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Abstract

M2 þ -doped aluminate spinels (M¼Co or Ni) were prepared by a polymeric route leading to pure phases for synthesis temperatures equal to
800 or 1200 1C and characterized by UV–vis–NIR spectroscopy, 27Al NMR and XRD refinements. Coloration of the synthesized pigments is 
clearly sensitive to the distribution of doping ions in the aluminate spinel lattice. As the synthesis temperature increased, a color shift from green
to blue has been observed for Zn1�xCoxAl2O4 compound while coloration of Zn1�xNixAl2O4 compound remains greenish-gray. Hence, to 
improve pigment coloration and/or synthesis cost, two different strategies have been proposed: (i) the synthesis of aluminum over-stoichiometric
spinel with Zn0.9Co0.1Al2.2O4 δ formal composition in order to force Co2 þ to be located in tetrahedral sites and (ii) changing from ZnAl2O4 to 
MgAl2O4 as host lattices for 

þ
Ni2 þ doping ions in order to force Ni2 þ to be located in octahedral sites.
1. Introduction

Synthetic blue pigments are widely used in the ceramics
industry as coloring agents for glazes or porcelain stoneware
[1–2]. The traditional source of blue color in a ceramic
pigment remains the divalent cobalt ion (Co2þ ) in tetrahedral
coordination site [3], especially inside the CoAl2O4 spinel
phase [1–16]. However, recent publications have focused on
the elaboration of aluminate spinels for cyan pigments (one
primary color in subtractive system) with Ni2þ as chromo-
phore ion [17–19].

The main drawback of CoAl2O4 blue pigment lies in the
large range of colorimetric parameters depending on material
thermal history. Indeed, the CoAl2O4 composition (known as
Thenard's blue) is known for exhibiting a sky-blue hue more
intense after high temperature treatment [6–12] than after
moderate annealing. Previous literature work [6–10,20–22]
and more especially our own previous study [16] on
Zn1�xCoxAl2O4 oxides have underlined the influence of
thermal history on the pigment coloration and reported this
“becoming-green” phenomenon with decreasing synthesis
temperature. Presently, a clear consensus [16,20–24] shows
g author. Tel.: þ33 5400 066 85; fax: þ33 5400 027 61.
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that the effect is due to the variation of the distribution of the
cobalt cations between octahedral and tetrahedral sites of the
spinel network, with the possibility to obtain a pink ceramic as
an extreme effect when Co2þ ions are entirely located in
octahedral site [21].
In this study, Zn0.9Co0.1Al2O4 powder was elaborated by a

Pechini route [25] and thereafter annealed at various tempera-
tures between 800 and 1200 1C. Combined analysis of diffuse
reflectance spectra, X-Ray diffraction patterns and 27Al NMR
spectra clearly shows that the green color of pigments issued
from low temperature treatments is due to cationic and anionic
deficient spinels with tetrahedral vacancies accompanied by a
partial fraction of Co2þ in octahedral sites as shown in our
previous study [16]. In this paper, it is shown that the solution
to this “problem”, considering that high thermal treatments
increase the production cost significantly, is to synthesize
aluminum over-stoichiometric spinel with Zn0.9Co0.1Al2þdO4

formulation.
Another study is devoted to the preparation Zn0.9Ni0.1Al2O4

compounds by the same Pechini route as previously, with
thermal treatments varying between 800 and 1200 1C. As for
the zinc–cobalt aluminates, color evolution is observed with
the zinc–nickel pigments thermal history. Furthermore, poor
colorations besides pigment application: greenish grays, are
only obtained and linked to the cationic distribution of the
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Fig. 1. Diffuse reflectance spectra (R%) of Zn0.9Co0.1Al2O4 compound
prepared at 800 1C and 1200 1C.
Ni2þ chromophore ions in the spinel framework. In a parallel
way to the case of zinc–cobalt aluminates, a strategy was
found in order to synthesize beautiful cyan pigments with
coloration arising from the occurrence of Ni2þ ions only in
octahedral sites: synthesizing Mg0.9Ni0.1Al2O4 spinel com-
pounds instead of the Zn0.9Ni0.1Al2O4 compounds.

