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Various o-Fe,03 haematite samples were synthesized by precipitation routes (under standard or
hydrothermal conditions) followed by thermal treatments under air. The trigonal distortion (Cs, point
group) of the Fe?* octahedral sites, which depends on the synthesis route and thermal treatment, was
investigated by X-ray diffraction, Mossbauer spectroscopy and visible-near infrared (Vis-NIR)
spectroscopy. The correlation between diffuse reflectance spectra and structural features of the
haematite samples is reported and discussed herein. The slight increase of the average distortion of the

Keywqrds: Fe3* octahedral sites, which depends on the annealing temperature of the precipitated sample, directly
Efd plgtTEHtS linked to the crystallite size, contrasts with the larger reduction of the sites distortion for the compound
aematite

prepared by hydrothermal route due to the occurrence of hydroxyl groups substituted for 02~ anions as
well as Fe3* cationic vacancies. On a local point of view, as shown by Méssbauer spectroscopy, the Fe**
octahedral sites distortion decreases from the centre towards the surface of the grains. Then the smaller
the grain size, the lower the average site distortion. Finally, the reduction of the octahedral distortion
was directly correlated to the two Fe-O charge transfer bands in the visible range and the colour of as-

X-ray diffraction
Méossbauer spectroscopy
Vis-NIR spectroscopy

prepared haematites.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

«-Fe,03 is an inorganic red pigment largely used for several
industrial applications, for instance colouring paints, plastics and
enamels, thanks to its low price, low toxicity, and high thermal
and chemical stability [1,2]. Nevertheless, the dark-red colour of
this mineral can strongly depend on precursors or synthesis
routes [3]. In iron (III)-rich oxides such as haematite or spinels, the
intense reddish-brown colour is due to an almost total absorption
of the high-energy region of the visible spectrum [400-550 nm]
and due to an important reflectivity in the low-energy part of the
visible spectrum [550-800nm] [4-6]. In a previous paper [7],
visible-near infrared (Vis-NIR) absorption properties of haematite
and spinel ferrites (AFe,O4) were correlated to their structural
parameters. Even though numerous authors consider that all
absorption bands in ferrites spinel or haematite result from Fe>*
3d crystal field (CF) transitions [5,6,8,9], in our recent study the
two main absorption edges (band-gaps) occurring in the visible
range [400-800 nm] were attributed to ligand to metal 2p(0?~)—
3d(Fe**) charge transfers. Cs, trigonal distortion of [FeOg]
octahedra in haematite leading to an additional d orbitals splitting
is at the origin of this double charge transfer. Then, it seemed
obvious that the octahedral sites distortion is directly linked to the
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energy positions of the two band-gaps as well as the two d-d
intra-atomic transitions in Vis—-NIR range. The aim of this work is
to prepare various «-Fe,O3 compounds synthesized via different
routes and/or with different thermal treatments and to character-
ize the octahedral site distortion of the various haematite
compounds.

The crystal structures of these haematite samples have been
studied by powder X-ay diffraction (Rietveld refinement). The
local environments of the Fe®" cations and the magnetic
behaviour have been investigated by Mossbauer spectroscopy.
Finally, the correlation of their Vis—-NIR absorption spectra with
their structural features will be presented.

2. Experimental details
2.1. Preparation

«-Fe,03 compounds were prepared by a precipitation process
in basic medium (i) or by hydrothermal route assisted by
microwave (ii).

(i) A 7.2M NH40H solution was added to a 0.5M aqueous
solution of iron nitrate (Fe(NOs)s - 9H,0; Aldrich) in order to
precipitate metal ions with hydroxide form Fe(OH)s. Accord-
ing to the iron Pourbaix diagram, iron hydroxide is stable in a
large pH range, from 4.5 to 10. The working pH is 9.5. The
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brown precipitate was dried overnight at 100°C. Then, in
order to obtain the final «-Fe,03 oxide, a thermal treatment at
various temperatures (400, 600, 800 °C) for 6 h under air was
performed.

