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Hibonite (CaAl12O19, space group [s.g.] P63/mmc) has the
structural formula A[XII]M1[VI] M2[V]M32

[IV]M42
[VI]M56

[VI]

O19, where Ca is 12-fold coordinated at site A and Al3+ ions
are distributed over five different sites: three distinct octahedra
[M1 (point symmetry D3d), M4 (C3v) and M5 (Cs)], the M3
tetrahedron (C3v), and the unusual fivefold coordinated trigonal
bipyramid M2 (D3h). Hibonite is able to accommodate a wide
range of ions with different valence and coordination, making
its structure a promising ceramic pigment. One of the main
challenges is to understand and control incorporation mecha-
nisms and the threshold of chromophores solubility. It is known
that M2+ ions tend to be hosted at the M3 site, while M4+

ions are preferentially accommodated at the M4 site: the intro-
duction of divalent ions might be promoted by the associated
incorporation of tetravalent cations, which ensure the lattice
electroneutrality and are ordered over the M4 face-sharing
octahedral dimers. In this work, the mechanism of the coupled
substitution 2Al3+?(Ni2++Ti4+) was investigated by
combining X-ray powder diffraction and diffuse reflectance
spectroscopy techniques. Hibonite turquoise pigments with
increasing Ni+Ti doping (CaAl12‒2xNixTixO19 where x = 0.1‒
2.0 apfu) were prepared by combustion synthesis, utilizing a
fuel mixture (urea, glycine, b-alanine) set up according to their
compatibility with metal nitrates used as raw materials. The
ignition temperature of combustion reaction was 400°C, but
samples underwent an additional annealing at 1200°C. Samples
up to x = 0.4 are monophasic; for higher doping, hibonite is
the main component accompanied by growing percentages of
spinel and perovskite phases. The Ni and Ti addition induced a
regular increase in the hibonite unit-cell parameters until
x = 1.0, that is proportional to the amount and difference in
ionic radii of dopants. In particular, an elongation of the 〈M–

O〉 bond distances of both M3 and M4 sites was observed. In
terms of optical parameters, Ni2+ is preferentially incorpo-
rated in tetrahedral coordination, up to 0.3 apfu at the M3
site, and at the M4 octahedron as well (up to 0.19 apfu). The
crystal field strength of fourfold coordinated Ni2+ is regularly
decreasing, implying an elongation of the local Ni-O bond that
is coherent with the volume increasing from AlO4 to NiO4

tetrahedra registered by XRD. Ti4+ ions are accommodated at
both the M2 and M4 octahedra which expand proportionally
to the amount of dopants. Pigment purity and color strength
vary with doping depending on the multistep mechanism of Ni
and Ti incorporation in the hibonite lattice.

I. Introduction

T HE development of new pigments requires an accurate
design of several factors related with the origin of color,

including the knowledge of valence state and ligand environ-
ment of the ion responsible for coloration (hereafter called
chromophore).1,2 In particular, colors based on the crystal
field theory strongly depend on valence and coordination of
the chromophore,3 especially when it is a dopant inside a
crystal structure for which main component is not a transi-
tion-metal ion. From this standpoint, the chromophore
accommodation at polyhedral sites of the crystal structure
plays a key role, making local metal‒oxygen distances, site
distortion, and degree of occupancy by one or more ions as
fundamental parameters for color development.2–4 Along
with the chromophore, a second dopant is often added, in
the case of a heterovalent substitution, to ensure the electro-
static neutrality of the crystal lattice (called codopant).

The design of new pigments is simpler for crystal struc-
tures having a single cationic site, e.g., corundum5,6 or
rutile,7,8 circumstance that prevents order–disorder phenom-
ena in the partition of dopant and main component. Simi-
larly, the control is easier for crystalline phases which exhibit
two polyhedra with distinct volume and coordination num-
ber, and therefore host cations with different radii and
valence states, as in the case of the cubic and octahedral sites
of perovskite,9,10 or the cubic and tetrahedral sites of zir-
con.11,12 However, the pigment design turns to be challenging
as far as complex structures are concerned, i.e., those where
three or more cationic sites are present, particularly if ions
partition over different polyhedra can occur. Typical exam-
ples are phases with high thermal and chemical stability,
hence good candidates for ceramic pigments, like zircono-
lite,13,14 or murataite,15,16 whose complex crystal chemistry
makes their development problematic.

This picture, further complicated by the competition of
different cations to be accommodated at the same site (main
component, chromophore, and a possible codopant), can
explain why successful ceramic pigments are restricted to a
limited number of structures, in most cases with only one or
two cationic sites.1,2 The most complex crystal structures
used as ceramic pigments have three well-distinct cationic
sites and suffer from remarkable problems in the synthesis
control, i.e., garnet17,18 and malayaite.19,20 Nevertheless, a
better knowledge of mechanisms governing the competition
of cations for different polyhedra and of the order/disorder
phenomena should disclose the possibility to improve the
design and to obtain better pigments. On the other hand, the
large body of literature on crystal/melt equilibria is not
directly applicable, because industrial synthesis entails mostly
solid-state reactions in nonequilibrium conditions, where
kinetic effects are overwhelming.21,22 This circumstance is
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particularly true for hibonite that is notoriously hard to syn-
thesize as pure specimens by solid-state reactions.23 In order
to improve the reaction yield of the conventional solid-state
route, a combustion synthesis was adopted in the present
work.

Hibonite (CaO�6Al2O3) represents an ideal material to ver-
ify how the main component, chromophore and codopant
compete for the access to different polyhedra. In fact, its
crystal structure, being isostructural with the magneto-
plumbite-type structure (s.g. P63/mmc, Z = 2), presents the
following general crystal chemical formula:24,25

A½XII�M1½VI�M2
½V�
2 M3

½IV�
2 M4

½VI�
2 M5

½VI�
6 O19

with considerable variation in its chemical composition. Cal-
cium cations occur in 12-fold coordination (site A), whereas
the Al3+ ions are distributed over five different coordination
sites, including three distinct octahedra [M1 (point symmetry
D3d), M4 (C3v), and M5 (Cs)], the M3 tetrahedron (C3v), as
well as an unusual trigonal bipyramid [M2 (D3h)] fivefold
coordinated by oxygen ions.26–28 The polyhedral arrangement
in the hibonite structure is depicted in Fig. 1. It can be
schematized as a repetition of two distinct and alternated
polyhedral layers parallel to (001).3 Specifically, the tetrahe-
dral (M3) and octahedral (M1 and M5) polyhedra are
located in the so-called spinel block (S = [M6O8]

