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a b s t r a c t

Thermal evolution of sol–gel derived gahnite (ZnAl2O4) with 4, 8 and 12 at.% of Zn replaced with Co was
studied by thermal analysis techniques (DTA/TGA), X-ray diffraction (XRD) and UV–vis diffuse reflectance
spectroscopy (DRS). Zinc–cobalt spinel powders were produced by gel heat treatment at temperatures as
low as 400 ◦C. Crystal structure was characterized using Rietveld refinement of X-ray diffraction patterns
for the samples annealed at 800 ◦C, simultaneously with the analysis of diffraction line broadening. It was
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found out that the distribution of Co ions in tetrahedral and octahedral sites of zinc cobalt aluminate
crystal lattice, crystallite size and lattice strain depend on Co loading. The green color of samples ther-
mally treated at T < 800 ◦C has been explained as a consequence of partial oxidation of Co2+ ions at lower
temperatures and accommodation of Co3+ ions in octahedral sites. Thermal treatment at higher temper-
atures promote gradual change of color from green to blue, characteristic for tetrahedrally coordinated
Co2+ ions. The spectra evolution could be interpreted as a progressive reduction of Co3+ to Co2+ ions at
higher temperatures.
. Introduction

Majority of blue ceramic pigments are based on cobalt ion, and
ne of most common crystalline material used for this purpose
s cobalt aluminate (CoAl2O4). This intense blue color pigment,
nown as Thénard blue is characterized by its thermal and chemical
tability, and also by its stability to solar exposure and atmospheric
gents [1]. Beside ceramic, it is widely used for the coloration of
lastics, paint, fibers, paper, rubber, glass and cement [1]. Cobalt
nd its salts are widely considered to be toxic and environmentally
azardous substances. The scarcity of Co and its difficult metal-

urgy make the use of cobalt raw materials expensive [2]. In order
o minimize the use of cobalt in the preparation of blue ceramic
igments, the zinc aluminate, ZnAl2O4 (known by mineral name
ahnite), proves to be a convenient host lattice allowing the devel-
pment of intense blue colors with small amounts of cobalt ions
ubstituting for zinc ions [3]. Zinc is considerably more abundant

n nature and much less toxic than cobalt. Thus, partial replacement
f cobalt by zinc in gahnite, producing of (Zn,Co)Al2O4 solid solu-
ions can reduce the negative health, environmental, sustainability
nd economic considerations [2].
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Both, zinc aluminate and cobalt aluminate have a normal spinel-
type structure of the general formula AB2O4. Spinels crystallize in
the cubic system, space group Fd3̄m. The unit cell of the normal
spinel structure contains 32 O2− anions, 8 divalent cations A2+ in
8 tetrahedral interstices (of 64 available), and 16 trivalent cations
B3+ in 16 octahedral interstices (of 32 available). On the other hand,
the unit cell of the ideal inverse spinel structure contains 32 O2−

anions, 8 divalent cations A2+ in the octahedral interstices, while
16 trivalent cations B3+ are evenly divided between tetrahedral
and octahedral interstices. Spinels can also possess some degree
of cation disorder, which Verwey and Hellmann [4] described by
introducing an inversion parameter, ı. This parameter is defined
as a fraction of trivalent cation B3+ on tetrahedral cation site. The
majority of spinels show some degree of cation disorder. Any inter-
mediate partly disordered state may be expressed as a mixture of
these two end members (the ideal normal spinel and the ideal
inverse spinel, respectively) with a general formula IV[A1−ı Bı]
VI[B2−ıAı] O4, where ı is the inversion parameter.

Different chemical processing methods are used for the prepa-
ration of spinels [5] such as solid state reaction, co-precipitation,

hydrothermal, combustion, sol–gel, etc. Compared with other tech-
niques, the sol–gel method is a useful and attractive technique
for the preparation of nanocrystalline materials for advanced
technological applications, because it enables production of pure,
homogeneous and ultra fine powders at low temperatures and

dx.doi.org/10.1016/j.jallcom.2010.12.099
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Selected structural parameters for samples GC04, GC08 and GC12 heat treated at 800 ◦C resulted from Rietveld structure refinement.