2. Experimental

The nickel and cobalt pigments were synthesized by the
Pechini route [25]. This chemical process is based on cations
chelation by citric acid (CA) and on polyesterification between
CA and ethylene glycol (EG) which leads to the formation of a
polycationic resin. Aqueous solutions of citrate were prepared
by dissolving CA in a minimal volume of water. Then, cationic
salts: ZnCl2, Co(NO3)2 � 6H2O and Al(NO3)3 � 6H2O were
added in stoichiometric proportion to the acid solution. CA/
cations molar ratio equal to 3/1 was used. After complete
dissolution of the metallic salts, EG was added with a 4/1 EG/CA
molar ratio. EG–CA polymerization was promoted by removing
water with continuous heating on a hot plate. Then, the highly
viscous mixtures were thermally treated in two steps: a first
calcination at 300 1C for 10 h, then, an annealing step for 20 h
between 800 1C and 1200 1C; the annealing and cooling rates
were fixed to 2 1C min�1 while it is known that cooling rate can
slightly the cationic distribution inside spinel compounds [26].

X-Ray diffraction (XRD) measurements were carried out on
a PANalytical X’PERT PRO diffractometer equipped with a
X-celerator detector, using Cu(Kα1⧸Κα2) radiation. Diffracto-
grams have been analyzed by Rietveld refinement method
using FULLPROFs program package [27]. Unit cell para-
meters, atomic positions and occupancies as well as the Debye
Weller factors (isotropic displacement factors) were refined in
space group Fd-3m corresponding to the spinel structure.

27Al MAS (spin rate 30 kHz) NMR spectra were recorded
with a Bruker 500 solid state spectrometer at 130.3 MHz.
A single pulse sequence was used with a 1 μs pulse width
(corresponding to a π/12 flip angle for a liquid sample) and a
30 s recycle delay. The 0 ppm reference was set to a 1 M
aluminum nitrate solution using the secondary solid state
reference Al(PO3)3 (�21.4 ppm).

Diffuse absorption spectra were recorded at room tempera-
ture from 200 to 800 nm (1 nm step; 2 nm band length) with a
Cary 17 spectrophotometer using an integration sphere. Halon
was used as white reference. Mathematic treatment of the
obtained spectra allowed the determination of colorimetric
parameters in RGB space. The first step consists in obtaining
XYZ tri-stimulus values (defined by the CIE, 1964) from
integration (on the visible range, i.e. from λ¼380 nm up to
780 nm) of the product of x (λ), y (λ) or z (λ) functions (CIE-
1964) with the diffuse reflectance spectra function: X¼R

x (λ)R
(λ)dλ. Thereafter, the transfer equations defined by the CIE,
1976, from XYZ space to the RGB space, were used in order
to obtain RGB chromatic parameters. RGB is used herein
(instead of the commonly used Lnanbn chromatic parameters)
in order to allow everyone to simulate the corresponding
coloration with common drawing software.
3. Results and discussion

3.1. Zn0.9(Ni0.1/Co0.1)Al2O4 pigments

Reflectance spectra were recorded in the near-UV/visible/
near-IR range for Zn0.9Co0.1Al2O4 compounds prepared at
800 1C and 1200 1C (Fig. 1). The d–d bands appearing at
about 600 nm are well known to be relative to the Co2þ ion in
tetrahedral coordination: these bands were indexed as 4A2-

4

T1 transition, which can be decomposed as a triplet due to the
L-S Russel–Saunders coupling. The intensity of this triplet
drastically increases with annealing temperature between
800 1C and 1200 1C. This phenomenon already reported in
literature [16,21,23] is related to the increase of cobalt fraction
in tetrahedral site. A series of convoluted gaps with ligand
oxygen-to-metal cations (Co2þ or Zn2þ ) charge transfers can
be observed near the UV–vis frontier. A blue coloration
adequate for pigment applications can thus be achieved for
this chemical composition only when high annealing tempera-
ture is performed (1200 1C).
For Zn0.9Ni0.1Al2O4 compounds prepared at 800 1C and

