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The CoxZni_xAl,04 system (x=0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1) was synthesized by the polymeric
precursor method and characterized by the techniques XRD, TG-DTA, IR, UV-vis and colorimetry. The
XRD patterns displayed the characteristic peaks of the spinel structure and a good crystallinity. The DTA
curves showed an exothermic peak corresponding to the enthalpy of the transition taking place at about
700 °C. The infrared spectra displayed vibrations at about 650, 550, 540, 520, 500, 490 cm !, which were

ascribed to the spinel structure. The UV-vis spectra presented three bands at 550, 580 and 620 nm
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attributed to the Co?* spin transitions in tetrahedral sites. The colorimetric data point out the formation
of blue pigments, corresponding to highly negative values of b*. The lightness, coordinate L”, increases
with the heat treatment temperature. These facts reveal that CoyZni_xAl;04 is a promising system that
can be employed to obtain ceramic blue pigments.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Spinel-type oxide materials have attracted a great deal of
attention from scientists and industry leaders because of their
relevant magnetic, refractory and semiconducting properties [1,2].
The spinel structure, featuring the general formula AB;0O4 displays
64 tetrahedral sites and 32 octahedral sites, of which only 8
tetrahedral sites and 16 octahedral sites are occupied by the cations
A% and B3", respectively. There are two ideal types of this struc-
ture: the first one is the normal spinel, in which the tetrahedral
sites are occupied by the cations A%+ and the octahedral sites by the
cations B3*. The second ideal type is the inverse spinel, in which all
the tetrahedral sites are occupied by cations B>*, while an equal
number of cations A** and B3* share the octahedral sites [3,4].
Besides these ideal structures, spinels can display a partially
inverted structure, moreover with the presence of a T-dependent
cation. In this case the occupancy of tetrahedral and octahedral
cations will shift toward a random distribution with increasing
temperature [5].

Recently, a new application of the spinels as ceramic pigments
has been explored, owing to their high mechanical resistance, high
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thermal stability, low temperature sinterability and the easy
incorporation of chromophore ions into the spinel lattice, allowing
for different types of doping, thus producing ceramic pigments
with different colors [1-6].

Blue pigments are widely used in industry to bring color to
plastics, paints, fibers, papers, rubbers, glass, cement, glazes,
ceramics and porcelain enamels [7]. The main source of ceramic
blue pigments is cobalt, in compounds such as C0,SiO4 (olivine),
(C0,Zn),Si04 (willemite) and CoAl,04 (cobalt spinel). But cobalt is
scarce and expensive, thus increasing the production costs of
cobalt-based ceramic pigments. Moreover, serious environmental
problems may occur from the manufacturing process of Co-based
ceramic pigments [6].

Therefore, the present paper aims at synthesizing ceramic blue
pigments from the CoyZnj_xAlbO4 (x=0;0.1;0.3;0.5;0.7;09and 1)
system, synthesized by means of the polymeric precursor method.
Gouveia et al. [8], Kakihana [9] and Lessing [10] provide a descrip-
tion and discussion of such synthesis method. The CoxZn;_xAl;04
system allows for a reduction of the production costs and also for
minimizing the environmental damage, as the amount of Co is
reduced.

Several methods can be employed for the synthesis of simple
oxides or oxide-based systems. The most common methods are: solid
state reaction [11], sol-gel [12], micro-emulsion [4], co-precipitation
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[13], hydrothermal [14] and polymeric precursor method [9,10,15].
This latter method should be emphasised as it offers important
advantages in relation to other chemical methods, such as: low cost,
as the reagents used in large scale are relatively cheap, oxide
synthesis at low temperatures, good chemical homogeneity at the
molecular level of all the components and accurate stoichiometric
control, even in complex systems [9,10,15].

