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Abstract

In this study, NixTi1�3xB2xO2 (B=Sb, Nb; 04x41/3) and Ni0.1A0.7B0.2O2 (A=Ti, Sn; B=Sb, Nb) compositions were synthe-
sized by the ceramic method and characterized by X-ray diffraction, UV-V spectroscopy and CIELAB (Commission Internationale
de l’Eclairage L*a*b*) parameters measurements. NixTi1�3xSb2xO2 (04x40.10) and NixTi1�3xNb2xO2 (04x40.30) solid solu-
tions with rutile structure were obtained at 1300 �C/24 h. From Ni0.1A0.7B0.2O2 (A=Ti, Sn; B=Sb, Nb) compositions, a worse
yellow color was obtained when A=Sn than when A=Ti. NixA1�3xB2xO2 with A=Ti, B=Nb, x40.10 and 1000 �C4T 41200 �C

might be established as compositional and fired temperature ranges to obtain yellow ceramic pigments in these systems.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

At the moment, the yellow ceramic pigment used
industrially is the praseodymium zircon yellow,1 but it
has some drawbacks in the bulk coloration of porcelain-
ized stoneware. Other yellow ceramic pigments used
were: yellow of vanadium–zirconia,2,3 tin–vanadium yel-
low,4,5 cadmium yellow and Naples yellow (Pb2Sb2O7).

6

Yellow ceramic pigments based on pyrochlore and
cordierite matrix have been reported.7,8 Ishida et al.7

studied calcium and vanadium codoped pyrochlore,
CaxY2�xVxTi2�xO7. It was found to produce a bright
and strong yellow color. When applied in calcium-based
glaze, this pigment also produced a brighter and stron-
ger yellow color than commercial yellow pigments, such
as vanadium–zirconium yellow and vanadium–tin yel-
low. The pyrochlore pigment in the glaze, however, was
decolorized when fired at 1300 �C. Estrada et al.8 stud-
ied a vanadium cordierite pigment. This pigment was
synthesised by sol-gel processing. With addition of
vanadium pentoxide, a small solid solution region with
the high temperature cordierite structure was detected.
The composition range of the cordierite solid solution
was found to be 4 wt.% chromophore content. Volati-
lisation of vanadium occurred with increasing tempera-
ture. The hue of these compositions was in the yellow
region.
There are two yellow ceramic pigments with rutile
structure: (Ni,Sb,Ti)O2 (11-15-4 DCMA, Dry Color
Manufacturers Association)9 and (Ni,Nb,Ti)O2 (11-16-4
DCMA).9 Rutile yellow ceramic pigments have been
little used in the ceramic industry because bright yellow
coloration of these pigments decreases in transparent
glazes. The stability of rutile solid solutions with tem-
perature makes these materials potential substitutes of
praseodymium zircon yellow ceramic pigment in the
bulk coloration of porcelainized stoneware.
Synthesis, structural characterisation, semicon-
ducting properties and magnetic measurements of
Ti3(1�x)Mx M

0
2xO6 (M=Co, Ni; M

0=Sb, Nb) solid
solutions were reported by Pico et al.10�12 These authors
established the compositional range for which the rutile
structure was maintained (0.14x40.3). Samples were
prepared from a powdered mixture of TiO2, CoCO3 or
NiCO3 and Sb2O5 or Nb2O5, in stoichiometric amounts
by heating in air from 1423 to 1523 K for 72 h. In these
phases, all the cations were randomly distributed in the
parent lattice and no cooperative interactions took
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place. Coloration of these materials was not included in
these studies.
Some works related color with structure in nickel
compounds.13�15 G. R. Rossman et al. studied the ori-
gin of the yellow color of Complex Nickel Oxides.13

