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Abstract

A reappraisal of crystal structure, optical properties and technological behaviour of black spinels in the Co—Cr—Fe—Mn system was carried
out to define the best compositions and disclose the role of crystal chemistry in colouring performance and pigment-glaze interactions. Twenty
ternary and quaternary spinel formulations were designed using crystallochemical criteria and prepared by simulating the industrial synthesis.
Powder samples were characterized through X-ray diffraction (Rietveld), optical, Raman and Mössbauer spectroscopies, and technological testing
in several glazes and glassy coatings. Black spinels fall in a relatively narrow field of unit cell and inversion parameters in between “chromites”
and “magnetites”. Their cation distribution is governed by Co2+ occupancy of tetrahedrally-coordinated site T and Cr3+ occupancy of
octahedrally-coordinated site M, with Mn3+ hosted at M, while Mn2+ and Fe3+ are distributed over both sites. Nevertheless, Raman and
Mössbauer spectra indicate a growing disorder in cation partitioning going towards the iron-rich terms. The pigment technological behaviour
depends to a large extent on crystal chemistry of spinels, with no effect by grain or crystallite size. The best colouring performance corresponds to
recommended compositions able to withstand corrosion and change in crystal chemistry in contact with melted glaze. Three different pathways
can give rise to excellent black pigments: (a) strongly disordered spinels having an inversion parameter i∼0.2; (b) moderately disordered spinels,
free of Mn3+, with io0.1; (c) apparently ordered and normal spinels halfway from cobalt chromite and cobalt ferrite. Poor technological
performances are due to different conditions leaving room to colour bleaching (low Cr amount), glaze bloating (excess of Mn3+) and limited
resistance to corrosion (oversaturation of site M by Cr+Fe with formation of kenotetrahedral spinels or eskolaite—hematite solid solutions).
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Ceramic pigment; Crystal chemistry; Crystal structure; Mössbauer spectroscopy; Raman spectroscopy
1. Introduction

In ceramic decoration, black colour is obtained by using
two kinds of pigment: eskolaite—hematite solid solutions
(Cr, Fe)2O3 and complex spinel compositions in the Co—Cr—
Fe—Mn—Ni—(Cu—V) system [1,2]. Since the eskolaite—
hematite pigments are less stable in glazes [3,4], the most
popular black colorants in the ceramic industry are based on
the spinel structure [5,6].
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Spinel oxides have general formula AB2O4 with A and B
commonly being divalent (M2+) and trivalent (M3+) cations, and
the oxygen sublattice forming a pseudo-cubic close packed
arrangement. The unit cell of spinel (Fd-3m space group) contains
8 formula units (Z=8) consisting of 32 anions and 24 cations [7,8];
these latter occupy 8 tetrahedrally-coordinated (T site) and 16
octahedrally-coordinated interstices (M site). The cation occupancy
at the T and M sites is usually expressed as
T ðA1−iBiÞM ½AiB2−i�O4

where i is the inversion parameter by which the spinel structure
can assume two extreme configurations: normal spinel (i=0)
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typically hosts divalent (A) and trivalent (B) cations at the T and
M sites, respectively; inverse spinel (i=1) typically hosts A cations
at the M site and B cations half at the T site and half at the M site.
A completely random distribution between T and M sites occurs
when i=2/3; therefore, a spinel with 0oio2/3 is “largely normal”
while another one with 2/3oio1 is “largely inverse” [8,9]. The
inversion parameter is primarily affected by the temperature at
which a given spinel is equilibrated, and secondarily by its
chemical composition [9,10].

In the pigment industry, black spinels are designed by merging
Co—Fe (CPMA code 13-39-9), Co—Cr—Fe (13-40-9), Fe—Mn
(13-41-9) and Ni—Cr—Fe (13-50-9) systems [11]. Design
criteria are empirical and based on cumulative light absorption
by multiple chromophores. As the colour of pigments is the result
of subtractive synthesis [12] and every chromophore has its own
optical bands absorbing a given wavelength range, the concept is
that gathering as many cations as possible will produce a total
absorption in the visible spectrum. For chromophore is here
intended a transition metal ion in a given ligand environment, as
the same cation will have optical bands at different energy once
octahedrally- or tetrahedrally-coordinated [13,14]. Such an
approach is particularly effective in spinels, where the occurrence
of transition elements with different valence states in octahed-
rally- and tetrahedrally-coordinated sites is rather common as a
consequence of the partial or total inversion degree [7,8]. This
circumstance provides extremely complex optical spectra where a
number of bands, originated by d-d electronic transitions and
metal—metal or metal—ligand charge transfer, almost comple-
tely filtre the visible light.

A further complication stems from the ceramic process, as
pigments interact during firing with the matrix where they are
dispersed, especially with the liquid phase formed at high
temperature in glazes and bodies [15—17]. Such interactions
may lead to pigment deterioration by different ways:
(i)
 Partial or total dissolution in the liquid phase [17,18].

(ii)
 Phase transformation, e.g. black (Cr,Fe)2O3 eskolaite—

hematite will turn, once applied in Zn-rich glazes, into
brown Zn(Cr,Fe)2O4 spinel [4,19,20].
(iii)
 Change of crystal chemistry with effect on coloration: a
black FeCr2O4 spinel may turn, once applied in Zn-rich
glazes, into a green Zn(Cr,Fe)2O4 one [21]; this phenom-
enon is especially active in spinels, which easily adjust
their composition and inversion degree in function of
temperature and chemical environment [22,23].
Despite the huge literature on spinels, just a limited number of
papers have been devoted to complex compositions in the
Co—Cr—Fe—Mn—Ni—V system used for black pigments,
not considering the complicated stoichiometries stemming from
the use of industrial residues [24—29]. Basic structural and
technological results were achieved by Eppler [30,31] and by
Lee et al. [32—35]. The synthesis practice has demonstrated that
any deviation from spinel stoichiometry brings about the formation
of hematite—eskolaite [30—34] that is deleterious for colouring
performance (turning black into brown). The best technological
behaviour in ceramic glazes is that of Co1−xMnxCr2−yFeyO4

compositions where 0.4oxo1.0 and 0.14oyo0.72 with some
nickel occasionally present [33—36]. In the case of Co-free
pigments, the best behaviour in glaze applications is that of
Ni1−xMn2+x Cr2−y−zFeyMn3+z O4 spinels where 0.02oxo0.1,
0.8oyo1.0 and 0.02ozo0.08 with sometimes a little addition
of vanadium [30—32], copper [37] or magnesium and zinc [38].
Such a picture of black ceramic pigments, with well established

industrial formulations, has been put in discussion in the latest
years by both innovation in decoration technology — first of all
inkjet printing [39—41] — and stricter health regulations. In order
to fulfil the new requirements, important changes have been
brought to particle size distribution, by moving towards submicro-
metric size [41,42], and composition of pigments, e.g. removing Ni
from recipes [42,43]. Thus colorant manufacturers have been
forced to a big effort to reformulate black pigments by a trial-
and-error procedure that has turned evident the need of a better
understanding of the role of spinel crystal chemistry and the effect
of phenomena occurring during firing.
The main goal of the present study is to disclose the best

composition in the Co—Cr—Fe—Mn system by reappraising
crystal structure, optical properties and ceramic behaviour of
black spinels. Such an approach is expected to shed light on
pigment-glaze interactions affecting the final crystallo-
chemical features after the ceramic process.
2. Experimental

2.1. Pigment design

Twenty ternary and quaternary spinel formulations encom-
passing the compositional space of Ni-free industrial black
pigments were designed using crystal chemical criteria based
on current knowledge on cation distribution in spinels [8,44]. Our
guideline was the preference of each cation for a given site of the
spinel lattice: for instance, the fraction of transition metal ion in
the octahedrally-coordinated site is known to depend, among
several factors, on the OSPE, i.e. the Octahedral Site Preference
Energy [13]. The cations expected to occur in the system under
investigation present an affinity for the sixfold-coordinated site in
decreasing order: Cr3+4Mn3+�Ni3+�Co3+4Co2+�Fe2+; on
the other hand, Mn2+ and Fe3+ exhibit a wide range of values,
because they play essentially a passive role, occupying the T site
and/or the M site according to the deficit left by competing
cations [13,44,45]. The very high OSPE value of Cr3+ was used
to formulate firstly pigments where chromium fully occupies the
M site, in order to force Co, Fe and Mn ions to access the T site.
This criterion was then relaxed by lowering progressively the Cr
occupancy of the M site, leaving Co, Mn and Fe, tested in
different ratios, to distribute over the T and M sites of spinel
structure (Table 1). By this way, Fe-free (samples 2 and 5) and
Cr-free (7 and 8) samples were prepared together with others
where the sum Cr+Fe saturates the M site (4, 6, 11 and 16); the
remaining samples are Mn-bearing ternary and quaternary
systems.