Sample Atom site Occupancy [8] ı [8] Crystallite size (nm) Lattice strain (%)

GC04
IVA 0.003 Co + 0.96 Zn + 0.037 Al 0.037(4) 22.3 0.04
VIB 0.0185 Co + 0.9815 Al

GC08
IVA 0.029 Co + 0.92 Zn + 0.051 Al 0.051(3) 21.6 0.05
VIB 0.0255 Co + 0.9745 Al
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tallizes in two steps. The two-steps crystallization processes seen
on DTA scans can be explained with the fact that the majority of
zinc and cobalt content is not at disposal for reaction until the end
of nitrate decomposition process.
GC12
IVA 0.065 Co + 0.88 Zn + 0.055 Al
VIB 0.0275 Co + 0.9725 Al

hort calcinations times [6]. The use of nanoparticles can improve
he pigment performance enhancing tribological and mechanical
roperties [7]. Another effect of nanoparticles, being smaller than
he wavelengths of visible spectrum, is that no scattering and no
eflection occur in the visible-light range, so the nanocomposite is
ransparent [7].

In this work nanoparticles of (Zn,Co)Al2O4 spinel pigment were
repared by sol–gel method. Samples were prepared in which 4, 8
nd 12 at.% of zinc in the gahnite lattice was replaced with cobalt
ith the aim to obtain a blue ceramic pigment having reduced
egative environmental impact and lower production costs.

. Material and methods

.1. Sample preparation

Three gels with composition Zn1−xCoxAl2O4, where x = 0.04, 0.08, 0.12 (denoted
s GC04, GC08 and GC12, respectively) were prepared. For the preparation of
els the chelating agent ethyl-acetoacetate, C6H10O3 (99%, Fluka, Germany), was
rstly added to the sec-butanol, sBuOH (99%, Kemika, Croatia), and then the
ppropriate amount of aluminium sec-butoxide, Al(OsBu)3 (97%, Aldrich, Great
ritain), was firstly dissolved in the sBuOH/C6H10O3 solution. Al(OsBu)3 was
dded to the solution using syringe to minimize exposure to air humidity. The
ppropriate amounts of zinc nitrate hexahydrate, Zn(NO3)2·6H2O (99%, Kemika,
roatia), and cobalt nitrate hexahydrate, Co(NO3)2·6H2O (99%, Kemika, Croatia),
ere also dissolved in sBuOH. Both solutions were stirred for 1 h before the
itrate salts solution was added drop wise to the Al(OsBu)3/C6H10O3 solution. The
olar ratio of Al(OsBu)3:C6H10O3:[Zn(NO3)2·6H2O + Co(NO3)2·6H2O]:sBuOH was

:2:1:10. The mixture was stirred in a closed reactor for 24 h at room temper-
ture. No precipitation was observed during that period. The clear red-colored
ols were poured into a large Petri dish in order to maximize exposure to air
oisture and kept at room temperature. After 2 days the gelation occurred and

ompletely transparent gels were obtained. Drying of the gels for five more
ays at room temperature enabled the evaporation of solvent and the release
f alkoxy groups resulting in a dry product. The obtained samples were then
ubsequently grinded to fine powders. The powders were heated in the furnace
ith static air at a heating rate of 10 ◦C/min and calcined at various tempera-

ures between 200 and 900 ◦C for 2 h. Afterwards they were slowly cooled to
T in the furnace. The prepared samples were denoted GC04, GC08 and GC12
Table 1).

.2. Characterization

The thermal behavior of powder precursors was characterized by differential
hermal analysis (DTA) and thermo-gravimetric analysis (TGA) using a simultaneous
TA/TGA analyzer Netzsch STA 409. For the thermal analysis ∼50 mg of material
ere placed in Pt crucibles and heated at a rate of 10 ◦C min−1.