1200 1C, reflectance spectra recorded in the near-UV/visible/
near-IR range (Fig. 2) exhibit intense convoluted bands in UV–
vis range due to oxygen to Ni2þ and Zn2þ charge transfers, and
a doublet at about 600 and 630 nm. These d–d bands, as a
doublet, can be attributed to Ni2þ in octahedral field according
to literature on nickelate spinels [17–19]. Nevertheless, this
attribution remains subjective and open to criticism without
more detailed investigations in the infrared range. However,
the low intensity of these d–d bands is consistent with an
attribution to centro-symmetric sites. Actually, the colors which
are reached, are unsaturated (greenish gray) and not adequate for
pigments applications.
Rietveld refinements of X-ray diffraction patterns were

performed for cobalt and nickel-doped compounds obtained
after annealing at 800 1C and 1200 1C. A graphical illustration
of experimental, calculated and difference signals is reported in
Fig. 3, for the nickel-doped samples. Obviously the peak width
decreases as annealing temperature increases, revealing an
increase in crystallite size. Crystallite size can be roughly



estimated from the full width at half-maximum of diffraction
peaks, using the Debye–Scherer equation. For Zn0.9Co0.1Al2O4

sample the crystallite size is estimated about 30 nm and
110 nm after annealing at respectively 800 1C and 1200 1C;
for Zn0.9Ni0.1Al2O4 sample the size is estimated at 20 nm after
annealing at 800 1C and 80 nm after 1200 1C annealing.
Smaller crystallite sizes were obtained for the Ni2þ -doped
compounds. Due to their electronic configuration similarity to
Al3þ ions, Zn2þ , Co2þ and Ni2þ cations can barely be
distinguished by XRD Rietveld refinements thus, only Zn2þ

was considered as A2þ ion. Furthermore, refinements were
performed considering no atomic vacancy, i.e. with only
inversion rate as occupancy parameter. Refined parameters
and reliability factors are reported in Table 1. The inversion
Fig. 2. Diffuse reflectance spectra (R%) of Zn0.9Ni0.1Al2O4 compound
prepared at 800 1C and 1200 1C.
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Fig. 3. Rietveld refinement of XRD patterns (experimental. calculated and

Table 1
Cell parameter, oxygen atomic position, Biso displacements, γ inversion rate and re

Composition Annealing T 1C a (Å) 32e Position Biso (per

Zn0.9Co0.1Al2O4 800 8.0882 0.2628 0.47 (8a)
1200 8.0895 0.2639 0.26 (8a)

Zn0.9Ni0.1Al2O4 800 8.0895 0.2634 0.47 (8a)
1200 8.0887 0.2633 0.22 (8a)

Mg0.9Ni0.1Al2O4 1200 8.0806 0.2590 0.78 (8a)
rate of Zn0.9Co0.1Al2O4 slightly decreased with annealing
temperatures: from 12 to 7% at respectively, 800 1C and
1200 1C; whereas, opposite behavior was observed for
Zn0.9Ni0.1Al2O4, with a moderate increase of inversion rate
from 10 to 12% between 800 1C and 1200 1C. According to
27Al NMR analysis of non-doped ZnAl2O4 annealed at 800
and 1200 1C, the un-doped matrix can be considered as an
almost direct spinel. NMR spectra (Fig. 4) both show an
intense peak at about 10 ppm which is characteristic of six-fold
coordination for Al3þ ions and, at 70 ppm, with a very weak
and narrow signal attributed to four-fold coordinated Al3þ

[16,28–29]. Thus the global inversion rate obtained from X-ray
diffractogram refinements (Table 1) appears to be essentially
related (representative) to the Co2þ or Ni2þ distribution which
is consistent with the evolution of d–d bands (associated with
either Co2þ ions in tetrahedral sites or Ni2þ ions in octahedral
environment) intensity observed in reflectance spectra. Unfor-
tunately, even after high temperature annealing, a small part of
Co2þ located in octahedral sites or Ni2þ in tetrahedral sites
depending of the composition, pollute the compound color and
limit their application as pigment.