Table 1
Stoichiometry of batch formulations of pigments and crystal chemistry of as-synthesized spinels on the basis of 3 cations per
formula unit (T¼ tetrahedral site T; M¼octahedral site M). Samples 20 and 21 are on the basis of four anions per formula unit
including cation vacancies (□).

Sample Stoichiometry of batch formulations Crystal chemistry of as-synthesized spinels

1 Mn0.5 Fe0.5 Cr2.0 O4
T(Mn2+0.53 Fe2+0.47)

M[Cr3+1.97 Fe3+0.03] O4

2 Co0.5 Mn0.5 Cr2.0 O4
T(Co2+0.5 Mn2+0.5)

M[Cr3+2.0] O4

3 Co0.5 Fe0.5 Cr2.0 O4
T(Co2+0.59 Fe2+0.41)

M[Cr3+1.89 Fe3+0.11] O4

4 Mn1.0 Fe1.0 Cr1.0 O4
T(Mn2+0.746 Fe3+0.254)

M[Cr3+1.000 Fe3+0.746 Mn3+0.254] O4

5 Co1.0 Mn1.0 Cr1.0 O4
T(Co2+1.0)

M[Cr3+1.0 Mn3+1.0] O4

6 Co1.0 Fe1.0 Cr1.0 O4
T(Co2+1.0)

M[Cr3+1.0 Fe3+1.0] O4

7 Co0.5 Fe2.0 Mn0.5 O4
T(Co2+0.500 Mn2+0.256 Fe3+0.244)

M[Fe3+1.756 Mn2+0.244] O4

8 Co1.0 Fe1.0 Mn1.0 O4
T(Co2+1.0)

M[Fe3+1.0 Mn3+1.0] O4

10 Co0.334 Mn0.333 Fe0.333 Cr2.0 O4
T(Co2+0.39 Mn2+0.28 Fe2+0.23)

M[Cr3+1.92 Fe3+0.08] O4

11 Co0.5 Mn0.5 Fe0.5 Cr1.5 O4
T(Co2+0.50 Mn2+0.44 Fe3+0.06)

M[Cr3+1.50 Fe3+0.44 Mn2+0.06] O4

12 Co0.667 Mn0.667 Fe0.666 Cr1.0 O4
T(Co2+0.67 Mn2+0.12 Fe3+0.21)

M[Cr3+1.00 Fe3+0.46 Mn3+0.33 Mn2+0.21] O4

13 Co0.834 Mn0.833 Fe0.833 Cr0.5 O4
T(Co2+0.84 Mn2+0.26 Fe3+0.06)

M[Cr3+0.50 Fe3+0.80 Mn3+0.64 Mn2+0.06] O4

14 Co1.0 Mn0.5 Fe0.5 Cr1.0 O4
T(Co2+1.0)

M[Cr3+1.0 Fe3+0.5 Mn3+0.5] O4

15 Co0.5 Mn1.0 Fe0.5 Cr1.0 O4
T(Co2+0.50 Mn2+0.46 Fe3+0.04)

M[Cr3+1.00 Fe3+0.46 Mn3+0.50 Mn2+0.04] O4

16 Co0.5 Mn0.5 Fe1.0 Cr1.0 O4
T(Co2+0.50 Mn2+0.36 Fe3+0.14)

M[Cr3+1.00 Fe3+0.86 Mn2+0.14] O4

17 Co0.87 Mn0.26 Fe0.87 Cr1.0 O4
T(Co2+0.87 Fe3+0.13)

M[Cr3+1.00 Fe3+0.74 Mn3+0.13 Mn2+0.13] O4

18 Co0.75 Mn0.375 Fe0.375 Cr1.5 O4
T(Co2+0.75 Mn2+0.15 Fe3+0.10)

M[Cr3+1.500 Fe3+0.276 Mn3+0.124 Mn2+0.100] O4

19 Co0.375 Mn0.75 Fe0.375 Cr1.5 O4
T(Co2+0.375 Mn2+0.600 Fe3+0.025)

M[Cr3+1.500 Fe3+0.350 Mn3+0.125 Mn2+0.025] O4

20 Co0.375 Mn0.375 Fe0.75 Cr1.5 O4
T(Co2+0.364 Mn2+0.364 Fe3+0.182 □0.090)M[Cr3+1.455 Fe3+0.545]O4

21 Co0.75 Fe0.75 Cr1.5 O4
T(Co2+0.728 Fe3+0.182 □0.090)M[Cr3+1.455 Fe3+0.545]O4

In italic compositions recalculated to account for the occurrence of eskolaite—hematite solid solution.

M. Dondi et al. / Ceramics International 39 (2013) 9533–9547 9535
2.2. Pigment synthesis

Reagent-grade Co3O4, Cr2O3, Fe2O3 and Mn2O3 were used.
Batches of 10 g were wet mixed in porcelain jar with acetone
then pelletized in a cylindric steel mould without any binder
(pressure �50 MPa). Pellets were fired in sealed alumina
crucibles in electric furnace (static air, 3 1C min−1 to 1300 1C,
12 h soaking then natural cooling). Three samples containing
eskolaite—hematite together with spinel were fired again with the
same schedule, but in reducing atmosphere (96%Ar+4%H, flux
4 L min−1) in order to increase the spinel amount. Fired pellets
were crushed and ground in agata mortar until everything passed
through a 63 mm sieve. Grain size distribution was determined by
photosedimentation (Micromeritics, SediGraph 5000) on ground
pigments, that overall exhibit a median diameter between 5 and
14 mm. Samples 4, 6, 7, 8, 13, 16, 20 and 21 were affected by an
appreciable degree of sintering, thus resulting in a coarser grain
size (on average between 15 and 25 mm). Some samples are
attracted by a magnet and their magnetization degree decreases in
the order: 748�134644.