Ni2+ in sixfold coordination in oxides generally pro-
duces green colors. A bright yellow color resulted when
Ni2+ was in a six-coordinated site significantly distorted
from the octahedral symmetry. Increased absorption
intensity occurred when the metal ion d–d bands were in
proximity to an ultraviolet transfer band. The depen-
dence of color on structure of some organic pigments
was investigated by W. Czajkowski et al.14 Color chan-
ges of the products examined were due to interactions
between substituents in the phenyl residue and the che-
late ring of the pigments. The color and its intensity
were determined both by the location and intensity of
charge transfer bands of the metal–ligand or ligand–
metal type, as well as by intermolecular interactions in
the crystalline state. The relation between color and
crystal structure in two isomeric dithiopho-
sphatonickel(II) complexes was studied by W. Poll et
al.15 In this study violet or blue solids were obtained.
In DCMA classification9 there are no similar yellow
ceramic pigments with rutile and cassiterite structure. A
yellow ceramic pigment with cassiterite structure is
(Sn,V)O2 (11-22-4 DCMA), but there is not a ceramic
pigment (Ni,Sn)O2 in this classification. TiO2 (rutile)
and SnO2 (cassiterite) are isostructural oxides with
space group P42/mnm. Croft et al.

16 investigated the
SnxTi1�xO2 solid solutions and its interaction with
V(V), Cr(III), Cr(VI), Mn(II), Fe(III), Co(II), Ni(II),
Cu(II) and Sb(III). A continuous SnO2–TiO2 solid
solution was obtained in the 500–1250 �C temperature
range. The splitting into two phases, one tin-rich and
the other titanium-rich was obtained by doping with 10
mol% of metal ions. The solid-solution incorporation of
SnO2 into TiO2 at 425 mol% SnO2 increased the
opacifying power and reduced significantly the tendency
of the TiO2 to ‘‘yellow’’ when incorporated into glazes.
The aim of this study is to establish the compositional
range of NixA1�3xB2xO2 (A=Ti; B=Sb, Nb) rutile
solid solutions for which the materials are yellow. The
results obtained with the optimal composition will be
compared with those obtained when A=Sn.
2. Experimental procedures

Table 1 shows the compositions prepared and their
thermal history. In a first step, NixTi1�3xB2xO2 (B=Sb,
Nb; 04x41/3) samples were prepared (thermal history
A). From the characterization of these samples, x=0.10
was chosen to compare results of rutile or cassiterite
host matrix. Thus, samples of Ni0.1A0.7B0.2O2 (A=Ti,
Sn; B=Sb, Nb) were also prepared (thermal history B).
All compositions were prepared by the ceramic
method. The starting materials were NiO (Merck), TiO2
anatase (Panreac), SnO2 (Panreac), Sb2O3 (Panreac)
and Nb2O5 (Merck) of reagent grade chemical quality.
The appropriate amounts of the starting materials were
mixed and homogenized in acetone in a planetary ball
mill for 15 min. Residual acetone was removed by eva-
poration. Dried samples were put into refractory cruci-
bles and fired between 800 and 1400 �C for 12 h of
soaking times at each temperature.
The resulting materials were examined with a Siemens
D5000 X-ray diffractometer to study the development
of the crystalline phases at different temperatures. In
NixTi1�3xNb2xO2 and Ni0.1A0.7B0.2O2 (A=Ti, Sn;
B=Sb, Nb) fired samples, a structure profile refinement
was carried out by the RIETVELD method17 with the
data obtained in the [20–100] o2� Bragg angle interval.
The experimental conditions used were CuKa radiation,
graphite monochromator, 40 kV, 20 mA, 2o divergence
slit, 0.06 detector slit, step size of 0.02 o2� and 10 s for
each step. In the refinements the following parameters
were refined: a scale factor, two-theta zero, six para-
meters from the background, unit cell parameters, peak
profile parameters using a pseudo-Voigt function, peak
asymmetry, FWHW, Lorentzian ratio (eta), positional
x-parameters of O and an overall isotropic temperature
factor.
UV–V spectroscopy (diffuse reflectance) allows the
Ni(II) site in the solid solutions to be studied. A
Lambda 2000 Perkin-Elmer spectrophotometer was
used to obtain the UV–V–NIR (ultraviolet visible near
infrared) spectra in the 200 to 1400 nm range.
CIE L*a*b* colour parameter measurements,18 con-
ducted with a Perkin-Elmer colorimeter using a stan-
dard illuminant D, were used to differenciate the
samples in terms of colour. L* is the lightness axis
Table 1