2. Experimental section

The polymeric precursor method consists in the formation of
a polymer in which the metal cations are homogeneously distrib-
uted within the polymer chain, aiming at a better cation distribu-
tion in the final oxide product. The metal cations were chelated
with citric acid, an a-hydroxycarboxylic acid. Later, the metal
chelates react with ethylene glycol, a polyhydric alcohol, in order to
occur the polyester formation. A better description and discussion
of this method is provided by Gouveia et al. [8], Kakihana [9],
Lessing [10]. The CoxZni_xAl;04 (x =0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1)
system was synthesized using the aforementioned polymeric
precursor method.

The reagents utilized are cobalt acetate (C4HgCoO4-4H,0), zinc
nitrate (Zn(NO3),-6H,0), aluminum nitrate (Al(NOs3)s3-9H,0), citric
acid (CA) and ethylene glycol (EG). The (CA)/metal molar ratio was
of 3:1, while the (CA)/(EG) mass ratio was of 60:40. Initially
aluminum nitrate was dissolved in distilled water under constant
stirring, later citric acid and then cobalt acetate and zinc nitrate
were added. After being kept at around 70°C for 1h, ethylene
glycol was added. A gel was obtained, and it undertook a prelimi-
nary heat treatment for 2 h at a temperature of 350 °C in an air
atmosphere. Such heat treatment leads to a partial degradation of
the organic structure and its expansion, due to the gas liberation
during the combustion. Thus the powder precursor is formed,
a fragile and black material. Next the powder precursor is de-
agglomerated and suffers the final heat treatment, eliminating the
remaining organic matter, at the temperatures of 600, 700, 800 and
900 °C.

The XRD patterns were determined in an X'PERT PRO MPD
(PW3040/60) diffractometer, from PANalytical, with a ceramic X-
ray tube (1 Cu K, =1.540598 A), model PW3373/00, 2200 W,
60 kV. The following analysis conditions were used: voltage (kV):
40; current (mA): 40; scan range (5°-100°); step size (0.02°); scan
mode: continuous; counting time (s): 5; divergence slit: slit fixed 1/
2°; mask fixed: 10 mm; anti-scatter slit: slit fixed 1°; sample
movement type: spinning; rotation time (s): 1.0. The Rietveld
method was applied by the softwave Fullprof. The crystallite size
was calculated by the means of the Scherrer equation.

The infrared spectra of the powders were taken in an IR 100
model Thermo-Nicolet equipment, in the 4000-400 cm™! region.
The TG-DTA thermal analyses were performed in a Thermal
Sciences device coupled to a STA 1500 simultaneous thermal
analyzer from Stantan Redcroft, in an air atmosphere, using a mass
sample of about 10 mg, in the temperature interval from 25 to
1000 °C, with a heating rate of 10 °C min~’. The CIELab chromatic
coordinates as well as the UV-vis absorption spectra were taken by
means of a Gretac Macbeth Color-eye 2180 colorimeter, using a D65
illumination, which is similar to daylight.

3. Results and discussion

Fig. 1 depicts the XRD patterns of the samples from the
CoxZni_»Al,04 system heat treated at 800 °C. At this temperature
for all the values of x studied, the characteristic peaks of the spinel
structure were noticed, according to the ICDD files 74-1136 and
82-2252, for ZnAl,04 and CoAl,0y4, respectively. The patterns did
not show the presence of secondary phases.
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Fig. 1. XRD diffraction patterns of the following powder samples, heat treated at
800 °C (a) ZnAly04, (b) C001Zng9Alx04, (€) C003Zno7Al04, (d) Coo5ZnosAl>04, ()
C00_7an,3A1204, (f) C00_92n041A1204 and (g) COA1204.

The development of the spinel phase at a relatively low
temperature indicates one advantage of this synthesis route, as
compared with other methods. For instance, Melo et al. [16]
prepared CoAl,O4 by solid state reaction, obtaining such phase at
a temperature of about 1000-1200 °C.

In the present work, the Rietveld refinement of XRD data, Fig. 1,
allowed calculating the values of lattice parameter and crystallite
size of the CoyZn;_xAl;04 system, heat treated at 800 °C, Fig. 2.