3.2. Zn0.9Co0.1Al2.2O4þd pigment

In order to improve the pigment quality of the co-doped zinc
aluminates, our idea was to synthesize Al-over-stoichiometric
compound with formulae: Zn0.9Co0.1Al2.2O4þd. Indeed, the
over-stoichiometry of six-fold coordinated cation, i.e. the over-
saturation of the octahedral sub-network with Al3þ ions, could
tend to stabilize a higher fraction of Co2þ only in tetrahedral
coordination. It can be noticed that the presentation of this
2θ (°)

difference) of Zn0.9Ni0.1Al2O4 annealed at 800 1C (a) and 1200 1C (b).

liability factors for various spinel phases.

site) (Å2) Al inv. rate Reliabilty factor

0.36 (16d) 0.67 (32e) 12% CRp¼9%CRwp¼9%Rbragg¼2.01
0.22 (16d) 0.34 (32e) 7% CRp¼8%CRwp¼9%Rbragg¼1.95
0.46 (16d) 0.44 (32e) 10% CRp¼6%CRwp¼8%Rbragg¼1.56
0.32 (16d) 0.30 (32e) 12% CRp¼5%CRwp¼7%Rbragg¼1.10
0.45 (16d) 0.74 (32e) 12% CRp¼6%CRwp¼8%Rbragg¼2.09



Fig. 4. 27Al MAS NMR spectra of ZnAl2O4 samples annealed at 800 1C or
1200 1C. The whole set of spinning sidebands of the spectrum is shown with
an expansion of the isotropic signals.

Fig. 5. X-ray diffraction patterns of Zn0.9Co0.1Al2.2O4 compounds annealed at
800 1C (a) and 1200 1C (b).

Fig. 6. Diffuse reflectance spectra (R%) of Zn0.9Co0.1Al2.2O4 compound
prepared at 800 1C (a) and 1200 1C (b).
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Fig. 7. K/S spectra of the d–d triplet of Co2þ ion for Zn0.9Co0.1Al2.2O4

compound annealed at 1200 1C and its deconvolution.
phase with a content of oxygen over 4.0 is obviously not
describing the crystal framework stoichiometry since no
interstitial anionic positions are offered by the spinel com-
pounds; a more academic but complex chemical composition
for our compound can be written: Zn0.84Co0.09Al2.04O4 (this
last composition described better the lack of tetrahedral ions
besides the excess of aluminum ions). In Fig. 5, XRD pattern
of the 800 1C annealed compound shows the presence of a
single crystalline phase corresponding to the spinel with
crystallite size estimated to 12 nm only. Thus, even if the
over-stoichiometry of Al delayed the initiation of the crystal-
lization, a pure over-stoichiometric spinel was obtained by
Pechini route at relatively low temperature. On the contrary,
X-ray diffraction analysis of the compound annealed at
1200 1C shows the presence of a second phase, Al2O3, in
addition to the spinel main phase, revealing the occurrence
of a phase separation process due to the “metastable” character
of over-stoichiometric spinel. Nevertheless, from a colori-
metric point of view the latter experiment was a great success
considering the brighter and more intense blue colorations
obtained for these over-stoichiometric phases. Reflectance
spectra recorded in the near-UV/visible/near-IR range are
reported in Fig. 6 for the Zn0.9Co0.1Al2.2O4 compounds
prepared at 800 1C and 1200 1C. The 4A2-

4 T1 triple
transition characteristic of the four-fold coordinated Co2þ

ions was drastically increased compared to stoichiometric
compounds and undoubtedly confirmed the presence of
Co2þ ions in tetrahedral sites. After background subtraction
and Kubelka–Munk transform, the signal is fitted by the
convolution of three main Gaussian components characterized
by K/Si¼ I/exp[(E�E0)

2/k] and a full width at half-maximum
equal tofwhm¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
k lnð2Þ

p
(Fig. 7). The characteristic values

of these bands are summarized in Table 2. The three maxima
positions at respectively 1.63, 1.80 and 1.94 eV are in perfect
agreement with the 4A2-

4 T1 triple transition attributed to
Co2þ in Zn1�xCoxAl2O4 compound, as previously reported
[16]. The obvious increase of K/S intensities with annealing
temperatures shows that despite the α-Al2O3 phase separation,
the spinel phase exhibits a more and more normal cationic
distribution.