2.3. X-ray diffraction

X-ray powder diffraction measurements were carried out
using two Bruker D8 Advance diffractometers: one equipped
with a Si(Li) solid-state detector set to detect Cu Kα1,2 radiation,
operating in the 5—13012θ angular range, 0.01512θ scan rate,
and 10 s per step counting time; the other equipped with a
1-dimensional LynxEye detector based on silicon strip tech-
nology, set to discriminate Cu Kα1,2 radiation, in the
10—8012θ measuring range, with an equivalent counting
time of 16 s per 0.0212θ step. Structural refinements were
performed by the Rietveld method using the GSAS-EXPGUI
software package [46,47] in the space group Fd-3m with origin
set at -3m, starting from the model of Lenaz et al. [22]. The
presence of associated eskolaite—hematite solid solution,
detected only for samples 1, 3 and 10, was accounted for by
carrying out multiphase refinements in which only the scale
factors and the cell parameters were varied, except for spinel.
The diffraction peak profiles were modeled by a pseudo-Voigt
function one Gaussian (GW), and the two Lorentzian (i.e., LX,
and LY, respectively) broadening coefficients plus an asym-
metry contribution. Besides the 18 shifted Chebyshev poly-
nomial coefficients to reproduce the background, the
refinements included a scale factor, the cell parameter (a), T
and M site occupancies, the oxygen coordinate (u), and isotropic
atomic displacement parameters (Uiso). Cations hosted in the same
coordination site were constrained to maintain the chemical
composition and to change the isotropic temperature factors
identically. Quantitative phase analysis of pigments applied in
glazes was performed by internal standard addition (spiking) and
Rietveld refinement technique using Topas 4.2 software (Bruker).
The glazes (Table 2) containing samples 5, 6, 7, 8, 11, 12 and 13
were admixed with 20 wt% corundum, used as internal standard.
Up to 50 independent variables were refined: phase fractions, zero
point, 15 coefficients of the shifted Chebyschev function to fit the
background, unit cell parameters, profile coefficients (one Gaus-
sian, GW, and one Lorentzian term, LX). The agreement indices,
as defined in Topas, for the final least-squares cycles of all
refinements were in the following ranges: 2.0%oRpo2.8%,
2.0%oRwpo4.0% and 1.0%oGOFo1.5%. The experimental
error is within 5% relative.
Crystallite size was estimated through the Scherrer equation

using mean FWHM of spinel peaks and assuming a cubic



Table 2
Glassy coatings (F1, F5) and glazes (S1, S2, S3) used in technological testing: chemical composition, physical properties and firing schedules.

Component/Property Unit F1 F5 S3 S2 S1

SiO2 wt % 63.9 59.0 49.7 51.1 53.5
ZrO2 o0.1 o0.5 8.1 o0.1 o0.1
B2O3 11.7 2.0 2.4 1.2 o0.1
Al2O3 9.5 9.0 19.7 22.6 25.2
RO 0.5 14.0 16.0 16.3 12.3
R2O 7.2 5.0 3.5 3.2 8.6
ZnO 1.0 11.0 o0.1 5.1 o0.1
PbO 5.5 o0.5 o0.1 0.9 o0.1

Maturing temperature, Tm 1C 930 1010 1100 1150 1210
Viscosity at Tm kPa s 4.90 4.28 5.24 4.97 4.65
Surface tension at Tm mN m−1 293 363 383 394 378
Refractive index 1 1.503 1.546 1.561 1.547 1.526
Coeff. thermal expansion, a20—400 1C MK−1 4.96 6.21 4.97 5.54 6.83

Maximum firing temperature 1C 1000 1050 1140 1170 1210
Firing cycle (cold-to-cold) min 54 57 61 62 65
Soaking at maximum temperature min 5 5 5 5 5

RO: alkaline-earth oxides (ΣMgO+CaO+SrO+BaO). R2O: alkali oxides (ΣLi2O+Na2O+K2O).

Table 3
Phase composition and crystal structural data of as synthesized spinels: unit cell parameters; metal—oxygen distances in tetrahedral (T—O) and octahedral (M—O)
sites; bond angles, agreement factor of Rietveld refinement, and crystallite size.

Samples Phase composition Unit cell
parameter, a (Å)

Oxygen parameter,
u (adim.)

T—O
distance (Å)

M—O
distance (Å)

T—O—M
bond angle
(deg)

M—O—M
bond angle
(deg)

Agreement
factor

Crystallite
size (nm)

Spinel (Cr,Fe)2O3 mean sd mean sd mean sd mean sd mean sd mean sd RF2

1 93.04 6.97 8.39970 0.00122 0.26400 0.00040 2.022 0.006 1.990 0.003 120.48 0.15 96.55 0.19 0.0368 29

2 100.00 0.00 8.38573 0.00008 0.26311 0.00013 2.006 0.002 1.993 0.001 120.79 0.05 96.14 0.06 0.0172 85

3 81.61 18.39 8.34819 0.00054 0.26383 0.00029 2.007 0.004 1.978 0.002 120.53 0.11 96.48 0.14 0.0699 36

4 100.00 0.00 8.45443 0.00008 0.26229 0.00015 2.010 0.002 2.015 0.001 121.08 0.05 95.75 0.07 0.0335 94

5 100.00 0.00 8.37722 0.00012 0.26278 0.00018 1.999 0.003 1.993 0.001 120.91 0.07 95.98 0.09 0.0366 128
6 100.00 0.00 8.37704 0.00011 0.26042 0.00019 1.965 0.003 2.011 0.001 121.75 0.07 94.86 0.09 0.0302 84
7 100.00 0.00 8.45539 0.00030 0.25802 0.00026 1.948 0.004 2.048 0.002 122.58 0.09 93.73 0.12 0.0881 60
8 100.00 0.00 8.41822 0.00017 0.25923 0.00023 1.957 0.003 2.030 0.002 122.16 0.08 94.30 0.11 0.0585 83
10 82.89 17.11 8.39130 0.00054 0.26555 0.00030 2.043 0.004 1.976 0.002 119.91 0.11 97.30 0.14 0.0925 83
11 100.00 0.00 8.40623 0.00006 0.26232 0.00014 1.999 0.002 2.003 0.001 121.07 0.05 95.76 0.07 0.0198 149
12 100.00 0.00 8.41287 0.00014 0.25965 0.00019 1.962 0.003 2.025 0.002 122.01 0.07 94.50 0.09 0.0399 70
13 100.00 0.00 8.41703 0.00008 0.25876 0.00018 1.950 0.003 2.033 0.001 122.33 0.06 94.08 0.09 0.0319 86
14 100.00 0.00 8.37361 0.00008 0.25917 0.00021 1.946 0.003 2.020 0.002 122.18 0.07 94.27 0.10 0.0406 82
15 100.00 0.00 8.43032 0.00006 0.26223 0.00017 2.004 0.003 2.010 0.001 121.10 0.06 95.72 0.08 0.0267 88
16 100.00 0.00 8.41598 0.00008 0.26090 0.00017 1.981 0.002 2.016 0.001 121.57 0.06 95.09 0.08 0.0287 151
17 100.00 0.00 8.39268 0.00008 0.26000 0.00017 1.963 0.003 2.018 0.001 121.89 0.06 94.67 0.08 0.0285 154
18 100.00 0.00 8.38351 0.00006 0.26184 0.00015 1.987 0.002 2.002 0.001 121.24 0.05 95.54 0.07 0.0245 82
19 100.00 0.00 8.42100 0.00008 0.26295 0.00014 2.012 0.002 2.002 0.001 120.85 0.05 96.06 0.07 0.0235 142
20 100.00 0.00 8.38187 0.00012 0.26037 0.00017 1.965 0.003 2.012 0.001 121.76 0.06 94.84 0.08 0.0358 85
21 100.00 0.00 8.34139 0.00008 0.25933 0.00017 1.941 0.003 2.011 0.001 122.12 0.06 94.35 0.08 0.0311 145
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shape (k¼0.94). The instrumental broadening was accounted
for by measuring LaB6 as a reference material.