2+), whereas
the Ca site and the trigonal bipyramidal M2 and the octahe-
dral M4 polyhedra are located in a hexagonal close-packed
block (R = [CaM6O11]

2�). The entire hibonite unit cell is
composed by a staking of R- and S-blocks along the c-axis
in a S0RSR0S0 sequence, where R0 and S0 are blocks rotated
by 180° about the c-axis relative to R and S, respectively.27

In natural hibonites, it is known that M2+ ions tend to be
hosted at the M3 tetrahedral site, while M4+ and M5+ ions
are preferentially accommodated at the M4 octahedral
site.27,29 The preference of divalent cations (e.g., Mg2+,
Fe2+, Zn2+, Ni2+) for the M3 site of magnetoplumbite
group minerals has been found also in several synthetic com-
pounds. This is possible because these substitutions are elec-
trostatically more favorable than the incorporation of highly
charged cations, as it has been demonstrated by considera-
tion of Pauling bond-strength sums,24 Bond valence sum
(BVsum),30 and by calculation of the Madelung factors for
various hypothetical schemes of cation distribution.25 As far
as Ni2+ is concerned, its strong preference for the tetrahedral

site still holds in spite of its larger crystal field stabilization
energy (CFSE) for the octahedral coordination.27

Guidelines in pigment design are usually ionic radius,
valence, and coordination, which can be integrated by the
CFSE.3 Further parameters, like the BVsum,31,32 have been
claimed to account for deviation from general rules, as in meli-
lite and perovskite.31,33 These aspects were investigated in nat-
ural hibonites,24,27–29 but pigment synthesis widen the
perimeter of possible dopants, their concentration, and associ-
ation as in the case of Ni- and Ti-doped hibonite. The Al3+

partial substitution is facilitated by a coupled substitution,
where Ni2++Ti4+ replace two Al3+ ions. Ni-doped hibonite
was discovered by Costa et al. (2009) who utilized tin as codo-
pant.34 Titanium was used as codopant of cobalt in hibonite
pigment by Leite et al. (2010) and Dondi et al. (2014).31,35

An investigation was here undertaken to understand in
depth the behavior of Ni and Ti ions, added as dopants to
an ideal hibonite formulation (as a test bench) in increasing
concentration, by a combined X-ray diffraction and optical
spectroscopy approach.

II. Experimental Procedure

(1) Synthesis
The hibonite samples were prepared by the combustion synthe-
sis method based on highly exothermic redox reactions
between solid fuels and metal nitrates. Such a procedure was
used for the synthesis of different thermoresistant pigments.36–
38 The following reagents were used: Ca(NO3)2�4H2O (Merck 4),
Al(NO3)2�9H2O (Merck), Ni(NO3)2�6H2O (Merck), titanium
isopropoxide Ti[OCH(CH3)2]4 (Reactivul 5), urea CH4N2O
(Merck), b-alanine C3H7NO2 (Merck), and glycine C2H5NO2

(Fluka 6).
Previous results have proved the existence of a variable

degree of compatibility between the nitrate nature (oxidizing)
and the organic/fuel nature (reducing) and thus, the need for a
rational choice of fuel mixtures for maximizing the chances of
obtaining the designed oxide compounds directly from the
combustion synthesis.39–44 The compatibility between the nat-
ure of the metal nitrate and fuel was established on the basis of
thermal analyses and on the phase composition determination
in the case of preparation of calcium aluminates.36,37,40 Based
on these results, urea (CH4N2O) was chosen as related fuel for
aluminum nitrate, b-alanine (C3H7NO2) for calcium nitrate,
and glycine (C2H5NO2) for nickel nitrate. The reagents dosage
was designed starting from the following premise: oxidation–
reduction processes must be completed, the reaction products
are the desired oxide compounds, and CO2, H2O, and N2 are
secondary reaction products. For exemplification, the general
reactions between aluminum nitrate and urea (U), calcium
nitrate and b-alanine (A), and nickel nitrate and glycine (G)
are presented as follows:

2AlðNO3Þ3 þ 5CH4N2O(U) ! Al2O3 þ 10H2Oþ 5CO2

þ 8N2

(1)

CaðNO3Þ2 þ 2=3C3H7N2O (A)þ 1=3O2

! CaOþ 7=3H2Oþ 2CO2 þ 5=3N2 (2)

Ni(NO3Þ2 þ 10=9C2H5NO2ðGÞ
! NiOþ 25=9H2Oþ 20=9CO2 þ 14=9N2 (3)

Ti½OCHðCH3Þ2�4 þ 18O2 ! TiO2 þ 12CO2 þ 14H2O

(4)

Eight samples were designed according to the general for-
mula: CaAl12‒2xNixTixO19, where x: 0.1, 0.2, 0.3, 0.4, 0.5, 1.0,
1.5, and 2.0 apfu (see Table SI).

Fig. 1. 17Polyhedral representation of the two structural layers, R-
block (i.e., the Ca site, the trigonal bipyramidal M2 site, and the
octahedral face-sharing M4 site) and S-block (i.e., layers of M5
octahedra interspaced by the M3 tetrahedra and the M1 octahedra)
of Ni and Ti codoped hibonite (s.g. P63/mmc) in a perspective as
view along [110]. The atom of Ca (a white sphere) is 12-fold
coordinated by 6 9 O3 and 6 9 O5. On the right side, a
representation of each polyhedron with their respective ligands and
the occupancy of the dopants (i.e., Ni2+ and Ti4+; for further
details see next sections). Figure obtained by means of the VESTA
v.3.2.1 visualizer.69C
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Amounts of reagents were calculated for obtaining 0.015
moles of CaAl12O19. The dissolution of the desired metal
nitrates together with the appropriate amounts of fuels was
conducted in porcelain vessels in a minimum amount of dis-
tilled water. Afterward, the mixtures have been subjected to
partial evaporation in the drying stove at 50°C followed by a
initiation process of oxidation–reduction in a preheated kiln
at 400°C with SiC as heating element to initiate the combus-
tion reaction. The high temperature reached within the raw
material mixture led to the formation of a blue-colored, dried
fluffy foam, which was easily deagglomerated into a fine
powder. The time of combustion for the synthesis develop-
ment varied from 40 to 46 s. The resulting powders were
then annealed in an electric furnace at a temperature of
1200°C with 1 h soaking time.

