis of the structure, the coloration power
and magnetic properties of the optimised composition
(x ¼ 0.01) at 1200 1C indicated a similar behaviour
independently of the experimental procedure. The incor-
poration of Nb(V) and Ni(II) doping ions in the rutile
structure was corroborated by XRD and Rietveld refine-
ments. Chromatic coordinates, specially the yellow com-
ponent, resulted to be very similar, and Ni content in the
washing liquids was lightly lower in the case of sol–gel
pigment. The colour mechanism was investigated by
UV–VIS spectroscopy, EPR and magnetic measurements,
and we concluded that Ni2+ was the main specie
responsible for the yellow coloration. The resemblance
observed in the Ti0.98Nb0.01Ni0.01O1.995 characterization
prepared by both routes is a very important result from a
technological point of view. Thus, the doped-TiO2 powder
samples, traditionally obtained by ceramic process, can be
now prepared as thin films, monoliths, etc. by using the
sol–gel methodology without modifying their properties.
This study introduces new possibilities of coloured TiO2-
based solid solutions, not only in the field of ceramic
pigments but also in new combined advanced applications
(colouring agent and photocatalyst, etc.).
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