Accompanying the increasing tendency shown in the theoretical
values for the lattice parameters of ZnAl;04 (8.05 A) and CoAl,04
(8.106 A), the experimental values of lattice parameters and unit
cell volume gradually increase upon the Co-substitution from zinc,
from 8.083 A to 8.095 A in the case of lattice parameter, and from
528.10 A3 to 530.45 A3 in the case of unit cell volume. Such raise in
the unit cell is in agreement with the values from ICDD files, Fig. 1. It
should be stressed that the formation of a nanocrystalline struc-
ture, with the further reduction in the mean crystallite size upon
the Co-enrichment, diminishing its value from 38.1 nm to 22 nm. It
should be remarked that these two properties fairly obey Végard’s
law reasonably closely, with the corresponding linear relationship
of lattice parameter and crystallite size with the Co-enrichment of
the system, Fig. 2.
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Fig. 2. Lattice parameter and crystallite size of Co,Zn;_,Al,04 (x=0; 0.1; 0.3; 0.5; 0.7;
0.9 and 1), heat treated at a 800 °C, as a function of the Co amount.
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Fig. 3 depicts the XRD patterns for the sample Cogs5Zng5AI204
heat treated at different temperatures. The results indicate that
higher temperatures promote the increase of the system crystal-
linity. The patterns also show that the spinel phase is formed at
600 °C, according to the ICDD (International Centre for Diffraction
Data) files 74-1136 and 82-2252, respectively for ZnAl,04 and
CoAl,04.

Fig. 4 shows the TG curves of the powder precursors from the
CoxZny_xAl,04 system. These curves suggest that the decomposi-
tion occurs in two steps. The first one results from the exit of water
and gases adsorbed on the surface of the powder precursor. The
second step is attributed to the combustion of the organic matter.
The first step accounts for about 20%, the second for roughly 60%,
summing up around 80% of total mass loss.

The DTA curves are illustrated in Fig. 5, which shows an endo-
thermic peak at about 100 °C, corresponding to the energy adsor-
bed during the processes of water evaporation and de-sorption of
gases from the surface of the precursor powders. Another peak,
a strong exothermic peak, ascribed to the combustion of the organic
matter is noticed at about 340 °C for most of the samples, but is
shifted to around 430 °C for the samples CoAl,04 and ZnAl;04. A
second and weaker peak, whose attribution was not determined,
was clearly noticed at about 710 °C, only for the samples CoAl;04
and ZnAl,04. The crystallization of these compounds in the spinel
phase is not accompanied by a mass loss. This fact was also reported
by Duan et al. [17] for the synthesis of ZnAl,04 by a new sol-gel
method, with the authors reporting also an exothermic peak,
centered at 450°C, which corresponds to a crystallization
temperature.

The exothermic peaks for extreme samples ZnAl,04 and CoAl;04
are smaller than for the samples containing both Zn and Co. This
fact might be related to a smaller reactivity of these aforemen-
tioned samples, as was also observed in the TG curves, see Fig. 4, in
which the temperature needed for 50% of mass loss was signifi-
cantly lower for the samples containing both Zn and Co.

Fig. 6 shows the infrared spectra of the CoyZn;_xAl;04 system
heat treated at 900 °C. In these spectral vibrations corresponding to
the spinel structure are identified at about 650, 550, 540, 520, 500,
490 cm ™. According to Dhak and Pramanik [ 18], the spinels display
stretching bands in the 500-900 cm™! range, associated with the
vibrations of metal-oxygen, aluminum-oxygen and metal-
oxygen-aluminum. The bands at 520 and 540 cm™! are ascribed to
the (Zn0Oy4), (CoO4) and [AlOg] vibrations, in agreement with Chen
et al. [19], who identified the bands related to the tetrahedral
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Fig. 3. XRD diffraction patterns of Cogs5ZngsAl,04 heat treated at different tempera-
tures, (a) 600 °C, (b) 700 °C, (c) 800 °C and (d) 900 °C.
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Fig. 4. TG curves of the system CoyZn; ,Al;04 (x=0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1).