(ii) The microwave-assisted synthesis was performed with a
microwave digestion system (Model MARS 5, CEM Corp.)
operating at a frequency of 2.45 GHz. The o-Fe,03 compound
was prepared from a 0.05 M Fe(NOs)s - 9H,0 solution prepared
as in the standard precipitation process (50 mL), placed in an
autoclave and then treated for 2h at 160°C. During the
process, the maximum pressure reached was about 8 bars. The
precipitate powder is directly obtained with a crystallized
haematite structure. The powder is just dried a few hours
under primary vacuum at 100 °C.

2.2. X-ray powder diffraction

X-ray diffraction (XRD) measurements were carried out on a
PANalytical X'PERT PRO diffractometer, equipped with an
X-celarator detector, using CoKo radiation because of the fluores-
cence of Fe created by CuKu irradiation. XRD data were recorded
with 260 steps equal to 0.017°. Diffractograms have been refined
with Rietveld refinement method [10,11] using FULLPROF® soft-
ware [12].

2.3. Vis- NIR diffuse reflectance measurements

The UV-Vis-NIR diffuse reflectance spectra have been ob-
tained using a VARIAN CARY 5000 spectrophotometer equipped
with an integrating sphere coated with polytetrafluoroethylene
(PTFE). Measurements were performed at room temperature for
wavelengths varying from 200 up to 800 nm. HALON was used as
white reference. L*a*bh* colouring space parameters of the
different samples have been calculated from diffuse reflectance
curves R(1) and from the three relative sensibility curves:
X(A), y(4) and Z(1) defined by the CIE-1964. In this system, L* is
the lightness axis [black (0) to white (100)], a* is the green ( <0) to
red (>0) axis, and b* is the blue ( <0) to yellow ( >0) axis. Hence,
stronger the a* value, better the red pigment for industrial
applications.

2.4. Méssbauer spectroscopy

57Fe Méssbauer measurements were performed at 293K on a
conventional constant acceleration spectrometer (HALDER) using
rhodium matrix source. As the samples contain 8 mg natural iron
per cm?, the line broadening due to thickness of samples can be
neglected.

The spectrum refinement was performed in two steps. Initially,
the fitting of Mossbauer patterns as a series of Lorentzian profile
peaks allowed the calculation of chemical shift (¢), amplitude and
width (I') of each peak: thus, experimental hyperfine parameters
were determined for the iron octahedral site. Then, spectra
analysis was made in terms of hyperfine field distribution P(H)
using the Hesse and Rubartsch method [13]; I' and 6 were
fixed at values determined in the first refinement. This method is
often used for disordered compounds with a distribution of
various environments characterized by line broadening and
peak shapes. This method was notably used here because of the
line broadening observed for the 400°C annealed and the
hydrothermal-route compounds, leading to a peak shape differing
from a Lorentzian profile and so characteristic of disordered
compounds.

3. Results and discussion
3.1. Structural description

The haematite phase a-Fe,05 crystallizes in hexagonal symmetry
with R-3c space group related to the corundum-type structure. The
Fe3* iron cations are distributed with an ordering of 2/3 of the
octahedral sites (12c wickoff positions) within the framework of a
hexagonal close-packed array of 02~ ions. The crystallographic
network can be described as “chains” of octahedral sites directed
along the c-axis and constituted by [Fe;09] dimers—two face-sharing
Fe** octahedral sites—separated from each other by an empty
octahedral site (Fig. 1A). Actually, the iron octahedral environment
exhibits a non-centro-symmetric configuration with Cz, point
symmetry. This trigonal distortion is induced by the strong Fe-Fe
electrostatic repulsion into the face-sharing octahedral sites forming
dimers. Without considering the metallic centre, the octahedral
anionic cages already exhibit a C;,-type distortion linked, on one
hand, to the rhombohedral deformation of the unit cell (octahedral
sites are flattened along the c-axis) but also because of the face-
sharing octahedral site. Indeed, consequently to this configuration,
only the two octahedral triangular faces perpendicular to the c-axis
remain equilateral, but not equivalent: the area of the common face
of two octahedra forming a dimer is smaller than that of the faces
sharing an empty cationic site. At last, the cation is displaced from
the geometric centre of the octahedral site along the c-axis towards
the large equilateral face of the [FeOg] octahedra forming two sets of
O-Fe bond distances: three short bonds between the ligands of the
large equilateral face and the metallic centre and three long bonds
between the ligands of the small equilateral face and the metallic
centre (Fig. 1B). Hence, the longer O-Fe bonds are associated with the
strongest Fe-Fe interaction in order to relax the constraints of the
network and allow optimizing the Madelung energy.