(2) X-ray Powder Diffraction Data Collection and Rietveld
Refinements
X-ray powder diffraction measurements were performed at
room temperature using a Bruker D8 Advance Diffractome-
ter7 on a Bragg-Brentano geometry with an X-ray tube oper-
ating at 40 kV and 40 mA. Data were collected through a
one-dimensional LynxEye detector8 based on silicon strip
technology, set to discriminate CuKa1,2 radiation in the 10°–
130°2h measuring range, with an equivalent counting time of
16 s per 0.02°2h step.

Structural parameters were determined from whole pattern
profile fitting of the diffraction data by the Rietveld method
using the GSAS code implemented into the EXPGUI inter-
face.45,46

The presence of associated phases, detected in small con-
centrations for samples with a nominal amount of Ni+Ti = 1
and 2 apfu (i.e., for samples 5 and 10; see Table I), was
accounted for by carrying out multiphase refinements in
which only the scale factors and the cell parameters were var-
ied, except for the hibonite main phase. The starting struc-
tural models employed during the Rietveld refinement were
those of Nagashima et al. (for the hibonite structure, hexago-
nal s.g. P63/mmc),30 O’Neill et al. (for the spinel structure,
cubic s.g. Fd–3m),47 Sasaki et al. (for the perovskite struc-
ture, orthorhombic s.g. Pbnm),48 and Cherginets et al. (for
the corundum structure, trigonal s.g. R–3c).49

Peak profiles were modeled by a pseudo-Voigt function,
with the peak cut-off set to 0.05% of the peak maximum, by
means of the h-independent Gaussian (GW), and the two
(cosh)�1- and (tanh)-dependent Lorentzian (i.e., LX, and LY,
respectively) broadening coefficients plus an asymmetry con-
tribution. Besides 18 shifted Chebyshev polynomial coeffi-
cients to reproduce the background, the refinements included
a scale factor, cell parameters (a- and c-axis), atomic coordi-
nates (x, y, z), and isotropic atomic displacement parameters,
ADPs (Uiso).

Agreement factors and refinement details are listed in
Table I. Unit-cell parameters, site occupancy, and selected
metal–oxygen bond distances of the hibonite structure for
samples along the CaNixTixAl12–2xO19 join are summarized
in Table I and II.

It is noteworthy that Ni and Ti were initially included in
the refinement based on the nominal stoichiometry, and then
varied as required by the refinement process. Specifically,
both cations were iteratively placed at each M site (i.e., M1,
M4, and M5 octahedra, M3 tetrahedron, and M2 trigonal
bipyramid) so that all the different cationic coordinations
were checked. All cationic distribution models different from
that reported in Table II lead to a divergence of Rietveld
refinements or to unphysical structural parameters.

Due to the nonreducing synthesis conditions (the combus-
tion process took place in air), the titanium cation has been
considered as fully oxidized (i.e., as Ti4+). It follows that, in
order to maintain the hibonite structure electrostatically neu-
tral, the nickel cation has been considered as bivalent (i.e.,

Ni2+). This latter assumption was corroborated both by con-
vergence of Rietveld refinements of XRPD patterns, and
through deconvolution of optical spectra (see next sections).

Ni2+ and Ti4+ site occupancies were kept as fixed during
the least-squares refinements and manually iterated between
refinement cycles. Due to the high mutual correlations,
atomic coordinates, ADPs, and site occupancy were varied in
alternate cycles. Cations hosted at the same coordination site
(i.e., Al3+ and Ti4+ at the trigonal bipyramidal M2 site,
Al3+ and Ni2+ at the tetrahedral M3 site, and Al3+, Ni2+

and Ti4+ at the octahedral M4 site) were constrained to
maintain the chemical composition and to change the isotro-
pic temperature factors identically.

(3) Electronic Absorption Spectroscopy
Optical measurements were performed by diffuse reflectance
(PerkinElmer k19 spectrophotometer 9, 250‒2500 nm range,
0.3 nm step size, speed 240 nm/min, BaSO4 integrating
sphere, white reference material: BaSO4 pellet). Reflectance
(R∞) was converted to absorbance (K/S) by the Kubelka–
Munk equation: K/S = (1‒R∞)2�(2R∞)�1.50 Absorbance
bands were deconvoluted by a pseudo-Voigt function (PFM,
OriginLab) starting from peak maxima by automatic fitting
to convergence, in order to obtain the band energy (cen-
troid), width (FWHM), and intensity (peak area) for which
experimental errors, including background correction and
reproducibility, are within 1%, 3%, and 5%, respectively.

The crystal field strength 10Dq was determined by: (1)
10Dqoct = octahedrally coordinated Ni2+ as the energy of the
3T2g(

3F) transition; (2) 10Dqtet = tetrahedrally coordinated
Ni2+ as the energy difference of 3A2(

3F) – 3T2(
3F) transi-

tions; adopting, for sake of simplicity, the terminology for
the cubic symmetry (Oh for the octahedral coordination and
Td for the tetrahedral coordination). Since the 3T2(

3F) transi-
tion of Ni2+ in tetrahedral coordination is twice split, due to
the effect of both Ni2+ spin-orbit coupling and the low point
symmetry, its energy was calculated as the mean value of the
two sub-bands.

The Racah B parameter was calculated by fitting the spin-
allowed transitions of Ni2+ ion in the d 8 Tanabe–Sugano
diagram (for the octahedral coordination) and in the d 2 dia-
gram that is used, according to the d10�N rule, in the case of
ions in fourfold coordination.51,52

The relative abundance of tetrahedrally coordinated nickel
(Ni2+tet) and octahedrally coordinated nickel (Ni2+oct) was deter-
mined by assuming the nominal amount of Ni = (Ni2+tet +
Ni2+oct). In order to account for the much higher transition
probability of Ni2+tet (one order of magnitude more than
Ni2+oct) two transitions with close wave number and similar
intensity were selected instead of the most intense bands. By
this way the peak area (Γ) of the 3A(3F) band of Ni2+tet at
~8800 cm�1 was made comparable with the peak area of the
3T2g(

3F) band of Ni2+oct at ~9400 cm�1. The relative amount of
Ni2+tet was calculated as Γ(3A)/Γ(3A + 3T2g); that of Ni2+oct as
(3T2g)/Γ(

3A + 3T2g).

III. Result and Discussion

(1) X-ray Diffraction
(A) Quantitative Phase Analyses: Data listed in

Table I show that samples 1, 2, 3, and 4 are monophasic
with a hibonite structure type. This implies that, by means of
our synthesis conditions, the incorporation of Ni and Ti ions
into the hibonite structure was fully attained up to a nominal
content of Ni+Ti = 0.8 apfu. From sample 5, the amount of
the hibonite phase is primarily and proportionally contrasted
by the formation of an associated spinel phase (see Table I).
For the highest levels of doping, i.e., for those samples char-
acterized by a nominal content of Ni+Ti > 2 apfu, the forma-
tion of the hibonite structure seems to be strongly hindered
by a reaction kinetics which favors the formation of other
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phases. In fact, along with the spinel phase, increasing
amount of an orthorhombic perovskite-type structure (sam-
ples 15, 20, and to a less extent 5) plus a minor amount of
corundum (sample 10), are further detected (see Table I).