Table 2
Co2þ d–d bands parameters obtained from the deconvolution of
Zn0.9Co0.1Al2.2O4þd K/S spectrum (Fig. 7).

Paramètres 1200 1C Annealing 800 1C Annealing

K/S1 K/S2 K/S3 K/S1 K/S2 K/S3

E0 (eV) 1.966 2.126 2.309 1.928 2.087 2.270
I (u.a.) 0.551 0.747 0.357 0.211 0.286 0.137
k 0.009 0.018 0.010 0.007 0.015 0.009
χ2 1.753 2.680

Fig. 8. 27Al MAS NMR spectra of MgAl2O4 samples annealed at 800 1C or
1200 1C. The whole set of spinning sidebands of the spectrum is shown with
an expansion of the isotropic signals.

Fig. 9. X-ray diffraction patterns of Mg0.9Ni0.1Al2O4 compounds annealed at
800 1C (a) and 1200 1C (b).
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Fig. 10. Rietveld refinement spectra (experimental, calculated and difference)
of Mg0.9Ni0.1Al2O4 composition annealed at 1200 1C.
3.3. Mg0.9Ni0.1Al2O4 pigment

According to previous results and literature, a way to
improve the color saturation of Ni-doped zinc aluminates
might be to force Ni2þ ions to occupy tetrahedral sites in
the spinel lattice. With that in mind, we tried to synthesize
Ni-doped zinc over-stoichiometric spinel following the same
line of reasoning that we presented above for Co-doped zinc
aluminates. Unfortunately, the synthesis produced the ZnO
phase in addition to the spinel main phase even with annealing
at low temperature. Furthermore, the colors obtained are very
poorly saturated and difficult to interpret (maybe because of
the presence in significant amount of nickel ions inside the
würtzite phase). Another attempt consisted to replace the
ZnAl2O4 host matrix by the MgAl2O4 one which is known
to exhibit higher inversion rates. 27Al NMR spectra of the
MgAl2O4 spinel phase (Fig. 8) show indeed a four-fold
coordinated Al signal (δiso¼70 ppm) clearly more intense
than for ZnAl2O4 phases (Fig. 4); the observation being in
good agreement with literature [30–31]. Moreover, the inten-
sity ratio of the 70 ppm peak over the 10 ppm peak (six-fold
coordinated Al) decreased with increasing annealing tempera-
ture. Fig. 9 shows X-ray diffraction patterns of the phases
obtained after calcinations at 800 1C and 1200 1C. At 800 1C
the synthesis produced a nano-sized spinel (crystallite size
about 8 nm) and at 1200 1C, a well-crystallized phase with
crystallite of �45 nm in size. These results show the delay of
the germination-growth process at high temperatures for this
composition in comparison to the zinc aluminates spinels.
Unfortunately, the low crystalline degree of the phase obtained
at 800 1C does not allow refining the X-ray pattern using the
Rietveld method. Thus, only XRD pattern of the 1200 1C
annealed sample was refined (Fig. 10); the main calculated
parameters are reported in Table 1. At this point, it has to be
underlined that for such compositions, the specific inversion
rate of Ni2þ ions can be estimated because Mg2þ and Al3þ

electron number are similar to each other but quite different
from those of Ni2þ . The refinements can then be performed
considering the same diffusive factors for Al3þ and Mg2þ

ions. Analysis of XRD pattern indicates that all nickel ions are
in octahedral sites.



Reflectance spectra of Mg0.9NiO0.1Al2O4 compounds prepared
at 800 1C and 1200 1C recorded in the near-UV/visible/near-IR
range are reported in. The d–d transitions at about 2 eV
Fig. 11. Diffuse reflectance spectra (R%) of Mg0.9Ni0.1Al2.2O4 compound
prepared at 800 1C and 1200 1C.
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Fig. 12. K/S spectra of the d–d multiplet bands of Ni2þ ion for
Mg0.9Ni0.1Al2O4 compound annealed at 1200 1C and its deconvolution.