3.2. Structural study

The structural parameters of each studied compound were
evaluated by powder XRD. Whatever the synthesis route, a pure
phase has been obtained with the corundum-type structure. The
Rietveld refinement plots (experimental, theory and difference) of
the “precipitated route haematites” obtained after heat treatment
at 400 and 800 °C as well as the “hydrothermal route haematite”
are presented in Figs. 2a-c, respectively, as illustration. Refined
parameters, i.e. cell parameters, atomic positions, occupancies as
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Fig. 1. Structural representations of haematite: chains of [FeOg] dimers along the
c-axis (A) in corundum structure. Illustration of the “small” and the “large”
equilateral triangles and the Fe** displacement from the octahedral site centre (B).
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Fig. 2. Rietveld refinement plot of 400 °C fired (a), 800 °C annealed samples (b) and
hydrothermal-route sample (c). The lowest line is the difference between the
calculated and experimental data. Source: Co(Ko;/Koty).

well as reliability factors, are reported in Table 1 for a commercial
haematite (Aldrich-99+%-n°31,005-0) as well as for all prepared
compounds, i.e. precipitated route haematites, annealed at 400,
600 and 800°C, and the hydrothermal route haematite. The
refinement performed on the commercial powder with fixed
occupancies allowed obtaining the isotropic displacement factors
(Debye-Waller factors: B); then fixed B(A%), 0.35 A% for Fe3* and

0.74A? for 0%, were considered in the case of as-prepared
compounds. Coherent domains were evaluated with Sherrer
formula from the integral width of the diffraction patterns’ peaks,
taking into account the instrument width. It appears that the
crystallite size of each compound is clearly larger than the Bohr
radius of semi-conductors (~5nm). Therefore, no quantum
confinement can be considered, and so diffuse reflectance curves
can be directly related to the corundum-type structure. Moreover,
O-Fe and O-O (corresponding to large and small equilateral
triangles) bond distances were compiled from the different
structure refinements and are reported in Table 2.

Firstly, the refinement results of the different precipitated route
«-Fe;,03 are discussed. Satisfactory reliability factor values have
been obtained (Rg~3.3%) except in the case of the 400 °C-annealed
compound (Rgragg > 6), where the anisotropy of particles have to be
taken into account and has been described, in more detail, in a
forthcoming paper [14]. Iron occupancies are near to 100% for all
the compositions annealed at 400, 600 and 800 °C, showing that
Fe** ion sites (12c) are fully occupied. No traces of hydroxyl
OH™~ groups have been considered in the structure. In each case,
refinements resulted in two different bond distances O-Fe (~2.12
and ~1.94A) and two different O-O bond distances associated to
the equilateral triangles, reported in Table 2, as a consequence of
the Gs,-type distortion. Finally, a more flattened octahedral site
corresponds to one larger and one smaller equilateral face and an
important iron displacement. Thus, the octahedral distortion was
deduced hereafter from the iron and oxygen atomic positions, the
octahedron [FeOg] being all the more regular as the atomic
positions (xo and zg.) are close to 1/3. According to atomic position
values reported in Table 1 and illustrated in Fig. 3 (despite the high
value of standard deviations of xo and zg. coordinates for the
400 °C-annealed compound), one can notice in first approximation
that the octahedral site distortion seems directly linked to the
crystallite size, which is directly governed by the temperature of
the thermal treatment. The lower the annealing temperature, the
lower the distortion of the octahedral sites because of decrease in
the atomic positions, x, and xg.. It can be concluded that the
crystallite size governs the structural parameters of the haematites
obtained from the precipitation route. It can be supposed that a low
annealing temperature related to small crystallite size does not
allow reaching the stable configuration with the higher Madelung
energy. This point will be discussed in the next section related to
Mossbauer investigations.