Because of their consecutive atomic number (Z¼24, 25, 26,
and 27 for Cr, Mn, Fe, and Co, respectively) the cation
distribution between T and M sites was pursued through a
constrained minimization (i.e., the range of compositional
variation was kept close to that imposed by the nominal
crystal chemistry). As reported in several works, differences
between measured and calculated parameters can be minimized
by a function f(x) which considers different observed variables
such as a, u, T and M occupancies [8,48]. A least-squares
minimization was performed using the modified version of the
MINUIT program as reported in Lavina et al. [8].
Phase composition, lattice parameter, oxygen coordinate, as

well as tetrahedral and octahedral bond distances and angles,
are listed in Table 3. Furthermore, the Rietveld refinement plot
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for the sample with nominal composition (Co,Mn)Cr2O4 (i.e.
sample 2) is reported in Fig. 1.
2.4. Mössbauer spectroscopy

For samples 11, 20, 13 and 16, characterized by increasing iron
content (Table 1), the chemical state of iron and its coordination
were investigated by 57Fe Mössbauer spectroscopy using a
conventional spectrometer operated in constant acceleration mode
with a 57Co source of nominal 50 mCi in rhodium matrix.
Absorbers were prepared by pressing finely ground samples with
a powdered acrylic resin (transoptic powder) to self-supporting
discs. For the different samples, the amount of powder used was
variable so as to have absorbers with Fe thickness of 2 mg/cm2.
From 3 to 6 million counts were collected to have good statistics.
Spectra were recorded at room temperature within a velocity
range from –10 to +10 mm/s, and the signal was transmitted to a
multi-channel analyser. Data analysis involved a curve-fitting
procedure made by assuming a Lorentzian peak shape and
employing the fitting program Recoil 1.04. The statistical best
fit was obtained by using the reduced χ2 method and uncertainties
were estimated on the basis of the covariance matrix. The experi-
mental uncertainties were estimated to be about 70.03 mm/s for
centre shift (CS) and quadrupole splitting (QS) as well as for the
peak width at half maximum, 70.7 T for magnetic field (H), and
74% for absorption areas.
2.5. Raman spectroscopy

Raman spectroscopy was performed on polished samples 1 to
13 using a Jobin-Yvon Horiba LabRam microRaman apparatus.
Several spectra were taken for each sample using as excitation
source both the red 633 nm line of a He—Ne laser and the blue
473 nm line of a solid state Nd:YAG laser. The lower wavelength
laser was used to minimize the fluorescence from Cr. A filter wheel
reduced the laser power to 1 mW or less on the sample. The
frequency calibration was performed against the Raman peak of
Fig. 1. Final Rietveld fit for the (Co,Mn)Cr2O4 sample (i.e. sample 2). The experim
the continuous line (red), and the lower curve (blue) is the weighted difference bet
reflections for the spinel phase (grey). (For interpretation of the references to color
silicon. Spatial resolution was �1 μm, whereas spectral resolution
was �1.5 cm−1 for the 633 nm source, and 2.5 cm−1 for the
473 nm one. No attempt was done to measure oriented crystals.
The peak positions were obtained from baseline-corrected spectra
by least-squares spectral peak curve fitting using the computer
program Labspec. A Lorentzian profile was used in the peak
profile analysis. At least 5 spectra were collected from each sample
in different positions, and with different wavelengths. The results
obtained by the different emission sources are comparable;
however the effect of fluorescence was lower than expected, and
the use of a blue laser proved necessary only in samples 1 and 2.
In the other samples, due to inherent lower resolution of the
473 nm laser, only the results for the red source are reported.
2.6. Technological behaviour

Optical features were analyzed by diffuse reflectance spectro-
scopy (DRS) on both as-synthesized pigments (powdered) and on
pigment-bearing glassy coatings and glazes (after firing) by a
Hunterlab MSXP4000 Miniscan spectrophotometer. As no indi-
vidual optical band is discernible in the spectra, due to the almost
complete light absorbance in the UV—visible range, only
colourimetric CIE L*a*b* coordinates were determined (white
glazed tile reference x¼31.5 and y¼33.3, illuminant D65, 101
observer). These coordinates express brightness (L*100¼white,
0¼black) and chroma: +a*¼ red, −a*¼green; +b*¼yellow,
−b*¼blue; C*¼ (a*2+b*2)0.5. In order to get the purest black
colour, minimal values of L* and C* are the target. High quality
industrially-manufactured black pigments were taken as bench-
mark: spinels Sp1 (Co,Cr,Fe,Mn)3O4 and Sp2 (Co,Cr,Fe,Ni,
Mn)3O4 as well as eskolaite—hematite EH (Cr,Fe)2O3.
Colouring performance was tested by wet mixing the pigment

(5 wt%) in raw glaze that was laid as a button (∅ 4 cm) on a
suitable ceramic substrate. Five different glazes and glassy
coatings were tested, each with its proper firing schedule that is
summarized together with composition and physical properties in
Table 2. Colourimetric parameters were statistically elaborated by
entally observed data are indicated by crosses (black), the calculated pattern is
ween the calculated and observed patterns. Vertical ticks mark the position of
in this figure legend, the reader is referred to the web version of this article).
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drawing contour plots where a 3-dimensional surface—contrast-
ing chroma (C*) with crystal chemistry of spinels—is represented
on a 2-dimensional map with constant C* lines (Statistica 7.1,
surface fit by distance-weighted least-squares). Selected samples
were further analyzed in order to get amount and unit cell
parameter of spinel by XRD (see Section 2.3): the coating was
mechanically removed, ground in agate mortar and admixed with
an internal reference material (corundum, 20 wt%). The amount
of residual spinel in the finished product, directly proportional to
the corrosion resistance in melted glazes and glassy coatings
during the ceramic firing, is here expressed as P, i.e. the pigment
persistence (in percentage): P (%)¼100(Sf/Si), where Si is the
initial concentration of spinel in the raw glaze (5 wt%) and Sf is
the final concentration of spinel in the fired glaze (determined
by XRD).
Fig. 2. Oxygen coordinate (u) as a function of the unit-cell parameter (a)
variation. The colored areas refer to the fields of variation for the end-term
spinel structures as extracted from the ICSD database.

Fig. 3. Octahedral (M—O) vs. tetrahedral (T—O) mean bond distances. The
colored areas refer to the fields of variation for the end-term spinel structures as
extracted from the ICSD database.
3. Results and discussion

3.1. Phase composition and crystal structure

All the analyzed powders are exclusively composed of one
phase with spinel structure-type, with the only exception of
samples 1, 3, and 10, where an eskolaite—hematite solid solution
was detected (ranging from 7 to 18%, see Table 3). On the basis
of literature data on the unit-cell parameters of eskolaite and
hematite end-term structures [49—53], the associated solid
solutions were estimated to be Cr0.88Fe0.12O3, Cr0.87Fe0.13O3,
and Cr0.84Fe0.16O3 for samples 1, 3, and 10, respectively.

Although having a great compositional heterogeneity, the
synthesized samples reveal a mild variation of the spinel structural
features, with the lattice parameter a that ranges from 8.34 to
8.46 Å, and the oxygen coordinate u comprised in between 0.258
and 0.266 (Table 3). In Fig. 2 the oxygen coordinates are plotted as
a function of the cell parameters; furthermore, the fields of variation
have been added—as obtained from the Inorganic Crystal Structure
Database—for the following end-terms: Co-chromites (CoCr2O4),
chromites (FeCr2O4), Mn-chromites (MnCr2O4), Co-ferrites
(CoFe2O4), magnetites (FeFe2O4), and jacobsites (MnFe2O4).
Fig. 2 clearly shows that the synthesized spinel compounds have
structural parameters which fall in between “chromites” and
“magnetites”, and that their distribution is mainly related to the
chromium content at the octahedrally-coordinated site. The incor-
poration of chromium induces a contraction of the octahedral bond
lengths and, simultaneously, an elongation of the tetrahedral bond
lengths, i.e., M—O varies from 2.048 to 1.976 Å and T—O from
1.941 to 2.043 Å going towards the chromite field (Fig. 3).
It should be noted that both samples 5 and 8 lie outside the
above-described trends. This fact can be readily explained by
considering the high amount of sixfold-coordinated Mn3+, which
provokes an unexpected contraction of the lattice parameter and an
elongation of the tetrahedral bond lengths (cation distribution will
be further discussed in Section 3.4).