(B) Unit-Cell Volume and Lattice Parameters: Lattice
parameters (axes a and c), and the unit-cell volume (V), for
the hibonite hexagonal structure along the CaNixTixAl12–2x
O19 join are reported in Table I. In order to visualize their
evolution, compare them with literature data, and highlight
possible anisotropies, those data are plotted in Fig. 2 as a
function of the nominal titanium content, a common con-
stituent of natural as well as synthetic hibonite struc-
tures.27,30,53,54 Although in natural hibonites (mostly derived
from meteorite samples), titanium is present in its reduced
form (i.e., Ti3+), it can be noted that a coupled substitution
of Ni2+ + Ti4+ gives rise to a very similar steric effect (i.e.,
at octahedral site, the ionic radius of Ti3+ = 0.67 �A, is very
close to that derived by averaging the ionic radii of Ni2+

and Ti4+ � 0.65 �A).55An analysis of data reported in Fig. 2
reveals that:

1. The unit-cell parameters (both volume and axes) are
subjected to a linear increase which is function of the
degree of doping (e.g., up to a nominal content of
Ni + Ti = 2 apfu, sample 10, a dV = 11.5 �A3 is
recorded). This fact is readily explained considering
the difference between the ionic radii of the substituent
cations. Indeed, within a same coordination site (i.e.,
tetrahedron, bipyramid, and octahedron), both Ni2+

and Ti4+ possess a ionic radius larger than that of the
Al3+.55

2. Up to this content of dopants (i.e., Ni +
Ti = 2 apfu), Fig. 2(A) further highlights that the

unit-cell volume of the investigated samples perfectly
matches with that of analogous samples from litera-
ture.27,30,53,54,56 A linear fit through our data with a
nominal titanium content 0.1 ≤ x ≤ 1 apfu [dashed line
between data point 1 and 10 in Fig. 2(A)], provides
the following empirical relationship: V = 13.45 (14) 9
xTi + 586.9 (5) [R2 = 0.96], meaning that the extrapo-
lated volumetric value for xTi = 0 apfu is in agree-
ment with that reported by Utsunomiya et al. for a
pure calcium hexaaluminate.56

3. The increase in both unit-cell volume and axes, as
described at point (1), is steeply interrupted for a
dopants amount higher than 2 apfu (i.e., dV = 1.8 �A3

for samples from 10 to 20). The latter is a further and
clear indication that, through our synthesis conditions,
high contents of nickel and titanium are not incorpo-
rated within the hibonite structure. Specifically, it can
be assumed that the mechanism of the coupled substi-
tution 2Al3+ = (Ni2+ + Ti4+) is limited to a thresh-
old value of 2 apfu.

4. Figure 2(B) also shows that, after an initial isotropic
regime (i.e., a and c axes are superimposed), samples
10, 15, and 20 are characterized by an axial anisotropy
(i.e., for a doping higher than 2 apfu, the hibonite
structure preferentially expands along the c-axis).
Besides to merely indicate a structural anisotropy, this
preferential axial expansion could suggest a change in
the mechanism of the cation incorporation into the
hibonite structure (see next sections).

(D) Structural Refinements: Since nominal and recal-
culated composition of the hibonite phase are equivalent for
a nominal content of Ni + Ti ≤ 2 apfu (see Table I), and the

Table II. Ni and Ti Site Occupancies (as Fraction of 1) and Selected Interatomic Bond Distances (with their Standard Deviations
within Parentheses) Along the Series CaNixTixAl12–2xO19 (with 0.1 ≤ x ≤ 1)

Sample 1 2 3 4 5 10

[XII]Ca([VI]M1[V]M2[IV]M32
[VI]M42

[VI]M56)O19 site occupancy (M1 and M5 fully occupied by Al3+)
M2 Al3+ 0.986 0.954 0.850 0.880 0.900 0.260

Ti4+ 0.014 0.046 0.150 0.120 0.100 0.740
M3 Al3+ 0.964 0.929 0.902 0.874 0.812 0.694

Ni2+ 0.036 0.071 0.099 0.126 0.188 0.306
M4 Al3+ 0.943 0.894 0.874 0.786 0.738 0.676

Ti4+ 0.043 0.077 0.075 0.140 0.200 0.130
Ni2+ 0.014 0.029 0.052 0.074 0.062 0.194

Interatomic bond distances (�A)
Ca–O3 (96) 2.785 (2) 2.787 (2) 2.789 (3) 2.793 (3) 2.794 (3) 2.801 (3)
Ca–O6 (96) 2.713 (3) 2.712 (3) 2.709 (5) 2.710 (3) 2.711 (3) 2.690 (4)

Mean 〈Ca–O〉 2.749 (3) 2.749 (2) 2.749 (4) 2.752 (3) 2.752 (4) 2.746 (4)
M1–O4 (96) 1.881 (3) 1.883 (2) 1.888 (4) 1.884 (3) 1.876 (4) 1.896 (4)
M2–O1a 2.457 (10) 2.453 (8) 2.487 (13) 2.464 (10) 2.457 (12) 2.574 (12)
M2–O1b 2.016 (6) 1.992 (5) 1.950 (8) 1.948 (6) 1.944 (8) 1.845 (7)
M2–O3 (93) 1.730 (5) 1.741 (4) 1.744 (7) 1.754 (5) 1.759 (6) 1.771 (7)

Mean [4]〈M2–O〉 1.802 (5) 1.804 (4) 1.796 (7) 1.803 (5) 1.805 (6) 1.790 (7)
Mean [5]〈M2–O〉 1.933 (6) 1.934 (5) 1.934 (9) 1.935 (6) 1.936 (8) 1.946 (8)

M3–O2 1.811 (5) 1.817 (4) 1.822 (6) 1.828 (5) 1.830 (6) 1.873 (6)
M3–O4 (93) 1.798 (3) 1.802 (2) 1.802 (4) 1.805 (3) 1.808 (4) 1.817 (4)

Mean 〈M3–O〉 1.801 (4) 1.805 (3) 1.807 (5) 1.811 (4) 1.814 (5) 1.831 (5)
M4–O3 (93) 1.964 (4) 1.965 (3) 1.967 (5) 1.966 (4) 1.962 (4) 2.015 (5)
M4–O5 (93) 1.874 (4) 1.878 (3) 1.876 (5) 1.887 (4) 1.890 (4) 1.885 (5)