Prepared compositions
A
 B
 Composition
 Thermal historya
Ti
 Sb
 Ni0.05Ti0.85Sb0.10O2
 A
Ti
 Sb
 Ni0.10Ti0.70Sb0.20O2
 A
Ti
 Sb
 Ni0.20Ti0.40Sb0.40O2
 A
Ti
 Sb
 Ni0.30Ti0.10Sb0.60O2
 A
Ti
 Sb
 Ni1/3Sb2/3O2
 A
Ti
 Nb
 Ni0.05Ti0.85Nb0.10O2
 A
Ti
 Nb
 Ni0.10Ti0.70Nb0.20O2
 A
Ti
 Nb
 Ni0.20Ti0.40Nb0.40O2
 A
Ti
 Nb
 Ni0.30Ti0.10Nb0.60O2
 A
Ti
 Nb
 Ni1/3Nb2/3O2
 A
Ti
 Sb
 Ni0.10Ti0.70Sb0.20O2
 B
Ti
 Nb
 Ni0.10Ti0.70Nb0.20O2
 B
Sn
 Sb
 Ni0.10Sn0.70Sb0.20O2
 B
Sn
 Nb
 Ni0.10Sn0.70Nb0.20O2
 B
a A: 800, 1000 and 1300 �C. B: 900, 1000, 1100 1200, 1300 and

1400 �C.
2426 S. Sorlı́ et al. / Journal of the European Ceramic Society 24 (2004) 2425–2432



(black (0)! white (100)), a* is the green (�)! red (+)
axis and b* is the blue (�)! yellow (+) axis.
Model 2900 MicroMag Alternating Gradient Mag-
netometer was used to obtain the magnetic response of
Ni0.10A0.70B0.20O2 (A=Ti, Sn; B=Sb, Nb) samples at
room temperature. This system uses an alternating gra-
dient field to produce a periodic force on a sample
placed in a variable o static D. C. field. The sample is
mounted on an extension rod attached to a piezoelectric
element.
3. Results and discussion

Table 2 shows crystalline phase evolution with tem-
perature in NixTi1�3xB2xO2 (B=Sb, Nb) samples.
Rutile is the only phase obtained at 1300 �C, when
B=Nb and 04x40.30. When B=Sb and x>0.10,
NiTiO3 is detected together with rutile or NiSb2O6
(trirutile) crystalline phase. From these results, it might
be established the compositional range for which the
rutile structure is maintained at 1300 �C. At this tem-
perature, it is 04x40.10 when B=Sb and it is
04x40.30 when B=Nb.
Fig. 1 shows the rutile unit cell parameters obtained
by the Rietveld method for NixTi1�3xNb2xO2
(0.054x40.30) samples fired at 1300 �C. The linear
increase of these parameters with composition confirms
the formation of the expected rutile solid solutions. The
increase of the a parameter is higher than the increase of
the c parameter. Therefore, a distortion in the rutile
structure is obtained with these solid solutions.
Fig. 2 shows the UV–V spectra in NixTi1�3xB2xO2
(B=Sb, Nb) samples. When the rutile crystalline phase
is detected in samples, three absorption bands are
observed at 1100–1200, 650–850 and 350–450 nm. This
last value is very close to the absorption band of
undoped rutile due to Ti4+ $ O2� charge transfer.
These bands are assigned to Ni2+ in an octahedral site.
The three spin allowed transitions: 3A2g!

3T2g(F),
3A2g
! 3T1g(F) and
3A2g !

3T1g(P) generally fall within the
ranges 1400–800, 900–500 and 550–370 nm respectively
in octahedral systems.19 In addition two spin forbidden
bands are usually quite prominent, one, the transition to
1Eg near the second spin allowed transition (for com-
mon systems with Dq/B near unity), and the second,
primarily 1T2g between the second and third spin
allowed band. The 1Eg state (Dq/B�1) lies so close to
3T1g that extensive mixing takes place leading to obser-
vation of a doublet band where the spin forbidden
transition has stolen intensity from the spin allowed
transition. Charge transfer bands about 300–500 nm
obscure the third allowed transition in rutile solid solu-
tions. Charge transfer transitions decrease in absor-
Table 2