The spinel crystallite sizes range approximately from 30 to
150 nm with most pigments in between 70 and 95 nm (Table 3).
No correlation exists between the dimension of crystallites and
the pigment grain size. The smallest crystallites (∼30 nm) are
found in “chromites” coexisting with eskolaite—hematite (sam-
ples 1 and 3).

3.2. Mössbauer spectra

Representative Mössbauer spectra of spinel samples are shown
in Fig. 4. Sample 11, the Fe-poorest of the four analysed, shows a
typical paramagnetic spectrum made of two doublets with
hyperfine parameters Centre Shift (CS) of 0.36 mm/s and
Quadrupole Splitting (QS) of 0.42 and 0.68 mm/s. Such values
may easily be interpreted as ferric iron in octahedral coordination.
Starting from sample 20 (through the Fe-richest samples 13 and
16), the Fe signal is confirmed to be due to ferric iron, but the
Mössbauer spectrum becomes very complex, because several
magnetic sextets are superimposed to the doublets and the internal
magnetic field (H) is quite different from what expected. As for
example, sample 20 shows two doublets (CS¼0.33 and
0.28 mm/s, QS¼0.50 and 1.89 mm/s, respectively) and at least



Fig. 4. Representative room temperature Mössbauer spectra of spinel samples.
Circles¼experimental spectrum, red thick line¼calculated spectrum, internal
blue lines¼Fe3+ paramagnetic doublets, external green lines¼Fe3+ magnetic
sextets. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

Fig. 5. Raman spectra of samples 1 to 13. The spectra were taken using the
633 nm laser, apart for samples 1 and 2, taken with the 473 nm laser source; *:
samples with eskolaite—hematite.
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two sextets (CS¼0.33 and 0.30 mm/s), with these latter char-
acterised by anomalously low H values (41 and 36 T, respec-
tively) and representing 75% of the absorption spectrum. Notably,
magnetic spectra represent up to 90% of the absorption in the
spectra of samples 13 and 16. Such spectra are somewhat
interpreted as due to relaxation phenomena, i.e., a magnetic
behaviour which is manifested by nanosized iron oxide species
(i.e. clusters or nanoparticles≤10 nm), but this explanation cannot
apply to the present case because the spinel samples here
investigated have crystallite size estimated between 85 and
151 nm (Table 3). An alternative explanation is that the Fe is
increasingly incorporated but not homogeneously distributed into
the spinel structure, this leading to a number of local arrange-
ments richer in Fe and diluted in a spinel matrix poorer in Fe.
This would be not evidenced by X-ray diffraction because the
spinel general symmetry is not broken, but may be evidenced by
Mössbauer spectroscopy which is sensitive to local order and to
next-nearest-neighbours interactions. In addition to local arrange-
ments, Fe disorder between T and M sites may be invoked for
samples 20, 13 and 16.
3.3. Raman spectra

Group theory analysis predicts for spinels 5 Raman active
peaks, with different symmetries [54]. In the MgAl2O4 spinel
their frequencies are 311 (T2g), 410 (Eg), 492 (T2g), 671 (T2g)
and 772 (A1g) cm

−1, respectively. In other spinels significant
changes in peak position are observed with composition, but
the same pattern is found [55]. However, already in the
pioneering work by O'Horo et al. [54], extra peaks were
observed (reported as “excess high frequency structure”) in
synthetic spinel with a slight amount of impurities. The
additional peaks are due to the interaction of coexisting cations
in the T and M sites, each of them with an effect on the Raman
spectrum, in solid solutions or in the presence of cation site
inversion. The violation of group theory predictions occurs
because in the case of cation disorder the local symmetry
decreases, and the number of permitted peak increases conse-
quently [56,57]. Another effect of cation disorder is peak



Table 4
Raman shift of main peaks and linewidth of the peak occurring at about
660 cm−1 (the only peak that can be followed along the series).

Samples Raman shift (cm−1) Peak at
∼660 cm−1

linewidth (cm−1)

1 620 672 718 53
2 429 497 660 35
3 370 505 527 586 671 723 29
4 526 634 77
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broadening [58,59], which also occurs when small sized
particles are present [60].

This explains the highly disordered nature of our Raman
spectra, that show as a rule very broad, hardly resolvable peaks
(Fig. 5). The presence of ternary and quaternary solid solu-
tions, and of an inversion between tetrahedral and octahedral
site cations in FeMn2O4 prompt for a decrease in local
symmetry and the appearance of extra peaks.

There are however significant differences between the
examined samples, which can then be divided in three groups:
5 530 633 60
6 485 529 569 655 52
7 316 461 602 668 55
(1)
8 447 560 622 677 75
10 296 339 386 540 634 673 717 52
11 367 450 517 544 635 665 705 32
12 349 541 650 62
13 486 540 627 79
samples showing only peaks which are predicted by group
theory for ordered cubic spinels. They are samples 2 and 7,
that show single well resolved peaks, but broader in
sample 7, and samples 1 and 10 that show much broader
peaks, though still resolvable in a doublet of between 600
and 700 cm−1; in sample 10 also the eskolaite peak at
549 cm−1 is apparent;
(2)
 samples 3, 6 and 11 that show several new peaks beyond
group theory predictions, but still resolved; the new peaks
are likely related to cation disorder;
(3)
 samples 4, 5, 8, 12 and 13 show very broad, hardly
resolvable peaks and shoulders; in this case disorder and
extreme peak broadening are observed. These samples
contain octahedral Mn3+, which is expected to give a
significant Jahn—Teller distortion.
Fig. 6. Raman Shift of the peak at ∼660 cm−1 vs. the inverse of the square
mass of the octahedral cation (1/m1/2).
Within the above distinction, Raman spectra obtained from
different analytical spots in the same sample commonly differ
in peak position, intensity and broadening (Fig. 5). In fact only
in the (Co0.5Mn0.5)Cr2O4 spinel (sample 2) a homogeneous
texture is observed.

Positions of the resolvable peaks and broadening of the peak
at �660 cm−1, which can be measured in all samples, are
reported in Table 4. The position of the 660 cm−1 peak was
related to the reciprocal of the mass square root of the cation in
the octahedral site (Fig. 6) in agreement with the attribution to
octahedral vibration in spinel [61,62]. This peak is quite large
in all the samples; for a comparison in natural spinel its width
is about 27 cm−1. Although expected for the above-mentioned
cation disorder, such peak is extremely broad and diffuse in
some samples. A possible reason is the occurrence of nano-
sized particles, though the spinels under investigation never
approach a diameter below 10 nm [60]. As shown in Fig. 7,
these samples are all containing Mn3+, although peak broad-
ening is unrelated to the actual Mn3+ content. Local site
distortion due to Jahn—Teller effect is suggested to have some
effect in promoting the observed disorder.

3.4. Crystal chemistry

The calculated crystal chemistry of as-synthesized spinels is
characterized by an overall pattern of cations distribution
where Co2+ is exclusively in tetrahedral coordination and
Cr3+ is always in octahedral coordination; as a consequence,
both exhibit site occupancies corresponding to the nominal
batch stoichiometry (Table 1 and Fig. 8). In contrast, iron and
manganese occur in both T and M sites as divalent and/or
trivalent ions. Manganese is present either as Mn2+ partition-
ing over T and M sites, or Mn3+ occupying only the M site by
0.12—1.0 atoms per formula unit (apfu), or both. Divalent
manganese is mainly tetrahedrally-coordinated (from 0.12 to
0.75 apfu) as its occurrence in sixfold coordination is at most
0.24 apfu. Iron is present essentially as Fe3+, as indicated by
the Mössbauer spectroscopy, being preferentially hosted at the
octahedrally-coordinated site, where its occupancy is in the
0.28—1.76 apfu range; fourfold coordinated Fe3+ has a max-
imum concentration as high as 0.25 apfu. The occurrence of
Fe2+ is claimed to justify the composition of samples 1, 3 and
10 fired under reducing atmosphere, where the predominant
occurrence of chromium at site M imposed that the T site be
accessed only by divalent ions. The composition of these
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spinels was recalculated taking into account the amount of
eskolaite—hematite; some Fe3+ (or Mn3+) are allowed to
access the octahedrally-coordinated site (Table 1).