Table 3
Ni2þ d–d bands parameters obtained from the deconvolution of Mg0.9Ni0.1Al2O4.

Parameters 1200 1C annealing

K/S1 K/S2 K/S3 K/S4 K

E0 (eV) 1.636 1.793 1.943 2.075 2.
I (u.a.) 0.002 0.025 0.093 0.084 0.
k 0.010 0.011 0.006 0.007 0.
χ2 0.016
(600–650 nm) are more intense than for Zn0.9NiO0.1Al2O4 com-
pounds and consequently, the coloration is more saturated,
an interesting cyan coloration being obtained for the 1200 1C
compound. Furthermore, a d–d band at about 400 nm is also
observed in both spectra. These two sets of bands clearly indicate
the presence of Ni2þ in octahedral sites. The 400 nm band can be
attributed, basing on Tanabe–Sugano diagrams, to the 3A2-

3 T(F)
transition and the 600–650 nm multiplet to the 3A2-

3 T1(F)
transition [17,32–33]. The presence of a multiplet for the latter
transition was already observed in literature for Mg1�xNixAl2O4

spinel compounds and interpreted as an effect of the Jahn–Teller
distortion of octahedral site [17,34]. After background subtraction
and Kubelka–Munk transform, the signals observed in visible
region were fitted using five Gaussian components (Fig. 11) whose
parameters are reported in Table 3. The results show that the main
triplet at 1.95, 2.08, 2.24 eV attributed to Ni2þ in octahedral field
increases significantly with annealing temperature while two other
small contributions (even if the assignment to a doublet band can
be contested, since the signal in the visible region appears
convoluted) at 1.64 and 1.79 eV tend on the contrary to disappear
and are consistently attributed to Ni2þ associated to a tetrahedral
field (3T1-

3T1(P) transition could correspond).
Hence, with a paradoxical manner, that MgAl2O4 exhibits

higher inversion rates than ZnAl2O4, the content of doping
Ni2þ ions in octahedral sites is higher (total) for the
magnesium aluminates than for the zinc aluminates. It can be
proposed that the introduction of some Mg2þ ions inside the
octahedral sites leads to a distortion and thus a “acclimation”
of the cationic sub-network formed by the close packing of the
octahedral sites (edge-sharing octahedral sites formed quite
dense plans). The consequence is the easiest incorporation of
Ni2þ ions in an “already” high inversion rate spinel.
4. Conclusion

Zn1�xCoxAl2O4 and Zn1�xNixAl2O4 compounds exhibit a
coloration strongly influenced by the sample thermal history
due to the influence on the synthesis temperature on the M2þ

(Co2þ /Ni2þ ) distribution between the octahedral and tetrahe-
dral sites of the spinel network. The occurrence of a non-
negligible fraction of Co2þ ions in octahedral sites and, in a
reverse way, the occurrence of a non-negligible part of Ni2þ

ions in tetrahedral sites act to the detriment of the pigment hue
and saturation. The synthesis of aluminum over-stoichiometric
spinel with Zn0.9Co0.1Al2.2O4þδ formal composition at low
K/S spectrum (Fig. 12).

800 1C annealing

/S5 K/S1 K/S2 K/S3 K/S4 K/S5

221 1.656 1.816 1.946 2.080 2.241
043 0.006 0.022 0.025 0.028 0.006
016 0.006 0.018 0.006 0.011 0.007

0.032



temperature to prevent Al2O3 phase separation (and to
diminish the synthesis cost), helped obtaining bright blue
pigments. Indeed, the relative excess of Al3þ in the cationic
sub-network in comparison with Co2þ and Zn2þ prevents the
occurrence of these A2þ ions location in the octahedral sites,
even after synthesis at low temperatures. Basing on similar
reasoning, the use of MgAl2O4 instead of ZnAl2O4 as host
lattice for Ni2þ doping, leads to the complete stabilization of
Ni2þ ions in octahedral sites. Thus, Mg0.9Ni0.1Al2O4 compo-
sition sintered at 1200 1C offers a bright cyan coloration.
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