(Co04) groups and octahedral [AlOg] groups. The band at about
650 cm™! is related to the vibration of the group (ZnOs). This band
decreases its intensity as the amount of Co increases, pointing out
the Co-occupation of the tetrahedral sites.

Stangar et al. [20] studied normal and Co-deficient CoAl,04 thin
films, observed only bands at about 670 cm~!, 560 cm~! and
510 cm~ ', which were ascribed to (Co**04) and [AlOg] groups.
Meyers et al. [21], investigating CoAl,04 powders, observed that the
Al-0 and Co-O stretching frequencies are found in the range 900-
470 and 550-340 cm™!, respectively, whereas the Al-O-Co
frequencies were noted in the 450-800 cm ™! region.

Therefore, due to the preferential occupancy of octahedral sites
by Al and tetrahedral sites by Co and Zn, the CoyZn;_xAl;04 system
will not favor the presence of octahedral Co, neither Co?* nor Co>*.
In spite of this, Meyer et al. [21] ascribed the two Al-O stretching
bands, observed in the infrared spectra of CoAl,04 powders at the
range 500-900 cm™ ), to different oxygen-coordination states of Al
atoms [AlOg] and (AlOg4).

Fig. 7 illustrates the UV-vis absorbance spectra of the samples
CoxZny_xAlbO4 (x=0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1) powders heat
treated at 900 °C. For all the samples can be noticed a strong
absorption in the range from 540 nm to 630 nm, corresponding to
the absorption of the colors yellow, orange and red. Thus, the
reflectance occurs in the complementary colors, namely violet, blue
and cyan, centered in the blue.
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Fig. 5. DTA curves of the system CoyZn;_xAl;04 (x=0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1).
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Fig. 6. Infrared spectra of (a) ZnAl;04, (b) C001ZnggAl;04, (c) Cop3Zng7AlIz04, (d)
C0g.5Zn0 5Al504, () Cog7Zng3Al504, (f) Cop9Zng1Al,04 and (g) CoAl,04 heat treated at
900 °C.

Fig. 8 depicts the absorbance spectra of the sample CogsZ-
np5Al,04 heat treated at 600, 700, 800 and 900 °C. For all of the
samples a strong absorption in the range from 570 nm to 630 nm is
apparent which corresponds to the absorption of the colors yellow,
orange and red. Thus, the reflectance occurs in the complementary
colors, namely violet, blue and cyan, centered in the blue.

It was verified that the bands at 478 nm, besides being influ-
enced by the Co content, are also influenced by the heat treatment
temperature. These data suggest that the Co?* ions were incorpo-
rated within the ZnAl,04 structure, replacing the Zn" ions in the
tetrahedral sites.

The ions Co?* present a 3d’ configuration and can occupy,
besides other possibilities, tetrahedral and octahedral sites in
spinel-type structures. For such ions there are, in the UV-vis region,
three spin-allowed and three spin-forbidden electronic transitions,
ascribed to “4Ax(F) — “Ty(P) and “Ay(F) — ?T(G), respectively
[20,22].

In Fig. 8 are shown three bands, namely bands I, II and III,
centered at approximately 550, 580 and 620 nm, respectively,
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Fig. 7. UV-vis absorbance spectra of CoyZn;_,Al,04 (x=0; 0.1; 0.3; 0.5; 0.7; 0.9 and 1)
heat treated at 900 °C.
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Fig. 8. UV-vis absorbance spectra of Cog5Zng5Al,04 heat treated at 600, 700, 800 and
900 °C.

which are attributed to the spin-allowed #A,(F) — “T(P) transition
of the Co®" ions in tetrahedral sites. As the heat treatment
temperature increases, these bands are better defined. Similar
results were obtained by Stangar et al. [20].