Crystalline phase evolution with temperature in NixTi1�3xB2xO2 samples
B
 x
 Raw sample
 800 �C/12 h
 1000 �C/12 h
 1300 �C/12 h
Sb
 0.05
 A(s), S1(m), N(w),
 A(m), R(m), N(vw)
 R(m), S2(m)
 R(s)
Sb
 0.10
 S1(s), A(m), N(w)
 R(s), N(vw)
 R(s)
 R(s)
Sb
 0.20
 S1(s), A(m), N(w)
 R(m), S2(m), N(w)
 R(s), NT(vw)
 R(s), NT(w)
Sb
 0.30
 S1(s), A(w), N(w)
 R(m), S2(m), N(w)
 NS(s), S2(w), NT(vw)
 NS(s), NT(w)
Sb
 1/3
 S1(s), N(w)
 S2(s), N(w)
 NS(s), S2(m), N(w)
 NS(s), N(w)
Nb
 0.05
 A(s), TN(m), N(w)
 A(s), TN(w), N(w)
 R(s)
 R(s)
Nb
 0.10
 A(s), TN(m), N(w)
 A(s), TN(m), N(w)
 R(s)
 R(s)
Nb
 0.20
 A(m), TN(m), N(w)
 A(m), TN(w), N(w)
 R(s), N(w)
 R(s)
Nb
 0.30
 TN(s), N(m), A(w)
 HN(s), N(m), A(vw)
 NN(s), R(m), N(w)
 R(s)
Nb
 1/3
 TN(s), N(m)
 HN(s), N(m)
 NN(s), N(w)
 NN(s)
Crystalline phases: R=TiO2 (rutile), A=TiO2 (anatase), N=NiO, S1=Sb2O3, S2=Sb2O4, NT=NiTiO3, NS=NiSb2O6 (trirutile), TN=T–Nb2O5,

HN=H–Nb2O5, NN=NiNb2O6 (orthorhombic).Diffraction peak intensity: s=strong, m=medium, w=weak, vw=very weak.
Fig. 1. Rutile unit cell parameters in NixTi1�3xNb2xO2
(0.054x40.30) samples fired at 1300 �C.
S. Sorlı́ et al. / Journal of the European Ceramic Society 24 (2004) 2425–2432 2427



bance when samples are fired at 1300 �C (Fig. 2(e)).
Changes in curves are related to structural changes in
samples. According with literature13 absorption bands
in NiNb2O6 (orthorhombic) are observed about 1400,
750–900 and 450–500 nm. Absorption bands in
NiSb2O6 (trirutile) are observed about 1150, 650–750
and 450 nm. The smaller wavelength of transitions
bands in NiSb2O6 compared with NiNb2O6 might be
explained by the changes on crystal field strength
(smaller mean Ni–O distances in NiSb2O6 compared
with NiNb2O6). A comparison of UV–V spectra in
samples with rutile, trirutile or orthorhombic structure
is shown in Fig. 2(f). At 1300 �C, UV–V spectra in
NixTi1�3xNb2xO2 samples (Fig. 2(d)) changes progres-
sively with x but orthorhombic phase is only detected
when x=1/3. This could be due to the progressive dis-
tortion of octahedral sites in the rutile structure when x
increases.
Table 3 shows the variation of CIE L*, a* and b*
parameters of NixTi1�3xB2xO2 (B=Sb, Nb) samples. At
1000 �C, yellow materials are obtained when B=Sb and
x 40.2 or B=Nb and 04x41/3. In NixTi1�3xNb2xO2
rutile solid solutions (04x40.3) the b* parameter (yel-
low amount) decreases when x increases at this tem-
perature (1000 �C). At 1300 �C, b* and L* are smaller
than at 1000 �C, according with location of the trans-
Fig. 2. UV–V spectra of NixTi1�3xB2xO2 (B=Sb, Nb) samples fired at 1000 and 1300
�C.
2428 S. Sorlı́ et al. / Journal of the European Ceramic Society 24 (2004) 2425–2432



mission window defined by the wings of the absorption
bands in 800 and 400 regions. The optimal temperature
to obtain yellow rutile solid solutions is between 1000
and 1300 �C. Compositions with x40.10 are suitable
for to yellow materials. From these results, x=0.10 was
chosen to compare results when A=Ti and A=Sn
(rutile or cassiterite host matrix). In these samples
(Ni0.10Ti0.70Sb0.20O2 and Ni0.10Ti0.70Nb0.20O2) rutile
crystalline phase is detected by XRD. Thus,
Ni0.1A0.7B0.2O2 (A=Ti, Sn; B=Sb, Nb) samples were
also prepared. These samples were fired at temperatures
between 1000 and 1400 �C (thermal history B) to study the
crystalline phase evolution and variation of color in them.
Crystalline phase evolution with temperature in
Ni0.10A0.70B0.20O2 (A=Ti, Sn; B=Sb, Nb) samples is
shown in Table 4. Formation of NiTiO3 was detected in
the Ni0.10Ti0.70Sb0.20O2 sample at 1400