Mean 〈M4–O〉 1.919 (4) 1.922 (3) 1.922 (5) 1.927 (4) 1.926 (4) 1.950 (5)
M5–O1 1.838 (3) 1.847 (2) 1.860 (4) 1.861 (3) 1.863 (4) 1.901 (4)
M5–O2 1.991 (3) 1.994 (3) 1.984 (4) 1.990 (3) 1.992 (4) 1.937 (4)
M5–O4 (92) 1.999 (2) 1.994 (2) 1.992 (3) 1.990 (2) 1.992 (3) 1.987 (3)
M5–O5 (92) 1.819 (3) 1.819 (2) 1.825 (3) 1.828 (2) 1.827 (3) 1.836 (3)

Mean 〈M5–O〉 1.911 (3) 1.911 (2) 1.913 (3) 1.914 (2) 1.916 (3) 1.914 (3)
M4–M4 2.543 (5) 2.563 (4) 2.557 (7) 2.571 (5) 2.570 (6) 2.692 (6)
O1–O1 (R) 4.473 4.446 4.437 4.412 4.401 4.419
O1–O1 (S) 6.491 6.526 6.541 6.579 6.593 6.631
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amount of associated phases is less than 10%, samples 1, 2,
3, 4, 5, and 10 are considered suitable for a comprehensive
structural investigation (agreement factors and Rietveld
refinement details are given in Table I). Polyhedral site occu-
pancy and selected bond distances for samples belonging to
the CaNixTixAl12–2xO19 join (with 0.1 ≤ x ≤ 1) are reported
in Table II.

According to what reported in the recent literature,30,53,54

Ti4+ occupies both the octahedral face-sharing M4 and the
trigonal bipyramidal M2 sites (Table II). Differently, no
structural reports have been found on hibonite structures
hosting Ni2+ cations. At the best of our knowledge, only
one work deals with the structural features of the
LaNiAl11O19 compound, a structure belonging to the magne-
toplumbite group.57 Based on the statistical distribution of
nickel and aluminum ions over the five polyhedral sites of
the magnetoplumbite-type structure, Laville et al.57 reported
that Ni2+ is mainly distributed between tetrahedral and octa-
hedral sites of the spinel S-block (i.e., the correspondent M3
and M1 sites of the hibonite structure), with a preference for
the tetrahedral M3. The cationic distribution of the Ni2+ ion
in Table II partially agrees with what indicated by Laville
and co-workers. In fact, for the samples here investigated, it
is found that Ni2+ is shared between the tetrahedral M3 (the
preferred one) and the octahedral face-sharing M4 site.

As well rationalized by Bermanec et al.,27 although Ni2+

possesses an exceptionally large octahedral crystal field stabi-
lization energy (CFSE), this transition-metal ion as well as
other divalent cations (e.g., Zn2+, Mn2+, Mg2+, and Fe2+)

shows a marked preference for the tetrahedral environment
in these structural types. This fact has been related to an
incorporation of the divalent cations which is electrostatically
more favorable to that of more highly charged ions.27

Independent of changes in atomic coordinates, the unit-cell
volume has been chosen to compare the mean bond distances
at the polyhedral sites involved by the coupled substitution
2Al3+ = (Ni2+ + Ti4+) with those of analogous synthetic
compounds taken from literature. Specifically, the metal‒oxy-
gen variations at the fivefold coordinated M2 site, the tetra-
hedral M3 site, and the octahedral M4 site are plotted in
Fig. 3 [(A‒C), respectively], whereas the M4‒M4 interatomic
distances in Fig. 4.

Besides to show a very good agreement with data from lit-
erature, Fig. 3 provides a clear indication of the incorpora-
tion of both Ni2+ and Ti4+ into the hibonite structure. Each
polyhedral site undergoes an expansion proportional to the
amount of the Al replaced by Ni and Ti (Fig. 3).

Furthermore, the long-range charge balance ensured by
the coupled substitution 2Al3+ = (Ni2+ + Ti4+) has also a
clear effect at the local scale. In fact, as clearly highlighted in
Fig. 4 where samples belonging to the CaNixTixAl12–2xO19

join are compared with those possessing the same unit-cell
volume, the incorporation of Ni2+ at the octahedral face-
sharing M4 site allows a significant shortening of the M4‒M4
interatomic distances. This means that the presence of octa-
hedrally coordinated Ni2+ leads to a relaxation of the elec-
trostatic repulsion due to the Ti4+‒Ti4+ interactions, thus
favoring an electrostatically more stable structure.

Additional indications on the relation between the cationic
incorporation and the lattice strain in the hibonite structures
under investigation can be inferred through BVsum and glo-
bal instability index (GII) calculations (for the calculation of
these parameters, readers can refer to the footnote of
Table III).58,59 As a general note, data listed in Table III well
match those reported in literature.27,30 Through the analysis
of the ratio between BVs calculated and nominal (i.e., that
deriving from the formal charges of each cation hosted in a
given polyhedron), it is evident that the Ca is strongly under-
bonded. Specifically, the BVs calculated is on average lower
by 27% than the nominal. This anomaly has been previously
interpreted through the difference between the atomic dis-
placement parameters of a single crystal of hibonite at low
and high temperatures.3 In the hibonite structure, Ca can be
considered as a “rattling” ion (i.e., the displacement parame-
ters show a “vibrational smearing” larger than the coordinat-
ing oxygen atoms).

Excluding the site M1, perfectly balanced, the other coor-
dination sites are variously underbonded. Nonetheless, it is
remarkable that the octahedral face-sharing M4 site exhibits
calculated BVs that only differs by 7%, on average, from the
nominal one. This further indicates that, at the local polyhe-
dral scale, the coupled substitution 2Al3+?(Ni2++Ti4+)
promotes a more electrostatically favorable environment.

Besides the BVs calculations, an estimation of the lattice
strain (i.e., at the long scale) can be pursued by means of an
evaluation of the GII. Values of the GII less than 0.05 v.u.
imply unstrained structures, while values greater than
~0.2 v.u. suggest that structures become strained.58,59

As reported in Table III, all the hibonite structures
belonging to the CaNixTixAl12–2xO19 join exhibit a lattice
sparingly strained (i.e., GII ~ 0.3 v.u.).