Stangar et al. [20] investigating Co-deficient CoAl,04 thin films,
with a Co/Al molar ratio of 0.3, observed UV-vis transmittance
bands with maxima at 544 nm, 580 nm and 625 nm. Zayat and Levy
[22] also working with a Co-deficient CoAl,O4 samples, but in this
case powders displaying the Cog.75Al,.2504 stoichiometry, reported
the absorbance bands at 543 nm, 580 nm and 630 nm. Sales et al.
[23] investigating powders with the composition 3(Al;.95C00.025-
Tig02503)-2Si0,, heat treated at 995 °C for 1h, found peaks at
510 nm, 575 nm and 618 nm. The position of the bands I, Il and IIl in
the present paper, 550, 580 and 620 nm, generally agrees with the
values disclosed in the literature [22,24].

In the present work, as already mentioned, another band is
observed at around 478 nm, and it is assumed to be related to spin-
forbidden transitions reported by Zayat and Levy [22]. Such a band
is not observed for the sample treated at 600 °C. This fact agrees
with the XRD patterns, which show that at 600 °C the sample
Cop.5Zng 5Al204 has a low crystallinity, but increases its long range
ordering with the increase of the heat treatment temperature.
Another possibility is the presence of a T-dependent cation
ordering, in which the cooling might partially preserve the highly
random high-temperature cation distribution [5]. In addition, Fig. 8
clearly evidences a ramp in the low wavelength part of the visible
spectrum, suggesting the occurrence of charge transfer processes
active in the samples treated at 600 and 700 °C.

Table 1
Values obtained from the deconvolution of the UV-vis absorbance spectra of
Cop5Zng5Al,04 heat treated at different temperatures.

Temperature (°C) Band Center (nm) Band intensity (a.u.)
600 (1” = 0.9989) I 543.86 0.027
Il 590.51 0.168
11 632.42 0.124
700 (? =0.9991) I 541.01 0.085
Il 585.16 0.380
11 631.41 0.265
800 (1” =0.9993) I 53743 0.281
Il 584.21 0.761
11 633.09 0.516
900 (* =0.9993) [ 536.15 0.332
Il 583.08 0.817
11 632.80 0.584
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Table 2

Colorimetric analysis of CogsZngsAl,04 heat treated at different temperatures.
Temperature (°C) L a b

600 42.78 —6.57 3.82
700 42.77 -7.99 —-3.32
800 46.48 -7.31 —27.64
900 47.47 -3.19 —-36.24

In relation to the higher energy bands, thus displaying lower
wavelengths, there are conflicting data in the literature. Zayat and
Levy [22] reported that the peaks observed at 408 nm, 447 nm and
479 nm are related to the spin-forbidden *A,(F) — 2T(G) transition
of the Co?* ion in octahedral sites. On the other hand, Stangar et al.
[20] considered that the bands whose wavelengths are below
520 nm are due to electronic transitions of Co>* in octahedral sites.
Sales et al. [23] observed a band at 480 nm, but they did not show
its attribution.

Kim et al. [24] studied the Co3_xFexO4 system and reported three
visible peaks at 1.65eV (752 nm), 2.4eV (517 nm) and 2.8eV
(443 nm). The first peak was assigned to a tyg(Co>") — t(Co**) d-
d charge transfer (CT) transition, from the d(tyg) states of the
octahedral Co>* ion to the d(t,) states of the tetrahedral Co®* ion.

It can be also noted that the increase of the heat treatment
temperatures, leads to a decrease in the absorption, moreover at
around 450 nm, what is related to the higher spinel crystallization,
as pointed out in the XRD patterns of Fig. 3. This corresponds to an
increase in the reflectance, thus leading to pigments with lighter
blue hues, what agrees with higher values of the CIELab lightness,
L* coordinate, as will be later discussed. Similar results were
obtained for the other samples, corresponding to other
stoichiometries.

More detailed information on the bands in the range from
400 nm to 800 nm can be obtained from the deconvolution of these
bands, for different temperatures, by employing the Peak Fit
program, see Table 1. It was observed that the increase of the heat
treatment temperature led to a shift of these bands toward a higher
energy, in other words, toward a decrease in the absorbed wave-
length, as it was reported by Stangar et al. [20].