Crystalline phases formed by thermal treatment of the samples were identified
y powder X-ray diffraction (XRD) using a Philips MPD 1880 diffractometer with
onochromatized CuK� radiation. Diffraction patterns for phase identification were

ollected between 5◦ and 70◦ 2� in steps of 0.02◦ and with a fixed counting time of
s per step. The samples that were heat treated at 800 ◦C were additionally scanned

n the 2� range from 10◦ to 140◦ , in steps of 0.02◦(2�) with fixed counting time of 7 s
er step, for the purpose of structure refinement and line broadening analysis by the
ietveld method. Rietveld method was performed by the program X′Pert HighScore
lus, version 2.1 (PANalytical 2004using a pseudo-Voigt profile function and the
olynomial background model. The instrumental line broadening was determined
sing silicon powder (Koch-Light Lab. Ltd., 99.999% purity, spherical particles with
iameter of 1 �m).
UV–vis diffuse reflectance spectra (DRS) of the samples were acquired using an
ceanOptics USB 2000 spectrometer equipped with a bifurcated fiber-optic reflec-

ion probe. Spectroscopically pure barium sulphate was used as a reference and
atrix for sample dilution. Reflectance data were recorded between 300 and 800 nm
ith a spectral resolution of 0.2 nm. A total of 50 spectra were collected per sample

nd averaged to increase the signal-to-noise ratio. The measured reflectance data
0.055(4) 20.3 0.08

were transformed to Kubelka-Munk function using equation F(R) = (1–R)2/2R, where
R is reflectance of the sample.

3. Results and discussion

3.1. Thermal behavior of the dried gels

Fig. 1 shows DTA and TGA curves of the as-prepared gels. Several
thermal features took place during the heating of the gels. A wide
endotherm in the range between room temperature and ∼160 ◦C,
sharp exotherm at ∼160 ◦C and two more exotherms, between 250
and 350 ◦C as well as between 600 and 700 ◦C are seen on DTA curve.
TG curves show four weight loss steps: a continuous loss of ∼18%
between room temperature and ∼160 ◦C, a rapid weight loss of
23–31% at ∼160 ◦C followed by weight loss of 15–18% between 180
and 330 ◦C. An additional small continuous loss at temperatures
higher than 300 ◦C could also be seen on TG curves.

Based on our previous detailed investigation on gahnite synthe-
sis using the sol–gel technique [5] the peaks in DTA-TGA curves
could be assigned as follows: the first endothermic DTA peak,
accompanied by continuous weight loss seen on TGA curves of the
samples (Fig. 1), was induced by evaporation of the residual solvent
and physically adsorbed water from the gel. The sharp exother-
mic peak at ∼160 ◦C on DTA curves of samples accompanied with
rapid weight loss is a consequence of an auto-combustion process
involving nitrates and organic phase. Weight loss between 180 ◦C
and 300 ◦C could be attributed to formation of nitrous gasses due
to decomposition of nitrates. The peaks in the temperature range
250–350 ◦C and 600–700 ◦C indicate crystallization processes. It
seems that under dynamic heat-treatment the spinel phase crys-
Fig. 1. DTA and TGA patterns of samples GC04, GC08 and GC12.
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and no anisotropy of diffraction line broadening was noticed. The
ig. 2. X-ray powder diffraction patterns of the sample GC12 calcined at various
emperatures. The patterns have been vertically displaced for clarity.

.2. Phase evolution and structural analysis of heat-treated
amples

Samples were heat-treated at various temperatures between
00 ◦C and 1500 ◦C and subtracted to XRD diffraction. XRD patterns
f sample GC12 are given in Fig. 2 as example. Samples heat treated
elow 400 ◦C are completely XRD amorphous. At 400 ◦C very broad
eaks of low intensity centered at 31.2◦, 36.8◦, 44.7◦, 55.6◦, 59.3◦

nd 65.2◦ 2� attributed to cubic spinel-type structure appear. None
f the samples heated up to higher temperatures yielded other
hase beside spinel-type phase. With the increase of thermal treat-
ent temperature the peak intensity increases, but the position of

he peaks and their relative intensities remain unchanged. This is
rue even for the samples heat treated at 1500 ◦C.

For the purpose of phase identification in the collected XRD
atterns of samples, the patterns listed in the powder diffraction
atabase for the following phases were taken into considera-
ion: ZnAl2O4 (82-1043), CoAl2O4 (82-2252), ZnCo2O4 (23-1390),
o2AlO4 (38-814), Co3O4 (74-2120), as well as double aluminates
e.g. Zn0.9Co0.1Al2O4, 76-0070). All these phases have the spinel-
ype structure, very close value of lattice parameter a, and similar
RD patterns (Fig. 3).