(2) Optical Spectroscopy
Optical spectra are dominated by the d–d electronic transi-
tions of Ni2+ ion, which provide three intense bands occur-
ring at approximately 4500, 8800, and 16 000 cm‒1, and by
the bandgap represented by the steep slope of the absorbance
at high energy [Fig. 5(A)].

The main optical bands are attributed to the transitions of
Ni2+ in tetrahedral coordination; minor bands are due to the

(A)

(B)

Fig. 2. Variation in the unit-cell volume (A) and lattice parameters
(B) as a function of the nominal Ti content. Error bars are within
the symbol size. Empty symbols in (A) refer to data from literature.
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transitions of Ni2+ in octahedral coordination. In detail, the
assignment of Ni2+ bands was done with reference to the
point symmetry, which is C3v at both the M3 tetrahedron
and the M4 octahedron [Table IV and Fig. 5(B)].

The possible occurrence of further chromophore ions (i.e.,
Ni3+, Ti3+) was appraised and ruled out (or considered
below the detection limit of electron absorption
spectroscopy) since all bands were successfully attributed to

Ni2+ with good correspondence to the Tanabe–Sugano dia-
grams for d8 (octahedral coordination) and d2 (tetrahedral
coordination) ions. The presence of Ni2+ at the fivefold
coordinated site M2 or at the octahedral sites M1 and M5
was ruled out on the basis of X-ray diffraction data and crys-
tal chemical considerations.27,28,57 The optical reference for
trivalent nickel can be the LaAlO3 perovskite, where Ni3+

replaces Al in octahedral coordination.60,61 The Ni3+ spec-
tral features consist of two intense transitions: 4T2g, threefold
split at approximately 20 000, 24 000, and 29 000 cm�1, and
4T1g occurring at ~10 000 cm�1. This latter band has energy
close to that of the 3T2g transition of Ni2+ in octahedral
coordination, but no band was detected at ~20 000 cm�1,
even with the increasing of the 3T2g peak area (so ruling out
the occurrence of Ni3+ in significant amounts). The optical
spectrum of Ti3+, known to occur at the M4 site of hibo-
nite,53 is characterized by a very broad band at
~14 000 cm�1 with a FWHM as high as 4000‒5000 cm�1.29,62

Although the energy is nearly the same of the 3T1g transition
of Ni2+ in octahedral coordination, this latter band has a
FWHM of only ~1000 cm�1 (Table IV) thus not attributable
to Ti3+. At all events, Ti3+ was never detected for high oxy-
gen fugacities,62,63 as those in the synthesis conditions of the
present study.

The bands due to spin-forbidden transitions of Ni2+ in
tetrahedral coordination are partially overlapped with the
strong bands originated by the spin-allowed 3A2 and 3E (3P)
transitions at 16 000–16 600 cm�1 [Fig. 5(B)]. This proximity
brings about an appreciable spin-orbit mixing of states
between quartet and doublet states, which causes a remark-
able intensity increasing of the 1T2,

1A1 and 1T1 (1G) transi-
tions.64

The optical bandgap is originated by metal‒oxygen charge
transfer, which energy gradually decreases from sample 1
(36 400 cm‒1) to sample 20 (23 400 cm‒1). This trend is pre-
sumably the result of the growing contribution by the Ti–O
charge transfer to the optical bandgap.

The band absorbance intensities increase along with the
nickel amount, as expected, but with two distinct rates up to
x = 1 and for higher x values. Significantly, the band absor-
bance of Ni2+ in tetrahedral coordination grows faster up to
the sample 10 (nominal Ni and Ti doping = 1.0 apfu) but the
increase is slower for nominal Ni dopings of 1.5 and
2.0 apfu. Conversely, the absorbance of bands by octahe-
drally coordinated Ni2+ increases slowly up to x = 1.0 then
quickly from x = 1.0 to x = 2.0 apfu. All the optical bands
of fourfold Ni2+, once normalized for the peak area, follow
the same trend in function of the nickel amount. The only

(A)

(B)

(C)

Fig. 3. Variation in mean bond distances at the trigonal
bipyramidal M2 site (A), tetrahedral M3 site (B), and octahedral
face-sharing M4 site (C) as a function of the unit-cell volume. The
equations reported in each figure, with the respective agreement
factors, refer to the linear fit of the data from this study (highlighted
by dashed lines). Empty symbols refer to data from literature.

Fig. 4. Variation in the interatomic distances M4‒M4 as a function
of the unit-cell volume. The equation refers to the linear fit of the
data from this study (highlighted by dashed lines). Error bars are
within the symbol size. Empty symbols refer to data from literature.
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exception is represented by the fluctuating intensity of the
weak band at ~13 000 cm�1, attributed to the spin-forbidden
transitions 1E and 1T2 (1D), which might be affected by a
larger error.

The relative abundance of Ni2+ in tetrahedral coordina-
tion and in octahedral coordination, as determined by the 3A
and 3T2g optical bands, is compared with that obtained for
the M3 tetrahedron and the M4 octahedron, respectively,
through Rietveld refinement of XRPD patterns (see Fig. 6).
Although the employed experimental techniques (DRS and
XRPD) are independent and the derived data were processed
separately, Fig. 6 highlights with an appreciable degree of
confidence (see the coefficient of determination R2 derived by
the linear regressions of data in Fig. 6) an excellent data
agreement.

In terms of optical parameters, the crystal field strength of
Ni2+ in tetrahedral coordination is gradually decreasing
while the nominal amount of Ni is increased to x = 1
[Fig. 7(A)]. Although the trend is not linear, a clear tendency
is appreciable, implying an elongation of the local mean Ni–
O distance. This is coherent with the volume increasing from
AlO4 to NiO4 tetrahedra (being the ionic radii of fourfold
coordinated Al3+ and Ni2+ 0.39 �A and 0.55 �A,55 respec-
tively). The crystal field strength of Ni2+ in octahedral coor-
dination is continuously decreasing for nominal Ni amounts
growing up to x = 0.4 [Fig. 7(B)] in a way consistent with
the degree of Ni–Al substitution. However, for higher Ni
amounts the variation in 10Dqoct remains within the experi-
mental error. This trend suggests an elongation of the local
mean Ni–O distance, expected because the sixfold coordi-
nated Ni2+ (0.69 �A) is larger than Al3+ (0.535 �A), until a Ni
occupancy at the site M4 close to 0.16 apfu.

Such trends are substantially confirmed considering the
actual occupancy at the M3 and M4 sites instead of the
nominal amount of Ni. The reason why any further incorpo-
ration of Ni is not reflected by an increasing of the 10Dqoct
has to be related also with the relatively large variation in
the covalency of the Ni–O bonding at site M4, as indicated
by the Racah B trend [Fig. 7(B)].