�C. When A=Sn
and B=Sb, cassiterite is the only phase obtained in the
1000–1300 �C range but NiO is also detected at 1400 �C.
NiNb2O6 isostructural with cassiterite was detected
between 1000 and 1400 �C when A=Sn and B=Nb.
Table 5 shows cassiterite and rutile unit cell para-
meters obtained by the Rietveld method for
Ni0.10A0.70B0.20O2 (A=Ti, Sn; B=Sb, Nb) samples fired
at 1200, 1300 and 1400 �C. These unit cell parameters
are in accordance with the replacement of ions proposed
when solid solutions are formed and crystalline phases
detected at each temperature. A progressive increase of
octahedral distortion with temperature is detected if the
phase composition is constant (A=Ti, B=Nb).
Fig. 3. UV–V spectra of Ni0.1A0.7B0.2O2 samples fired at 1200, 1300 and 1400
�C; (a) A=Ti, B=Sb; (b) A=Sn, B=Sb; (c) A=Ti, B=Nb;

(d) A=Sn, B=Nb.
Table 3

Chromatic coordinates L*a*b* for NixTi1�3xB2xO2 samples at differ-

ent temperatures
B
 x
 Raw sample
 800 �C/12 h
 1000 �C/12 h
 1300 �C/12 h
Sb
 0.05
 L*=94.1
 L*=93.0
 L*=88.8
 L*=64.76
a*=0.0
 a*=�2.4
 a*=�4.0
 a*=6.56
b*=0.9
 b*=7.9
 b*=33.6
 b*=32.91
Sb
 0.10
 L*=91.2
 L*=90.8
 L*=81.9
 L*=65.61
a*=0.1
 a*=�3.0
 a*=�2.7
 a*=4.56
b*=0.9
 b*=9.3
 b*=40.2
 b*=37.95
Sb
 0.20
 L*=87.4
 L*=85.2
 L*=77.2
 L*=62.29
a*=0.3
 a*=�3.6
 a*=�4.3
 a*=2.34
b*=1.6
 b*=12.8
 b*=37.8
 b*=32.69
Sb
 0.30
 L*=83.9
 L*=80.9
 L*=79.6
 L*=57.12
a*=0.6
 a*=�2.9
 a*=�9.8
 a*=�0.34
b*=2.4
 b*=13.7
 b*=23.0
 b*=20.49
Sb
 1/3
 L*=78.8
 L*=76.8
 L*=76.3
 L*=56.72
a*=1.1
 a*=�1.4
 a*=�4.3
 a*=�3.10
b*=3.4
 b*=11.6
 b*=11.9
 b*=11.76
Nb
 0.05
 L*=94.2
 L*=92.6
 L*=84.7
 L*=64.20
a*=0.1
 a*=�3.5
 a*=�0.5
 a*=4.17
b*=0.9
 b*=17.2
 b*=50.5
 b*=27.73
Nb
 0.10
 L*=90.7
 L*=90.0
 L*=84.6
 L*=60.12
a*=�0.1
 a*=�3.8
 a*=�2.1
 a*=2.46
b*=0.0
 b*=16.0
 b*=49.2
 b*=23.14
Nb
 0.20
 L*=85.2
 L*=85.8
 L*=82.7
 L*=65.50
a*=0.4
 a*=�4.2
 a*=�3.8
 a*=1.53
b*=1.3
 b*=18.7
 b*=43.3
 b*=29.23
Nb
 0.30
 L*=83.8
 L*=82.7
 L*=82.2
 L*=67.53
a*=0.2
 a*=�4.0
 a*=�4.1
 a*=�1.57
b*=1.2
 b*=18.0
 b*=33.6
 b*=29.71
Nb
 1/3
 L*=80.4
 L*=82.6
 L*=80.4
 L*=62.60
a*=0.4
 a*=�2.1
 a*=�2.4
 a*=2.63
b*=2.0
 b*=11.0
 b*=27.1
 b*=21.81
S. Sorlı́ et al. / Journal of the European Ceramic Society 24 (2004) 2425–2432 2429