Secondly, for the hydrothermal route sample, the c-cell
parameter (13.8024(6)A) and x-oxygen position (0.3128(7))
values are particularly high, whereas the Fe occupancy seems to
be different and lower than 1 (0.883(6)) compared to the
precipitated route compounds or literature data [15,16]. In this
case, the iron occupancy value corresponds approximately to 0.9.
It seems obvious that this haematite compound exhibits an iron
non-stoichiometry, with OH™ groups substituting for 0%~ ions. In
literature [17,18], it was shown by FTIR investigations that
hydroxyl groups OH™ can still be present in the haematite
structure until 1000 °C. OH™ ions would occupy anionic positions
in the hexagonal close-packed anionic sub-lattice of haematite. In
order to keep the electroneutrality, Fe>* vacancies would be
stabilized into the network. Consequently, the formula of hydro-
xyl-haematite could be written as Fe,_/3xx;3(OH)xO3_x. According
to the refinement results, the formula of this hydrothermal-route
compound would be roughly Fe;g(OH)gg0O24. A thermogravi-
metric analysis was performed, an effective weight loss being
recorded. The two successive losses at about 140 °C and from 210
to 450°C show the occurrence of adsorbed water and bulk
OH™ hydroxyl groups, respectively. Although these weight losses
could not be accurately quantified because of the strong
convolution of the two phenomena, bulk OH™ groups have been
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Table 1

Rietveld refinement results of the precipitated (400, 600, 800 °C), hydrothermal route and commercial o-Fe;03

Atom Site X y z Biso Occupancy
400°C
a-Fe;03 (R-3c) ) ) Crystallite size = 17(5)nm
a = 5.03459(31)A, ¢ = 13.7533(13)A R, =227% Rw, = 2.97% Rpragg = 6.72%
Fel 12¢ 0 0 0.35496(25) 0.35 0.991(15)
(0] 18e 0.3088 (17) 0 ‘11 0.74 1
Score = 6.2809 (Berar’s formula)
600°C
a-Fe;03 (R-3c) ) ) Crystallite size = 31(6)nm
a = 5.03506(6)A, c = 13.75053(20)A R, =182% Rw, = 2.30% Rpragg = 3.31%
Fel 12¢ 0 0 0.35520(4) 0.35 0.994(3)
(0] 18e 0.3069(3) 0 ‘11 0.74 1
Score = 1.9586 (Berar’s formula)
800°C
a-Fe;03 (R-3c) ) ) Crystallite size = 58(5)nm
a=5.03594(5)A, c = 13.74439(15)A R, =2.01% Rw, = 2.57% Rpragg = 3.26%
Fel 12¢ 0 0 0.35528(5) 0.35 1
(¢] 18e 0.3071(3) 0 Alt 0.74 1
Score = 1.6359 (Berar’s formula)
Hydrothermal
a-Fe;03 (R-3c) ) ) Crystallite size = 72(5)nm
a=5.03576(17)A, c = 13.80238(58)A R, =172% Rw, = 2.20% Rpragg = 5.52%
Fel 12¢ 0 0 0.35408(12) 0.35 0.883(6)
(¢] 18e 0.3127(7) 0 Alt 0.74 1
Score = 2.4150 (Berar’s formula)
Commercial
Fe;03 (R-3c) ) ) Crystallite size = 155(5)nm
a=5.03582(5)A, c = 13.75026(12)A R, =3.03% Rw,, = 3.90% Rpragg = 3.19%
Fel 12¢ 0 0 0.35537(7) 0.35(4) 1
o) 18e 0.3073(6) 0 1 0.74(8) 1
Score = 2.4220 (Berar’s formula)
Table 2 0,3556
Average oxygen—-iron and oxygen-oxygen distances in hematites «-Fe,05 0,3105 |
- + 0,3555
Compound  400°C 600 °C 800°C Hydrothermal = Commercial 0,31
O-Fe(A)  2122(8) 2117(4) 2118 (3) 2132 (4) 2120 (4) 0.3095 | 10,3554
) 1.939(4) 1.942(2) 1.941(1) 1.936(2) 1.941 (2) c c
0-0 (A) 3.023(8) 3.029(5) 3.028(5)  3.001(8) 3.027(5) S 03094 10,3553 2
2.686(8) 2.677(5) 2.679(5)  2.728(8) 2.680(5) = ' 2
& (3085 10,3552 &
0-0: edge distances of the two equilateral triangles. o ' 1 )
£ £
g 0,308 1 + 0,3551 §
graphically estimated at about 4wt%, a value close to the one o 0355 2
calculated from XRD analysis (~4.5 wt%). x 03075 ’Fih : -
The expansion of the unit cell in c-direction (13.8024(6)A
i A ; : 0,307 + 0,3549
instead of 13.7505(2)A) could be explained by the important ’ T
content of hydroxyl group; {ndeed, the equ111br11!m Ee—OH bond 0.3065 - 10,3548
length, with OH™ located in tetrahedral coordination, can be
calculated from valence bond calculation following Brown and 0,306 0,3547