The CIELab colorimetric coordinates allow for the quantitative
and qualitative characterizations of the pigment colors. Table 2
shows these coordinates for the pigment CogsZngsAl;04, heat
treated at different temperatures. It can be noticed that the increase
of the heat treatment temperature practically does not oscillate the
coordinate a”. It slightly increases the lightness, L*, whereas
strongly decreases the coordinate b*. Thus the pigment CogsZ-
nosAlb04 calcined at 900 °C showed ab® coordinate of —36.24,
indicating a blue color, see Table 2, in agreement with the UV-vis
spectra shown in Fig. 8. Similar results were obtained for other Co
contents.

The chromatic coordinates (L*, b* and a*) of the pigments
Zl‘lA1204, COO_]ZnQ_9A1204, C00.3ZI‘10.7A1204, C00_52n0_5A1204, C00.7Z-
ng.3Al>04, Cogg9Zng1Al,04 and CoAl,Oy4, heat treated at 900 °C, are
displayed in Table 3. It can be seen that the lightness, L*, decreases
with the increase of the Co content, pointing out the formation of
darker pigments, in agreement with the UV-vis spectra, in Fig. 8.

Table 3

Colorimetric analysis of the samples heat treated at 900 °C.

Sample L a’ b
ZnAl,04 81.54 -0.42 0.54
C091Zn9Al,04 64.88 —8.89 -15.28
C00_32n0_7A1204 54.88 -797 —25.78
Cog5Zng 5Al,04 4747 -3.19 -36.24
Cog.7Zng 3A1,04 48.04 -5.28 —24.32
C00_92n0_1A1204 45.75 —2.31 —26.38
CoAly04 38.63 —3.28 —14.39

The coordinate a* was kept negative for all the samples, indicating
a slight green contribution, but showing an erratic oscillation. In
terms of the b* coordinate, it was kept highly negative for all the
samples, with the tendency of showing the highest blue intensity
for the medium level of Co content, but leading to a blue color for all
the samples.

4. Conclusions

The system CoxZni_xAl;04 (x =0; 0.1; 0.3;0.5; 0.7; 0.9 and 1), in
which the ion Co?* is incorporated in the ZnAl,04 spinel structure,
thus gradually replacing the Zn?* ions in the tetrahedral sites, was
synthesized by the polymeric precursor method. Relatively low
synthesis temperatures were employed, once the spinel phase was
identified by XRD at 600 °C.

The infrared bands, according to the literature, were ascribed to
(Zn0y), (Co04) and [AlOg] vibrations. The band attributed to the
vibration of the group (Zn0O4) decreases its intensity as the amount
of Co increases, pointing out the Co-occupation of the tetrahedral
sites.

The UV-vis absorbance spectra of the samples CoxZni_xAl>04
display a strong absorption in the range from 540 nm to 630 nm,
corresponding to the absorption of the colors yellow, orange and
red. Thus, the reflectance occurs in the complementary colors,
namely violet, blue and cyan, centered in the blue.

In these spectra are shown three bands, namely bands I, Il and
Ill, centered at approximately 550, 580 and 620 nm, respectively,
which are attributed to the spin-allowed 4A2(F) — 4T1(P) transi-
tion of the Co®* ions in tetrahedral sites. As the heat treatment
temperature increases, these bands are better defined, in agree-
ment with previously reported results.

The highly negative values of the b* coordinate, obtained upon
the substitution of Co** for Zn®* ions point out that blue pigments
were obtained. Higher Co-enrichment leads to darker blue
pigments, with the tendency of obtaining the most negative values
of b* for the medium Co-enrichment levels.

These facts reveal that the system CoxZnj_»Al,04 (x =0; 0.1; 0.3;
0.5; 0.7; 0.9 and 1) can be employed to obtain ceramic blue
pigments, of diverse hues, which offer potential industrial
applications.
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