On the whole, the cation distribution in the spinels under
investigation fulfils the models proposed in the literature
[8,44,45,55,63]. Unexpectedly, two samples (20 and 21) do not
match this crystal chemical pattern: as in these spinels the
octahedrally-coordinated M site is saturated by trivalent chro-
mium and iron ions, only divalent ions should be accommodated
at the tetrahedrally-coordinated T site. However, the Mössbauer
spectroscopy carried out on sample 20 excludes the presence of
Fe2+, and the measured short T—O distances strongly support the
occurrence of Fe3+ at the T site. This may happen provided that
a defective “kenotetrahedral” cation arrangement occurs, i.e.,
with extra-Fe3+ in T site accompanied by cation vacancy (□) in a
2:1 proportion [64]. Such phenomenon was proved to account
for natural and artificial oxidation of spinels by several studies
Fig. 7. Linewidth of the peak at ∼660 cm−1 vs. Mn3+ content (apfu).

Fig. 8. Crystallochemical composition of as-synthesized spinels (
[65, and references therein]. In addition, it was shown by the
latter authors that the presence of Cr3+ at the M site has a strong
stabilisation effect on tetrahedrally-coordinated vacancy, because
this latter assumes a “soft” behaviour as a function of the
predominant cation at the M site (the T□-O distance was 2.000
Å for MCr, 2.030 Å for MFe3+, and 2.056 Å for MAl+Cr).
These trends in spinel crystal chemistry have relevant

consequences on pigment formulation: it is relevant the role
played by Cr3+ and Co2+ as scaffolding to force Fe3+, Mn2+ and
Mn3+ into the remaining vacant sites. Where the nominal sum
Cr+Fe is b2 apfu (i.e. the M site is oversaturated), it is not
possible to turn, in industrial-like synthesis conditions, the
excess of Fe3+ into Fe2+ that would have an OSPE value low
enough to ease its access into the tetrahedrally-coordinated site.
As a consequence, a secondary phase (eskolaite—hematite solid
solution) is formed, in agreement with previous works [30—34].
This occurs even after firing in reducing atmosphere, though it is
able to lower the amount of eskolaite—hematite in samples 1, 3
and 10 from 30 to 50% (firing under oxidizing atmosphere) to
8—18% (reducing atmosphere).
However, it seems to exist a threshold for Fe in excess, not

mentioned before in the literature. As a matter of fact, an
excess of Fe3+ in the batch as high as 0.25 apfu did not bring
about the exsolution of eskolaite—hematite, likely giving rise
to a kenotetrahedral cation arrangement (samples 20 and 21),
whereas an excess of 0.31 apfu did form the associated phase
(sample 10).
Partitioning of Fe and Mn over the two sites of spinel is

stressed when the nominal sum Cr+Fe+Mn exceeds 2 apfu.
This circumstance occurred in ten samples (4, 7, 11, 12, 13,
15, 16, 17, 18 and 19); all of them exhibit a remarkable degree
of disorder, intended as the occurrence of Mn2+ and Fe3+ in
both tetrahedral and octahedral coordination, implying an
inversion parameter 0.02o io0.25. Such a disorder is parti-
cularly pronounced, as well outlined by Raman spectroscopy,
in five samples out of ten (12, 13, 15, 18 and 19) where
sixfold-coordinated Mn3+ accompanies the twice coordination
of Mn2+ and Fe3+ ions.
samples 1, 3 and 10 contain Fe2+ instead of Fe3+ at site T).
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3.5. Technological behaviour

3.5.1. As-synthesized pigments
As-synthesized pigments exhibit a deep black colour with

very low brightness, 38.6oL*aso40.5, and chroma, 0.2o
C*aso1.2 (Table 5). Exception is done for three pigments that
appear distinctly bluish-green (sample 2: a*—12.8, b*—2.0)
or dark brown (sample 1: a* 4.8, b* 3.1 and to a minor extent
sample 4: a* 1.8, b* 1.1). These “out-of-target” results were
somehow expected, as sample 2 is a sort of cobalt chromite—
that is a common blue-green pigment [2,3]—and samples 1
and 4 are cobalt-free chromites typically characterized by
brown shades [24—27].

3.5.2. Technological tests
Technological tests evidenced that black colour does not

depend on pigment grain size or dimension of spinel crystal-
lites. There are different behaviours, along with “out-of-target”
colours, in various glazes and glassy coatings used in ceramic
tile production (Fig. 9):
-

Tab
Bri
ind

Sam

Co
1
2
3
4
5
6
7
8
10
11
12
13
14
15
16
17
18
19

20
21

Sp1
Sp2
EH
Deep black pigments that are more or less stable in the
various coatings under investigation; the best behaviour is
on average that of samples 12, 11 and 6 which display
colour coordinates (28oLnavo30 and Cn

av≤0.6) matching
those of the best industrially-manufactures spinels, includ-
ing Ni-bearing formulations (Table 5).
le 5
ghtness (Ln) and chroma (Cn) of as synthesized pigments and pigment-bearin
ustrial pigments (Sp1, Sp2, EH) are reported as reference. B indicates the occu

ple As-synthesized pigments Glassy coatings Glazes

F1 F5 S3

Lnas Cn
as LnF1 Cn

F1 LnF5 Cn
F5 LnS3 C

ating 85.4 8.8 91.4 4.7 92.5 2
40.5 5.7 36.7 10.9 35.6 8.7 42.6 1
48.2 13.0 38.1 12.1 38.5 14.0 43.0 1
39.8 0.7 28.4 1.7 33.1 1.9 36.7
40.8 2.1 26.5 3.1 29.5 2.6 35.6
40.0 0.6 27.1 0.6 31.6 0.7 31.0
39.5 0.5 25.6 0.5 30.0 0.5 31.5
38.6 0.8 34.3 0.3 44.2 1.2 47.8
40.0 0.2 25.6 0.8 40.9 4.5 39.4
40.4 0.5 29.8 2.0 32.8 1.7 36.8
40.2 0.2 26.4 1.2 31.3 0.9 33.2
39.6 0.2 25.4 1.0 30.4 1.4 33.1
39.3 0.9 27.7 1.0 33.5 1.2 32.6
40.1 0.5 32.5 0.3 32.1 3.3 38.1
39.9 0.3 31.5 0.4 30.7 2.4 36.4
40.1 0.7 29.9 0.6 31.1 1.9 37.5
39.3 0.3 32.7 0.6 31.5 2.2 37.9
39.1 0.9 29.9 0.2 31.5 2.2 37.7
39.7 0.4 30.0 0.4 32.0 2.3 38.8

39.5 0.5 35.0 1.1 31.1 1.9 37.9
39.5 1.2 31.3 0.3 29.9 2.2 35.6

24.0 0.2 28.1 1.0 32.3
29.0 0.6 28.8 1.4 32.1
25.0 1.0 33.1 10.5 39.9 1
-

g g
rren

n
S3

.7
2.3
5.0
2.9
4.9
1.1
1.7
3.4
7.6
2.2
0.3
0.3
0.9
5.7
3.1
2.9
4.6
3.9
2.7

1.9
3.1

1.6
1.9
9.6
Three samples underwent colour bleaching, turning into
dark gray shades (samples 7, 8 and 10).
-
 Three black pigments (samples 5, 8 and 13) induced
bloating, a phenomenon provoking swelling and blistering
of glaze or glassy coating [66].