Altermatt law [19]: the calculated value is about 2.27 A. This bond
is so significantly longer than the higher O-Fe bond distance in
haematite (around 2.12A). Then the expansion of the unit cell
occurs along the c-axis and not along the a/b-axes, showing the
relaxation of the octahedra along the c-axis is due to the limitation
of Fe-Fe interactions and the presence of H*. Thus, the compound
prepared by hydrothermal route is the only case where the
c-parameter is higher than a(,/3+1) equilibrium value and the
octahedral sites are elongated along the c-axis. The consequence of
the octahedral site elongation is that Fe>* cations relax along the c-
axis. The zg. coordinate decreases whereas the xg coordinate
increases, both these values tending towards the equilibrium value,
equal to 1/3. It shows that the area of the small triangle face
increases whereas the area of the large ones decreases.

10 30 50 70 90 110 130 150 170
Cristallite size (nm)

Fig. 3. Illustration of the correlation between the particle diameter of precipitated
and commercial haematites and atomic positions relative to the octahedral site
distortion.

3.3. Méssbauer spectroscopy

5’Fe Mossbauer measurements were carried out on the
precipitated compounds and on the commercial haematite in
order to follow the local environment of Fe** iron versus particle
size. Experimental and calculated spectra for 400 and 800°C
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annealed samples are reported in Fig. 4. The good refinement of
each Mossbauer spectrum demonstrates the purity of the
samples: no traces of Fe** were detected. The experimental
spectra of the compounds exhibit a perfect sextuplet, the
signature of a magnetically ordered compound (anti-ferromagnetic
ordering) as referred in literature [20,21]. However, there is a
notable line broadening of spectra for the 400 and 600 °C
annealed compounds, indicating a magnetic disorder associated
to various distortions of iron octahedral sites. The hyperfine
parameters of each compound are collected in Table 3. The

a VELOCITY (mms™)

ABSORPTION (%)

ABSORPTION (%)

ABSORPTION (%)

1.2 7

Fig. 4. Room temperature Mdssbauer spectra of o-Fe,03—400°C (a), 800 °C (b)
annealed samples and hydrothermal-route sample (c). The calculated spectrum is
represented by the full line.