UV–V spectra in Ni0.1A0.7B0.2O2 (A=Ti, Sn; B=Sb,
Nb) samples are shown in Fig. 3. Three absorption
bands assigned to Ni2+ in an octahedral site are
observed. Position of these bands changes with the
decomposition of rutile solid solution at 1400 �C in
Ni0.1Ti0.7Sb0.2O2 sample (Fig. 3(a)). The observed
change in the UV–V spectrum might be due to a valency
change of nickel but the volumetric increase of the unit
cell as well as the octahedral distortion should corres-
pond to the values expected on the basis of the amount
of Ni and B ion and their radii. This change is in
accordance with the formation of NiTiO3 detected by
XRD. The broad absorption in Ni0.1Sn0.7Sb0.2O2 sam-
ple (Fig. 3(c)) can be attributed to charge transfer tran-
sitions between tin and antimony ions in cassiterite solid
solutions.20 At 1400 �C, the absorbance does not
decrease with segregation of NiO detected by XRD,
thus Sb2O4–SnO2 solid solutions with cassiterite struc-
Table 5

Rutile and cassiterite unit cell parameters and interatomic distances for Ni0.1A0.7B0.2O2 samples
a

A
 B
 1200 �C/12 h
 1300 �C/12 h
 1400 �C/12 h
Ti
 Sb
 a=4.6059(3)
 a=4.6069(2)
 a=4.5945(2)
c=2.9876(2)
 c=2.9917(1)
 c=2.9696(2)
x (O)=0.305(1)
 x (O)=0.300(7)
 x (O)=0.3038(8)
M–O (�2)=1.984(5)
 M–O (�2)=1.954(3)
 M–O (�2)=1.974(4)
M–O (�4)=1.962(4)
 M–O (�4)=1.984(2)
 M–O (�4)=1.957(2)
Rp=10.6%
 Rp=11.3%
 Rp=11.6%
Rwp=14.2%
 Rwp=14.6%
 Rwp=14.8%
Re=9.4%
 Re=10.3%
 Re=9.8%
RB=3.9%
 RB=4.3%
 RB=4.7%
Ti
 Nb
 a=4.6327(2)
 a=4.6358(1)
 a=4.6369(2)
c=2.9828(1)
 c=2.9845(1)
 c=2.9855(1)
x (O)=0.3031(5)
 x (O)=0.3042(6)
 x (O)=0.310(1)
M–O (�2)=1.986(2)
 M–O (�2)=1.994(3)
 M–O (�2)=2.036(7)
M–O (�4)=1.972(2)
 M–O (�4)=1.968(2)
 M–O (�4)=1.942(4)
Rp=10.6%
 Rp=9.8%
 Rp=11.6%
Rwp=14.6%
 Rwp=14.0%
 Rwp=15.2%
Re=10.1%
 Re=9.1%
 Re=10.5%
RB=3.8%
 RB=4.8%
 RB=5.3%
Sn
 Sb
 a=4.7248(2)
 a=4.71671(8)
 a=4.7359(1)
c=3.1737(2)
 c=3.16440(7)
 c=3.1845(1)
x (O)=0.306(1)
 x (O)=0.3041(9)
 x (O)=0.330(2)
M–O (�2)=2.048(6)
 M–O (�2)=2.028(4)
 M–O (�2)=2.214(8)
M–O (�4)=2.047(4)
 M–O (�4)=2.052(3)
 M–O (�4)=1.955(6)
Rp=11.3%
 Rp=11.0%
 Rp=11.7%
Rwp=14.2%
 Rwp=15.5%
 Rwp=15.8%
Re=12.2%
 Re=9.3%
 Re=10.6%
RB=3.9%
 RB=2.9%
 RB=5.7%
Sn
 Nb
 a=4.7357(2)
 a=4.7341(2)
 a=4.7343(1)
c=3.1840(2)
 c=3.1791(1)
 c=3.1615(1)
x (O)=0.303(1)
 x (O)=0.304(1)
 x (O)=0.305(1)
M–O (�2)=2.029(6)
 M–O (�2)=2.036(6)
 M–O (�2)=2.040(6)
M–O (�4)=2.068(4)
 M–O (�4)=2.060(4)
 M–O (�4)=2.052(4)
Rp=9.6%
 Rp=11.4%
 Rp=11.6%
Rwp=14.1%
 Rwp=14.8%
 Rwp=14.2%
Re=7.9%
 Re=8.5%
 Re=8.3%
RB=4.2%
 RB=5.1%
 RB=5.3%
a The errors are included in parenthesis.
Table 4