These behaviours may be related to the spinel capacity to
withstand the corrosion by melted glaze. This is reflected by
pigment persistence P (Table 6) that was determined for the
best black samples (6, 11 and 12) as well as for bleached (7
and 8) and bloated samples (5, 8 and 13). The amount of
residual spinel after firing, here assessed for the first time in the
literature, varies widely from 18% to 100%. This range
overlaps that determined for the YAlO3:Cr perovskite pigment
[18], although spinel pigments have a better persistence.

3.5.3. Best behaviour in ceramic applications
Contour plots were drawn in order to disclose the best

pigment compositions by contrasting average chroma (C*av)
with crystal chemistry of spinels. In particular, the Cr3+

occupancy of octahedral site and the Co2+ occupancy of
tetrahedral site are plotted for various glazes and glassy coatings
(Fig. 10). Most samples are black as synthesized and behave
satisfactorily in low temperature applications (up to 1000 1C,
e.g. in the transparent coating F1). They correspond to a wide
compositional range, encompassing a Cr3+ occupancy from 0 to
lazes and glassy coatings. Uncoloured glazes (coating) and high-quality
ce of glaze bloating (blt).

Average colouring performance

S2 S1

LnS2 Cn
S2 LnS1 Cn

S1 Lnav anav bnav Cn
av blt

89.5 5.0 81.7 7.4
36.1 9.6 36.0 9.2 37.4 5.6 8.4 10.1
38.6 11.1 36.6 15.0 38.9 −13.1 −2.9 13.4
31.7 1.0 31.0 2.6 32.2 −1.9 0.1 1.9
29.8 2.7 30.2 3.5 30.3 2.3 2.4 3.3
28.6 0.6 28.4 1.3 29.3 0.1 −0.5 0.5 B
28.5 0.5 26.1 1.0 28.3 0.4 −0.5 0.6
33.1 3.9 30.4 2.3 38.0 −1.1 −1.7 2.0
28.6 4.1 26.8 3.0 32.3 0.2 −4.0 4.0 B
32.1 1.6 31.7 3.1 32.6 −1.3 1.3 1.8
29.6 1.1 28.1 0.9 29.7 0.2 0.4 0.5
29.8 0.5 28.3 1.0 29.4 0.2 0.2 0.3
31.9 0.9 28.4 0.8 30.8 0.3 0.4 0.6 B
29.0 2.4 26.5 1.9 31.6 0.2 −2.7 2.7
28.6 1.4 26.9 1.0 30.8 0.4 −1.6 1.6
29.0 1.0 26.7 1.1 30.8 0.3 −1.4 1.5
28.8 1.8 25.8 1.5 31.4 0.2 −2.0 2.0
29.2 1.5 27.1 0.8 31.1 0.0 −1.7 1.7
29.5 1.0 26.6 0.8 31.4 0.3 −1.4 1.4

29.5 0.7 27.4 0.6 32.2 0.6 −1.0 1.1
28.9 1.0 26.6 1.2 30.5 0.2 −1.5 1.5

27.7 0.5 26.3 0.3 27.7 0.0 −0.5 0.5
28.0 0.8 25.8 0.5 28.7 0.3 −0.6 0.7
32.2 12.8 30.3 9.8 32.1 8.2 6.8 10.7



Fig. 9. Example of technological behaviour of spinel pigments applied in glaze S1.

Table 6
Unit cell parameter and persistence of spinel pigment after firing at 1050 1C (glassy coating F5) or 1200 1C (glaze S1).

Sample Unit cell parameter a (Å) Pigment persistence Coating type

As-synthesized, aas After firing, aaf Difference, aas−aaf Amount after firing (wt%) P (%)

5 8.377 8.351 0.026 2.370.1 46 S1
6 8.377 8.364 0.012 4.070.1 80 S1
7 8.455 8.433 0.022 2.470.1 48 F5
8 8.422 8.410 0.012 0.970.1 18 F5
11 8.403 8.360 0.043 4.870.1 96 S1
12 8.404 8.363 0.041 5.070.1 100 S1
13 8.415 8.380 0.035 3.870.1 76 S1

Standard deviation of the unit cell length is o0.001 Å in the as-synthesized spinels and �0.001 Å after firing.
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1.6 apfu and a Co2+ occupancy from 0.2 to 1.0 apfu. However,
this picture rapidly evolves in typical glazes for porous wall tiles
(S3), stoneware tiles (S2) and porcelain stoneware tiles (S1)
which require increasing firing temperatures (up to ∼1200 1C).
The best behaviour is related to a smaller field that excludes
both low and high degrees of Co2+ and Cr3+ occupancy at the
sites T and M, respectively, as calculated by average colour
coordinates (Fig. 11). The best technological behaviour—
responsible for the best colouring performance—is shown by
samples 6, 11 and 12, which display the deepest black colour
and a very good resistance to corrosion (from 80% to 100%,
distinctly better than the other spinels). The explanation of a
different persistence has to be looked for by revising the
composition of spinels. Overall, the best behaviour corresponds
to a crystal chemistry where the tetrahedrally-coordinated
site is mainly occupied by Co2+ (0.4—0.8 apfu) together with
Mn2+ (0.1—0.5) and Fe3+ (0.1—0.25), and the octahedrally-
coordinated site is predominantly occupied by Cr3+ (0.9—1.5 apfu)
together with Fe3+ (0.3—1.0), Mn3+ (0.1—0.5) and Mn2+ (≤0.21).
This picture adds substantial pieces of information to the current
knowledge on black pigments [1—6,30—38]:
(i)
 by outlining that a remarkable complexity affects cation
distribution in ternary and quaternary spinel pigments
beyond that expectable from natural spinels;
(ii)
 by correcting the extension of compositional fields for the best
technological performance of pigments: shifting downward
the recommended concentrations of IVMn2+ and VICr3+ and
upward those of IVCo2+, VIFe3+ and VIMn3+.
Three different pathways are envisaged to get deep black shades:
(a)
 strongly disordered spinels, characterized by very broad and
hardly resolvable Raman peaks and occurrence of magnetic
sextets in Mössbauer spectra, hosting at least 7 transition metal
cations and having an inversion parameter i∼0.2 (e.g.,
sample 12);
(b)
 moderately disordered spinels, exhibiting several Raman
peaks beyond the Group Theory prediction but a typical
paramagnetic Mössbauer spectrum, being free of Mn3+ and
having an inversion parameter io0.1 (e.g., sample 11);
(c)
 apparently ordered and normal spinels halfway from cobalt
chromite and cobalt ferrite showing clues of disorder by extra



Fig. 10. Contour plots of chroma (Cn) versus spinel crystal chemistry for as-synthesized pigments and applied into different glazes and glassy coatings.
Compositions with the best technological behaviour plot in the dark gray field (dark green in the online version). White squares represent the composition of
samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 11. Contour plot of chroma (Cn
av) averaged for the different glazes and

glassy coatings under investigation versus Co2+ occupancy at site T and Cr3+

occupancy at site M.
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peaks in well resolved Raman spectra and predominance of
magnetic absorption in Mössbauer spectra (e.g., sample 6).
3.5.4. Colour bleaching
As expectable, a poor performance is related to spinel

dissolution in the melted glaze or glassy coating (or by phase
transformation). As a matter of fact, P varies from 18%
(sample 8) to 48% (sample 7). Colour bleaching is conspic-
uous when chromium is absent, indicating an insufficient firing
stability of low-chromium formulations. It happened also for
the sample 10, besides the Cr3+ saturation of the octahedral
site and its as-synthesized black colour, because of the
occurrence of eskolaite—hematite that is not stable once
applied in glazes (Fig. 9).
3.5.5. Glaze bloating
The bloating of glaze is another cause of unsuitable

behaviour of pigments, despite their deep black colour [66].
It occurred in spinels exhibiting a high amount of Mn3+:
0.64 apfu in the sample 13 or 1.0 apfu for samples 5 and 8
(Table 1). However, the occurrence of trivalent manganese is
not detrimental by itself: for example in the sample 12,
displaying the best technological behaviour, VIMn3+ is as high
as 0.33 apfu. Nevertheless, colouring performance worsens
significantly when Mn3+ concentration is increased to 0.5 apfu
(samples 14 and 15). Therefore, the threshold may be put
around 0.6 apfu, a value that must not be overcome to avoid
bloating phenomena (but best should be not passing 0.4 apfu).
Bloating derives from reactions evolving gases and/or low-
ering the melt viscosity: both causes might be linked to the
pigment persistence. In fact, trivalent manganese in spinel could
be unstable in contact with glaze during ceramic firing; its reduc-
tion may lead to oxygen evolution: 2 MMn3++2e−-2MMn2
++VO, implying the formation of oxygen vacancies (Vo). As
a matter of fact, high valence manganese oxides (e.g. MnO2)
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are commonly used as oxidizing agents in the glass and ceramic
industry [67].