hyperfine field distributions of the compounds annealed at 400,
600 and 800 °C are reported in Fig. 5. Considering the shape of the
three curves, it is obvious that the hyperfine field distribution
width is broader when the annealing temperature is low. The
average magnetic field and field width could then be extracted
using a Newman integration of the hyperfine field distribution.
The average field (Hsoy or H) corresponds to the value which
divides the area under the curve into two equal parts. Here, the
inverse of the hyperfine field distribution width (AH™') corre-
sponding to (Heox—Haox) ™! give a significant representation of the
sharpness of the signal by neglecting its residual or parasitical
parts. Hence, from the field distribution and crystallite size
evaluation deduced from XRD data refinement, the variations of
the hyperfine field H and AH~! versus the crystallite diameter of
each sample are both plotted in Fig. 6a. The two evolutions exhibit
a similar asymptotic shape versus crystallite size. The very low
value of AH™!, corresponding to the smallest crystallite, is related
to high iron site heterogeneity for the 400 °C annealed sample, as
mentioned previously. Small crystallites reveal a large surface
area associated with a large surface/bulk atomic ratio. The
variation of the atomic percentage in the bulk as a function of
crystallite size is represented in Fig. 6b. The calculation of the
atomic rate in the bulk was performed by assuming the crystallite
as spheres. Thus, bulk atoms rate is proportional to 100*(1—K]/r),
with r the crystallite radius in A and K being a constant. The
asymptotic shape of the curve, similar to the one observed in Fig.
6a, allows to correlate H and AH™! to the atomic concentration in
the bulk. Thus, a compound with 100% bulk atoms as a perfect
crystal could be associated to a Dirac field distribution (AH™!
tends to an asymptotic value corresponding to a Gaussian field
distribution related to the instrumental resolution), with an
asymptotic value of the average field curve equal to 51.8T. On
the contrary, the occurrence of a large atomic content at the
surface induces a decrease of H and AH™! values. An interpreta-
tion of these phenomena can be proposed: the haematite
crystallites exhibit an H gradient from bulk towards the surface
corresponding to an H decrease. One can compare this with the
XRD data refinements showing a global reduction of the
octahedral site distortion versus decreasing particle size. Actually,
haematite particles seem to exhibit a gradient of octahedral sites
distortion from bulk towards surface, the less distorted octahedral
sites moving closer to [Op] symmetry. Indeed, the octahedral
distortion being due to face-sharing octahedral sites forming
dimers, one can assume that during the crystallite germination
and growth (i.e. during the space extension of the corundum-type
network), an all the more important octahedral distortion occurs.

57Fe Mossbauer measurements were also performed on the
hydrothermal-route compound. Experimental and calculated
spectra are reported in Fig. 4, while hyperfine parameters are
collected in Table 3. The very broad hyperfine field distribution
width is clearly characteristic of the presence of heterogeneous
octahedral sites. Part of the Fe** ions were considered as regular
sites of corundum network because of their peak profile
parameters (6 = 0.36 mm/s, I = 0.3 mm/s, H~50T). Considering
two iron populations, Fe* in corundum structure and all the other
irons inserted in more or less distorted octahedra, the corundum-
type irons are estimated to be about 26% of the population.
Therefore, for the hydrothermal-route compound corresponding
to a hydroxyl-haematite, it can be assumed that this last
population would represent [FeOg] octahedral sites while the
other octahedral sites would combine the two types of ligands,
OH~ and 0%, and so would have a distortion degree intermediate
between the two [FeOHg] and [FeOg] extreme sites. The
probability to find a Fe** cation linked to six 0%~ ligands was
calculated, from a binomial law applied with the OH™ and
02~ occupancies determined from XRD and TGA measurements.
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Table 3