The differentiation between ZnAl2O4, CoAl2O4 and
n0.9Co0.1Al2O4 on one side and ZnCo2O4, Co2AlO4 andCo3O4
n the other side could be made from the relative intensity of
iffraction peak 2 2 2. The 2 2 2 reflection at 38.5◦2� is signifi-
antly stronger for phases belonging to second group, while it
ppears with very small intensity or is absent from XRD pat-

erns of phases belonging to the first group of proposed phases,
espectively (Fig. 3). On the basis of absence of (2 2 2) reflection
Fig. 2), regardless of heat treatment temperature except 1500 ◦C,
t could be concluded that none of phases from the second group
Fig. 3. Graphical representation of PDF data for ZnAl2O4 (82-1043), CoAl2O4 (82-
2252), Zn0.9Co0.1Al2O4 (76-0070), ZnCo2O4 (23-1390), Co2AlO4 (38-814), Co3O4 (74-
2120).

is present in the samples. The intensities in the XRD patterns of
prepared samples are most consistent with zinc cobalt aluminate,
Zn0.9Co0.1Al2O4 (card no. 76-0070).

In our previous work [8] it was shown that samples of Co-doped
gahnite heat-treated at 800 ◦C for 2 h were single-phase spinel sam-
ples with partially inverse spinel structure. All the above mentioned
phases were considered in the course of refinement. Except for
the case of zinc cobalt aluminate, the scale factor for these phases
dropped to zero almost instantly. Therefore, it could be claimed
with certainty that the samples thermally treated at 800 ◦C have no
additional phases. The inversion parameter increased with increas-
ing Co content in gahnite. At a low Co-doping level the portion of
Co on octahedral sites is a large part of total Co content (almost
93% of total Co content in sample GC04). The portion of Co on
octahedral sites decreases to 61% and 46 of total Co content for
samples GC8 and GC12, respectively. According to Zayat and Levy,
[9] oxidative conditions during the formation of the spinel phase
could lead to higher degree of inversion in the Co–Al spinel struc-
ture.

As seen in Fig. 2, the increase of heat-treatment temperature
caused the increase in intensities of diffraction lines, and decrease
in their full-widths at half-maximum (FWHM), indicating on crys-
tallites growth in the samples during the heat treatment.

The broad diffraction lines of samples heat treated at lower
temperatures indicated nano-crystalline nature of the samples,
crystallite dimension in spinel-type material is of fundamental
importance for its properties as coloring agent. When such material
is in a form of micron-sized pigment, it is opaque, having good hid-
ing power. On the other hand, when it is in the form of nano-sized
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Fig. 4. Rietveld refinement and size-strain

igment dispersed in a matrix, it exhibits transparency along with
olor generation [1].

Therefore, in the present work the Rietveld method for diffrac-
ion line broadening analysis of samples thermally treated at 800 ◦C
as been performed. The observed and calculated powder XRD
atterns for sample GC08 are presented in Fig. 4 along with the
alues of full-widths at half-maximum (FWHM) in the wide range
f Bragg angle. Table 1 presents some results of structure refine-
ent and results of line broadening analysis performed by the

ietveld refinement for samples heat-treated at 800 ◦C for 2 h.
ine broadening was caused by both small crystallite sizes and
attice strain. The crystallite sizes decreased with the increase in
obalt doping level, from 22.3 nm for sample doped with 4 at.%
o to 20.3 nm for sample doped with 12 at.% Co. In such man-
er the nano-crystalline nature of spinel particles in investigated
amples is confirmed. The lattice strain increased from 0.04% for
ample doped with 4 at.% Co to 0.08% for 12 at.% Co. Such behav-
or can be explained by the fact that introducing of dopand ions
Co2+) into the gahnite structure causes the increases of lattice
train.

.3. Color evolution and UV–vis analyses of heat-treated samples

Dried powder samples before the heat treatment were pink
ue to presence of cobalt nitrate in the samples, which suggested

hat cobalt ions did not undergo any oxidation process and existed
s Co2+ species in the octahedral sites [10]. Thermal treatment
hanged the colors of the samples; from the starting pink color to
ight grey (200–300 ◦C), then to green (400–700 ◦C), where inten-
ity of green color increased with temperature, and finally to
is of sample GC8 calcined at 800 ◦C for 2 h.

light-blue color (800–900 ◦C), also showing some increase in inten-
sity with temperature. The increase in intensities of green and blue
color of the samples (at the appropriate temperature) with Co load-
ing was noted too.