Crystalline phase evolution with temperature in Ni0.1A0.7B0.2O2 samples
A
 B
 1000 �C/12 h
 1200 �C/12 h
 1300 �C/12 h
 1400 �C/12 h
Ti
 Sb
 R(s)
 R(s)
 R(s)
 R(s), NT(w)
Ti
 Nb
 R(s)
 R(s)
 R(s)
 R(s)
Sn
 Sb
 C(s)
 C(s)
 C(s)
 C(s), N(vw)
Sn
 Nb
 C(s), HN(w), NN(w)
 C(s),HN(w), NN(w)
 C(s), NN(w)
 C(s), NN(vw)
Crystalline phases: R=TiO2 (rutile), C=SnO2 (cassiterite), N=NiO, NT=NiTiO3, HN=H–Nb2O5, NN=NiNb2O6 (tetragonal).Diffraction peak

intensity: s=strong, m=medium, w=weak, vw=very weak.
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ture seems to be developed at this temperature in this
sample.
Molar susceptibility at 294 K in Ni0.1A0.7B0.2O2
(A=Ti, Sn; B=Sb, Nb) samples (Table 6) is in accor-
dance with the values obtained in Ti3(1�x)NixM

0
2xO6

(M0=Sb, Nb) rutile solid solutions and reported by
Belloch et al.11 These results confirm the +2 oxidation
state of nickel. No interactions between paramagnetic
ions take place in Ni0.1Ti0.7B0.2O2 (B=Sb, Nb) and
Ni0.1Sn0.7Nb0.2O2 samples. Antiferromagnetic interac-
tions might explain the small value of molar suscept-
ibility obtained when A=Sn and B=Sb.
CIE L*, a* and b* parameters of Ni0.1A0.7B0.2O2
(A=Ti, Sn; B=Sb, Nb) samples are shown in Table 7.
The variations of the b* parameter are noteworthy and
they can be explained with the occurrence of different
amounts of secundary phases. When A=Ti, the b*
parameter (yellow amount) decreases with temperature.
In Ni0.1Ti0.7Nb0.2O2 sample this b* decrease can be
related with the progressive increase of octahedral dis-
tortion. When A=Sn, 1300 �C (B=Sb) or 1400 �C
(B=Nb) is the temperature in which b* parameter is
higher. A worse yellow color is obtained when A=Sn
than when A=Ti at all temperatures. From XRD
results and chromatic coordinates, Ni0.1Ti0.7Nb0.2O2
fired at 1200 �C is the best yellow material of
Ni0.1A0.7B0.2O2 (A=Ti, Sn; B=Sb, Nb) samples.
From results obtained for all prepared samples,
NixA1�3xB2xO2 with A=Ti, B=Nb, x40.10 and
1000 �C4T 41200 �C might be established as compo-
sitional and firing temperature ranges to obtain yellow
ceramic pigments in these systems.
4. Conclusions

NixTi1�3xSb2xO2 (04x40.10) and NixTi1�3xNb2xO2
(04x40.30) rutile solid solutions have been obtained at
1300 �C. In these solid solutions, variation of color is
related to changes in composition or temperature.
Optimal yellow color is found with x 40.10.
Crystalline phase evolution with temperature in
Ni0.10A0.70B0.20O2 (A=Ti, Sn; B=Sb, Nb) samples
shows instability of solid solutions at 1400 �C. Forma-
tion of NiTiO3 in Ni0.10Ti0.70Sb0.20O2 sample is detected
at 1400 �C. When A=Sn and B=Sb, cassiterite is the
only phase obtained in the 1000–1300 �C temperature
range, but NiO is also detected at 1400 �C. When
A=Sn and B=Nb, NiNb2O6 isostructural with cassi-
terite is detected between 1000 and 1400 �C.
NixA1�3xB2xO2 with A=Ti, B=Nb, x 40.10 and
1000 �C4T 41200 �C might be established as compo-
sitional and firing temperature ranges to obtain yellow
ceramic pigments in these systems.
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