Crystal field strength values of hibonite for the tetrahedral
coordination (4290–4370 cm�1) are higher than NiCr2O4 spi-
nel (10Dqtet = 4150 cm‒1) and (Zn,Ni)O zincite (10Dqtet =
4050 cm‒1)65 implying that the local Ni–O distance at the
M3 site is shorter than in spinel and zincite tetrahedra
(~1.966 and ~1.978 �A, respectively). For the octahedral coor-
dination, the hibonite 10Dqoct values (9430–9490 cm�1) are
higher than both NiO bunsenite (10Dqoct = 8760 cm‒1) and
Ni2SiO4 liebenbergite (10Dqtet = 9000 cm‒1)66 for which

Table III. Bond Valence Sum (BVsum) and Global Instability Index (GII) Calculations for Hibonite Samples Along the Series
CaNixTixAl12–2xO19 (with 0.1 ≤ x ≤ 1)58,59

Sample 1 2 3 4 5 10

[XII]Ca([VI]M1[IV�V]M2[IV]M32
[VI]M42

[VI]M56)O19 BVs (v.u.)
Ca 1.46 1.46 1.46 1.45 1.45 1.48
M1 2.96 2.95 2.91 2.94 3.00 2.85
M2 2.70 (3.01) 2.70 (3.05) 2.87 (3.15) 2.77 (3.12) 2.72 (3.10) 3.86 (3.74)
M3 2.47 (2.96) 2.45 (2.93) 2.45 (2.90) 2.44 (2.87) 2.44 (2.81) 2.37 (2.69)
M4 2.76 (3.03) 2.80 (3.05) 2.80 (3.02) 2.87 (3.07) 2.96 (3.14) 2.75 (2.94)
M5 2.81 2.80 2.78 2.77 2.76 2.75
O1 2.01 2.00 2.01 2.00 1.99 2.21
O2 1.70 1.69 1.71 1.68 1.68 1.80
O3 1.67 1.67 1.70 1.70 1.72 1.84
O4 1.83 1.84 1.84 1.84 1.85 1.83
O5 1.82 1.82 1.81 1.80 1.82 1.79

GII (v.u.)
0.32 0.32 0.30 0.31 0.30 0.25

BVs has been calculated as: sij = exp [(R0–Rij)/B], where sij is the bond valence, Rij the experimental cation–anion bond length, R0 the characteristic bond valance

parameter for the cation–anion pair, and B an empirical parameter with a constant value of 0.37.58 GII, defined as the root mean square of the bond valence sum

deviations for all the atoms present in the asymmetric unit,59 compares the calculated bond valences and the formal valence (Vi) for all the species (N), suggesting the

degree of structural strain by means of: GII =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

N

i¼1
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j

sij � Vi

 !2
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v

u

u
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t .

Formal charges for Ca, M1, M5, and O are 2.00, 3.00, 3.00 and 2.00 v.u., respectively. Those of M2, M3, and M4 sites are reported within parentheses alongside

of calculated values.

(A)

(B)

Fig. 5. 18Optical spectra of CaNixTixAl12–2xO19 hibonites with
0.1 < x < 2.0 (A). Attribution of optical bands to d–d electronic
transitions of tetrahedrally coordinated and octahedrally coordinated
Ni2+, taking sample 2 as example; spin-allowed transitions are in bold (B).
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Ni–O distance is ~2.08 �A. These crystal field strength data
support for local Ni–O bond distances much longer than the
corresponding Al–O distances in the undoped hibonite. Such
a circumstance implies a remarkable structural relaxation
around Ni2+, particularly in tetrahedral coordination, where
a supposed <Ni–O>local~1.94 �A is much longer than the
mean M3–O distance (1.80 �A, Table II). Analogously, the
supposed <Ni–O>local~1.97 �A in octahedral coordination is
longer than the mean M4–O distance (1.91 �A, Table II).

The Racah B values were found to be between 810 and
820 cm‒1 for Ni2+ in tetrahedral coordination. These values
are slightly higher than Ni-doped zincite, 795 cm‒1.65 The
Racah B values for Ni2+ in octahedral coordination vary
over a wider range: from 815 to 860 cm‒1, which is com-
prised between the values known for bunsenite and liebenber-

gite: 808–878 cm‒1, respectively.66 The diminishing trends
suggest, for both Ni2+ in tetrahedral and octahedral coordi-
nation, a more covalent Ni–O bonding by increasing the
nominal amount of Ni. Although apparently in contrast with
the elongation of the Ni–O bond distances, the enhanced
covalent character of the Ni–O bonds with the Ni amount
can be actually ascribed to differences between the ionic-cova-
lent parameter of Ni2+ with respect to those of Al3+ and
Ti4+ ions.67

The color of Ni–Ti codoped hibonite stems from the very
strong 3A2 +

3E (3P) bands of Ni2+ in tetrahedral coordina-
tion, which absorb almost completely the yellow to orange
wavelengths of the visible spectrum. As a consequence, a
window of transmitted light is left in the blue and green
region [Fig. 5(A)], hence the perceived turquoise color.34 This
peculiar color is achieved because of the high crystal field
strength of Ni2+ in hibonite, which implies a shift of its 3A2

+ 3E (3P) bands toward higher energy (from red to orange-
yellow wavelengths, so the resulting color turns blue-green
instead of the typical green of many Ni2+-bearing oxides).

(3) Dopant Partition
Proportionally to the difference in ionic radii, the Ni and Ti
replacement for Al cations into the hibonite structure induces
a regular increase in the unit-cell parameters up to a doping
amount of 2 apfu. As a matter of fact, below this threshold,
hibonite retains its oxygen stoichiometry, since such a
replacement occurs according to a paired Ni2+ + Ti4+ ?