The occurrence of an intense blue color is not a surprise because
many common cobalt pigments, cobalt aluminate being one of
them, are intense blue due to electronic transitions of Co2+ in tetra-
hedral coordination [11]. On the other hand, the occurrence of
green color is associated with electronic transitions of Co3+ in octa-
hedral coordination [11], i.e. it points out to a partial oxidation
of Co2+ to Co3+ species [10]. Zayat and Levy also noted greenish
colored sol–gel derived CoAl2O4 films at the annealing tempera-
ture below 700 ◦C and concluded that the annealing temperature
and stoichiometry play an important role in their coloration [9].
The influence of preparation route on temperature at which the
color of the samples changes from green to blue has also been
observed [9,12]. The oxidizing environment produced during ther-
mal decomposition of the nitrates could promote oxidation of
cobalt to Co3+ ion [6,13] and the existence of Co3+ ions in octahedral
coordination may lead to a development of green coloration [14].

In order to further investigate the structural characteristics of
the samples, UV–vis DRS spectra of samples annealed at different
temperatures were analyzed. DRS spectra of samples GC04, GC08,
and GC12 heat-treated at temperatures between 100 and 900 ◦C
are shown in Fig. 5. The spectra of all three samples exhibit simi-

lar features. Samples annealed at 100 ◦C show absorption only at
wavelengths shorter than 400 nm due to the presence of cobalt
(II) nitrate. In the spectra of samples annealed at higher tem-
peratures, two broad absorption bands appear in the wavelength
ranges 320–420 nm and 520–660 nm, along with two low-intensity
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ig. 5. UV–vis diffuse reflectance spectra of samples (a) GC04, (b) GC08, and (c)
C12, annealed at different temperatures. Spectra are shifted along the y-axis for
larity.

bsorption bands centered at ca. 460 nm and 660 nm, the later being
eavily overlapped with the band that appears in the 520–660 nm
ange. The absorption band in the wavelength range 320–420 nm
nd the low-intensity absorption band at 660 nm can be attributed
o the 1A1g → 1T2g and 1A1g → 1T1g transitions, respectively, of octa-
edrally coordinated low-spin Co3+ ions [10,15,16]. The absorption
and that appears between 520 and 660 nm has multiplet struc-
ure with major maxima at 545, 595 and 620 nm, and it can be
ssigned to the 4A2(F) → 4T1(P) transition of tetrahedrally coordi-
ated Co2+ ions in the spinel structure of CoAl2O4 [17–19]. The
and splitting may be attributed to a low symmetry perturbation,
hich lifts the degeneracy of the 4T1 excited levels, a dynamic

ahn–Teller effect due to the distortion of tetrahedral structure, or
o a spin–orbit coupling [20]. Finally, a low-intensity absorption
and centered at 460 nm can be attributed to the symmetry forbid-
en 4T1g(F) → 4T1g(P) transition of octahedrally coordinated Co2+

ons in the spinel structure [17,18]. Thus, the DRS spectra of sam-
les reveal the presence of Co3+ ions in octahedral coordination, as
ell as the presence of tetrahedrally and octahedrally coordinated
o2+ ions.

The evolution of DRS spectra with the increase of sample
eat-treatment temperature is in accordance with the conclusions
rawn in previous two chapters. Partial oxidation of Co2+ ions to
he Co3+ ions, caused by the thermal decomposition of nitrate ions
t temperatures between 180 and 300 ◦C, [13] leads to the appear-
nce of the Co3+ absorption bands in the DRS spectra of samples

band in the wavelength range 320–420 nm and band at 660 nm,
ig. 5). Due to the absorption in blue and red part of the visible
pectrum caused by these bands, the samples annealed in the tem-
erature range between 300 and 700 ◦C exhibit greenish hue [21].
ompounds 509 (2011) 3223–3228 3227

The intensities of these two absorption bands did not change signif-
icantly with the increase of temperature in the range 400–700 ◦C.
However, at temperatures higher than 700 ◦C, a rapid decrease in
the intensity of Co3+ absorption bands in DRS spectra of all three
samples was observed (Fig. 5). This effect can be attributed to the
reduction of Co3+ to Co2+, which is a thermodynamically favored
process at temperatures higher than 700 ◦C [1,9]. Samples annealed
at 900 ◦C show no absorption in the wavelength range between 320
and 420 nm (Fig. 5), indicating that all Co3+ ions were reduced to
Co2+ ions at this temperature.