Once spinel is dissolved, it changes the glaze composition
and hence its physical properties, like viscosity at high
temperature. Increasing the amount of spinel dissolved in the
glaze causes a lowering of glaze viscosity (Fig. 12). Every
sample here considered might play as a flux, with a more
pronounced effect of pigment 8, whose limited persistence
induced an estimated reduction of glaze viscosity around 7%,
that can eventually explain the bloating phenomena.
In contrast, the glazes containing samples 6, 11 and 12 have
their viscosity lowered by no more than 1%, so not enough to
cause bloating. However, the glazes containing the pigments 5
and 13 are not affected by a strong viscosity drop (about 2%)
thus redox reactions involving manganese ions have to be
invoked to explain bloating.

3.5.6. Crystal structure and chemistry after firing
An important aspect, disclosed here for the first time in ceramic

pigments, is that the spinel lattice parameter turns systematically
smaller after the ceramic processing (Table 6). The difference of
unit cell length between the as-synthesized spinel (aas) and the
same after firing (aaf) is 0.012oaas—aafo0.043 Å, therefore
greater enough than the experimental error to make this observation
reliable. As the unit cell parameter depends on the average cationic
size [7,8], this contraction must reflect a significant change in the
crystal chemistry of spinels. It implies that the concept of resistance
to corrosion of spinel involves the ability to adjust its composition
without losing colouring strength. In as-synthesized spinels, both
sites are predominantly occupied by the smallest ions (IVCo2+ and
VICr3+) among those possibly occurring in the Co—Cr—Fe—Mn
system [8]. From this standpoint, no change in the partition of
octahedrally-cordinated cations can justify such a unit cell contrac-
tion, as the bond distance of Cr3+ (1.995 Å) is shorter than those of
Fe3+ (2.025 Å), Mn2+ (2.191 Å) and Mn3+ (2.03 Å). The same is
for tetrahedrally-cordinated cations, as the T-O distance of Co2+

(1.972 Å) is lower than those of Mn2+ (2.036 Å) and Fe2+
Fig. 12. Glaze viscosity at the maximum firing temperature in function of the
amount of pigment potentially dissolved in the glaze. Triangles represent the
actual amount of pigment dissolved. Best performing samples (6, 11 and 12)
are compared with bloating samples (5, 8 and 13).
(2.000 Å) with the exception of Fe3+ (1.875 Å). On the other hand,
pigments got in touch with a melt that contains elements with a
high affinity for the spinel lattice, like aluminium, magnesium and
zinc. At any rate, the only cation with a small radius that is
abundant in glazes and at the same time can be readily
accommodated in both sites of the spinel lattice is the Al3+ (whose
bond distance is 1.774 and 1.908 Å when fourfold- and sixfold-
coordinated, respectively). Magnesium may be found in both
crystallographic sites, but its bond distances are longer than Cr−O
(VIMg2+—O¼2.082 Å) or too close to that of cobalt (IVMg2+

—O¼1.966 Å) to explain the observed lattice parameters. Analo-
gous consideration can be done about Zn2+, that is normally hosted
at the tetrahedral site (IVZn2+—O¼1.96 Å); at any rate, it is absent
in the glaze S1 and it would have a marked effect on colour
[2—5]. Therefore, the smaller unit cell parameter of spinels after
ceramic firing (aaf) could be justified by an Al3+ substitution after,
e.g., Mn3+ and/or Fe3+ at the octahedral site. In the case of spinels
listed in Table 6, the following equation was used to estimate the
spinel lattice parameter [8]:

a¼ 8=11√3f5T−Oþ ½33ðM−OÞ2F8ðT−OÞ2�0:5g
by means of the average tetrahedral T−O and octahedral M−O
bond distances. By this way, the amount necessary to lower the lat-
tice parameter to the value measured in glazes is 0.23oVIAl3+o
0.29 apfu, though for samples 6 and 8 is 0.13—0.14 apfu. This
amount of sixfold-coordinated aluminium has a limited effect on
the spinel optical properties and should be low enough to be
achieved even in the fast firing cycles used in tilemaking. Further
studies are needed to understand how spinels change their
composition in touch with melted glazes.

4. Conclusions

The cation distribution in as-synthesized spinels apparently
follows an overall pattern governed by Co2+ occupancy of T
site and Cr3+ occupancy of M site, with Mn3+ hosted at M site,
Fe2+ at T site (only in the case of reducing firing atmosphere)
while Mn2+ and Fe3+ are distributed over both sites. Never-
theless, despite the spinel unit cell and inversion parameters
define a relatively narrow field in between “chromites” and
“magnetites”, Raman and Mössbauer data attest an increasing
degree of disorder in cation distribution going towards the
iron-rich terms, where clusters richer in Fe might be dispersed
in a spinel matrix less rich in Fe.
The technological behaviour of spinel pigments is strongly

connected with their crystal chemistry, with no significant
effect by grain/crystallite size. The best colouring performance
stems from an enhanced resistance to corrosion (by dissolution
in the melted glaze and by change in spinel composition). The
following ranges are recommended to get the best black
pigments: Co2+ (0.4—0.8 apfu) together with Mn2+

(0.1—0.5) and Fe3+ (0.1—0.25) at T site; Cr3+ (0.9—1.5 apfu)
together with Fe3+ (0.3—1.0), Mn3+ (0.1—0.5) and Mn2+

(≤0.21) at M site. These formulations are effective even if
spinels undergo a change in their crystal chemistry as a
consequence of oxidation and contact with melted glaze. As
a matter of fact, a systematic decreasing of the unit cell
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parameter occurs during firing, which is compatible with
incorporation of 0.1—0.3 apfu of Al3+ at M site. Different
pathways can give rise to excellent black pigments: (a) strongly
disordered spinels hosting at least 7 transition metal cations
and having an inversion parameter i∼0.2 (Mn-bearing ternary
and quaternary systems) and spinels where the sum Cr+Fe
saturates the M site. These can be: (b) moderately disordered
spinels, free of Mn3+, having io0.1, or (c) apparently ordered
and normal spinels halfway from cobalt chromite and cobalt
ferrite.

Poor technological performances are due to different condi-
tions, all limiting the resistance to corrosion of pigments: (i) a
low amount of chromium (leaving room to colour bleaching);
(ii) Mn3+ occupancy exceeding ∼0.6 apfu (causing glaze
bloating by redox reactions evolving gas and/or lowering
glaze viscosity); (iii) oversaturation of site M by Cr+Fe: if
the Fe3+ excess is o0.3 apfu, a kenotetrahedral cationic
arrangement is likely to occur; if this excess is 40.3 apfu,
an eskolaite—hematite solid solution exsolves (with a Cr/Fe
ratio close to that of the batch).
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