2Al3+ substitution. When dopants are added at nominal con-
tents from 2 to 4 apfu, hibonite is found in equilibrium with
an increasing amount of secondary phases, mainly NiAl2O4

spinel and CaTiO3 perovskite. In these conditions, hibonite is
able to accommodate the doping ions up to about 3.7 apfu

Table IV. Optical Properties of Ni2+ in Tetrahedral Coordination ([IV]Ni2+) and Octahedral Coordination ([VI]Ni2+) in Hibonites

[IV]Ni2+ [VI]Ni2+

1 2 3 4

Peak FWHM Area Peak FWHM Area Peak FWHM Area Peak FWHM Area

3A2(
3F) 4496 186 16 4496 216 29 4492 243 46 4488 262 57

3E(3F) 5124 640 12 5031 664 28 5059 658 35 5108 738 59
3A(3F) 8869 535 24 8854 551 52 8842 565 72 8834 560 88

3T2(
3F) 9488 816 10 9469 874 23 9451 952 40 9431 960 59

1E+1T2(
1D) 12 980 650 5 12 963 637 11 12 955 622 6 12 943 608 6

3T1(
3F) 14 206 1052 13 14 182 1082 31 14 141 1064 57 14 117 1019 70

3A2(
3P) 16 073 809 109 16 019 809 220 15 982 833 338 15 958 777 395

3E(3P) 16 599 1152 93 16 568 1255 186 16 526 1196 269 16 449 1004 310
1T2(

1G) 17 058 1067 109 17 095 1313 217 17 096 1171 274 16 996 1092 409
1A1+

1T1(
1G) 17 985 1578 73 18 190 1461 137 18 111 1510 230 18 078 1459 281

MOCT 36 380 35 820 34 770 29 040

5 10 15 20

[IV]Ni2+ [VI]Ni2+ Peak FWHM Area Peak FWHM Area Peak FWHM Area Peak FWHM Area

3A2(
3F) 4487 271 64 4482 339 110 4485 338 108 4487 268 62

3E(3F) 5124 779 83 5079 580 72 5063 540 54 5092 579 56
3A(3F) 8830 627 131 8776 672 177 8768 949 289 8687 1191 212

3T2(
3F) 9462 892 46 9431 1110 125 9714 1312 145 9855 1960 385

1E+1T2(
1D) 12 949 568 19 12 881 648 19 12 934 647 45 12 952 693 20

3T1(
3F) 14 125 1024 86 14 076 1070 163 14 053 1080 237 14 049 1151 262

3A2(
3P) 15 930 855 491 15 854 790 508 15 810 1021 830 15 694 1230 909

3E(3P) 16 362 1188 403 16 332 1642 821 16 359 1862 751 16 241 1403 658
1T2(

1G) 17 023 1128 434 16 957 1282 617 16 923 1408 670 16 897 1160 730
1A1+

1T1(
1G) 18 068 1539 379 18 136 1555 581 18 171 1622 740 17 957 1646 616

MOCT 29 230 24 690 24 170 23 420

*In samples 15 and 20 there is a significant contribution from Ni2+ in NiAl2O4.

*The energy (peak, cm�1), full width at half maximum (FWHM, cm�1), and intensity (peak area, arbitrary units) are listed for absorption bands due to spin-

allowed transitions (bold) and spin-forbidden transitions (italic) along with the metal-oxygen charge-transfer (MOCT) bandgap energy (cm�1). 21

Fig. 6. 20Relative abundance of tetrahedrally coordinated Ni2+ (by
DRS) versus Ni occupancy at the M3 site, by XRD (A). The same
for octahedrally coordinated Ni2+ versus Ni occupancy at the M4
site (B).
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(Ni+Ti). On the other hand, with doping over 2 apfu, Ni2+

and Ti4+ are no longer incorporated in the same molar con-
centrations. Such a circumstance implying a nonstoichiome-
try of the hibonite structure.

About the doping partition between the Al-centered polyhe-
dra of the hibonite lattice, it has been observed a marked prefer-
ence of Ni2+ for the smallest tetrahedral site M3 and of Ti4+

for the largest pentacoordinated site M2. Predictions based on
crystal field stabilization energy (CFSE) are not matched, since
the Ni2+ ion should prefer the octahedral coordination, accord-
ing to its large CFSE (on average �137 � 2 kJ/g�ion in the M4
site of hibonite) that is about the double of Ni2+ at the tetrahe-
dral site M3 (average CFSE �65 � 1 kJ/g�ion). The observed
preferential accommodation of Ni2+ and Ti4+ ions in the hibo-
nite crystal structure does not depend on merely steric reasons
stemming from the much longer ionic radii of dopants with
respect to Al3+. Considerations related to the BVsum at the

tetrahedral site M3 provide converging indications, namely the
BVsum at the M3 site for synthetic CaAl12O19 compound is
2.5 v.u.56 Therefore, this nearly regular tetrahedral site (point
symmetry C3v) is so constrained by the structural features (i.e.,
layers of approximately closest-packed oxygen atoms) that it
always results as underbonded. As a consequence, a preferential
ordering of divalent species (e.g., Zn2+, Mn2+, Mg2+, Ni2+,
Fe2+) often occurs in natural specimens as well as synthetic
compounds.24,25,27,29,30,57 In agreement with Burns and
Burns,29 the entry of divalent cations larger than the Al3+ at the
tetrahedral site M3 could relieve the structural strain as it hap-
pens in the b-alumina structure.29,68 10The observed M3–O and
M4–Omean distances, shorter than those expected on the aver-
aged variation of ionic radii from Al3+ to (Al and Ni) at M3
and to (Al, Ni, and Ti) at M4 sites, entail a certain structural
relaxation to accommodate Ni2+ (and Ti4+) in a “compressed”
status. Such a relaxation is responsible for the high crystal field
strength value mentioned above, which in turn leads to a blue-
shift of the absorbance bands.

IV. Conclusions

X-ray powder diffraction and electronic absorption spec-
troscopy experimental techniques have been employed to
investigate eight samples of hibonite pigments (with nominal
stoichiometry CaAl12‒2xNixTixO19, where x: 0.1, 0.2, 0.3, 0.4,
0.5, 1.0, 1.5, and 2.0 apfu) obtained through combustion syn-
thesis. Fully accommodated within the hibonite crystal struc-
ture up to approximately x = 1 apfu, Ni2+ and Ti4+ ions
have been found to be shared between the tetrahedral M3
and the octahedral M4 sites, the former, and between the
bipyramidal M2 and the octahedral M4 sites, the latter.

A marked agreement between diffraction and optical data
unequivocally ratifies the cationic partition of both Ni and
Ti ions. In terms of optical parameters, Ni2+ is found to be
preferentially incorporated in tetrahedral coordination, up to
0.3 apfu at the M3 site, and at the M4 octahedron as well
(up to 0.19 apfu).

The crystal field strength of fourfold coordinated Ni2+

regularly decrease, implying an elongation of the local Ni–O
bond distances that is consistent with the volume increasing
from AlO4 to NiO4 tetrahedra registered by diffraction data.

In conclusion, it has been found that in the case of hibo-
nite structure, the main 3A2 and 3E (3P) transitions absorb
more in the blue and less in the green, with respect to other
Ni2+ compounds having lower 10Dq values. Thus, the color
of the investigated samples results to be a greenish-blue, close
to cyan or turquoise.
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