From the spectra shown in Fig. 5 it is evident that the decrease
of intensity of the absorption bands associated with octahedrally
coordinated Co3+ ions is accompanied with the simultaneous
increase of intensities of the absorption bands associated with the
Co2+ ions. The intensity of the triplet band assigned to tetrahedrally
coordinated Co2+ ions continuously increased with the increase of
calcination temperature, and this band became the most prominent
band in the spectra of samples annealed at 800 ◦C. As a consequence,
the color of samples changed from green to blue at 800 ◦C. A con-
tinuous increase of the intensity of absorption band attributed to
octahedrally coordinated Co2+ ions (low-intensity band at 460 nm)
with the increase of temperature has been observed for the sam-
ple GC04 (Fig. 5a). For the samples GC08 and GC12 (Fig. 5b and
c), the intensity of the band at 460 nm increased with the increase
of temperature up to 600 ◦C. With further increase of annealing
temperature the intensity of the same band decreased.

The evolution of DRS spectra with temperature could be inter-
preted as follows: at lower temperatures polycrystalline zinc cobalt
spinel crystallize, having at least a part of cobalt in Co3+ oxidation
state accommodated in octahedral coordination. The increasing of
annealing temperatures in air caused the progressive reduction to
Co2+ causing change of color from green to blue.

The comparison of spectra of the samples GC04, GC08, and GC12
shown in Fig. 5 reveals that the formation of structural units with
octahedrally coordinated Co3+ ions, as well as the distribution of
Co2+ ions between the tetrahedral and octahedral sites of aluminate
lattice, varies with the Co-loading of the samples. The absorption
band that appears in the wavelength range 320–420 nm, attributed
to the Co3+ ions in octahedral sites, is weak for the sample GC04 and
increases in the intensity going from the sample GC04 to the sample
GC12. This allows the conclusion that the number of structural sites
with octahedrally coordinated Co3+ ions is the smallest in the sam-
ple GC04 and that it increases with the Co-loading of the samples.
Additionally, the intensity ratio of the absorption band at 460 nm
(assigned to octahedrally coordinated Co2+) and the triplet band
appearing between 520 and 660 nm (attributed to tetrahedrally
coordinated Co2+) decreases with the increase of Co-loading of the
samples, indicating that the fraction of Co2+ ions occupying the
octahedral lattice sites becomes smaller for the samples with higher
Co-loading. This conclusion agrees well with the results of Rietveld
refinement, which showed that the fraction of Co-ions occupying
the octahedral positions is highest for the sample GC04 and lowest
for the sample GC12. Even a large part of Co2+ ions is in octahedral
sites (93, 61 and 46% of total Co content for samples GC04, GC08 and
GC12, respectively) the color-decisive factor is fraction of Co2+ in
tetrahedra. The reason for that is low absorption coefficient associ-
ated with this species [17]. The 460 nm 4T1g(F) → 4T1g(P) transition
of octahedrally coordinated Co2+ ions is almost two orders of mag-
nitude weaker than the 4A2(F) → 4T1(P) transition of tetrahedrally
coordinated Co2+ ions [18].
4. Conclusion

Thermal evolution of gahnite doped with small amounts of
cobalt, prepared by sol–gel process, was studied.
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Spinel-type phase was obtained by prolonged treatment at tem-
eratures as low as 400 ◦C. Spinels prepared at 800 ◦C display a
resence of Co2+ ions in tetrahedral and octahedral coordination
nd have crystallite size between 20.3 and 22.3 nm and lattice strain
etween 0.04 and 0.08%.

In the course of thermal treatment at lower temperatures a
artial oxidation of Co2+ to Co3+ occurs. The Co3+ ions are accommo-
ated in octahedral sites causing the green appearance of samples.
he heat treatment at temperature above 700 ◦C promoted the
eduction of Co3+ ions and brought about the appearance of Co2+

ons in tetrahedral coordination, and change of color from green to
lue. The appearance of Co3+ and Co2+ ions, as well the distribution
f Co2+ cations in tetrahedral and octahedral sites of spinel-type
tructure, depended on cobalt doping level and heat-treatment
emperature.
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