Hyperfine parameters deduced from Mdssbauer spectroscopy of hematite compounds

Compound Distribution J (mmy/s) I' (mm/s) & (mm/s) A* (mm/s) H* (T) (%) Iron site
Commercial a-Fe,0; 1 0.37 0.25 (—)0.115 - 51.6 100 Fe3+ [Oh]
o-Fe,03 800 °C 1 0.36 0.25 (—)0.113 - 51.4 100 Fe3+ [Oh]
o-Fe,03 600 °C 1 0.37 0.25 (—)0.113 - 51.1 100 Fe3+ [Oh]
a-Fe,03 400 °C 1 0.37 0.25 (—)0.113 - 50.3 100 Fe3+ [Oh]
a-Fe;03 160 °C (hydrothermal) 1 0.36 0.30 (-)0.110 - 49.5 26 Fe3+ [Oh]
2 0.38 0.50 (—)0.100 - 45.0 65 Fe3+ [Oh]
3 015 0.40 - 0.44 - 9 Fe3+ [Oh]
018 notice in Fig. 10 that the energy difference between the two
’ charge transfer bands is smaller as atomic positions (xo as well as
0.16 4 ¢ Zre) get closer to 1/3, hence shifting from C;, to O, symmetry.
smnsmen300°C P Finally, the hydrothermal-route compound exhibits interesting
0.14 - 600°C ;o properties radically different from those of precipitated-route
400°C compounds, because of the lowest energy difference between
2 0124 oy CT, and CT,. This is clearly due to an effect of the octahedral sites
2 distortion previously underlined: the smaller average distortion of
g 01 - the octahedral sites of this compound compared to the pre-
E, cipitated-route or commercial haematite explains the evolution of
S 0.08 - the energy position of the two charge transfer bands. Further-
3 more, the slight shift at high energy of the ®A;,—*T;, d-d
©  0.06 transitions (850nm instead of 860nm) is consistent with the
reduction of the CF as predicted by the Tanabe-Sugano diagram.
0.04 This CF decrease is due to the OH™ anions’ partial substitution for

02~ ones.
0.02 + In all cases, AE is directly related to the distortion degree of the
octahedral sites in the corundum structure. Indeed, this correla-
0+ J tion still exists whatever the driving force of the octahedral site
49 50 51 52 53

H (T)

Fig. 5. Hyperfine field distributions of precipitated haematites annealed at various
temperatures.

It led to a relative coherent value around 20%, compared to the
refined one from the Mossbauer spectrum equal to 26%.

3.4. Diffuse reflectance study

Diffuse reflectance curves measured in the Vis-NIR range for
all haematite compounds are presented in Fig. 7, while enlarge-
ment of the associated derivative curves in the visible region is
shown in Fig. 8.

As expected, whatever the annealing temperature or synthesis
route, the two main absorption edges, noted CT; (~2eV) and CT,
(~1.7eV) correspond to two possible anion-to-cation charge
transfers from 2p-orbitals of oxygen O? to 3d-orbitals of Fe**
cations in Csz, symmetry and occur in the visible range, as
mentioned in previous papers [4,7]. Moreover, on the basis of the
Tanabe-Sugano diagram, corresponding to [Oy] symmetry, the
absorption band centred at about 860 nm (Fig. 8) is related to the
d-d intra-atomic transition ®A;;—“T;, while the d-d intra-
atomic transition ®A;4— T, should appear at about 640 nm, both
these transitions being associated to a 10 Dq CF equal to 1.5eV [7].
Indeed, spin-forbidden CF transitions become spin-allowed by
magnetic interactions occurring in such compounds [6]. AE
values, equal to the difference in energy (eV) between the two
band-gap positions (AE = CT;—CT,), are reported in Table 3 for
each studied compound. For the precipitated compounds series,
the CT; and CT, bands are all the more separated as the annealing
temperature is high. In order to correlate the octahedral sites
distortion versus optical properties, atomic coordinates of Fe and
O atoms versus AE have been plotted in Fig. 9. Moreover, one can

distortion associated to low annealing temperature as well as the
occurrence of hydroxyl groups and Fe vacancies inside the
corundum framework. This study confirms the hypothesis
advanced in a previous paper [7]: Cs,-type distortion of [FeOg]
octahedra in haematite is at the origin of the double charge
transfer because of the additional Fe3* t,.-orbitals splitting
induced by the CF. Then, AE increases with the distortion degree
of the octahedral sites because the t,; splitting increases as the
Fe>* sites move from Oy, to D34 and Cs, symmetries. Moreover, the
variation of the structural parameter strongly contributes to
modify the colour of the haematite. The L*a*b* space parameters
relative to the precipitated and the hydrothermal compounds are
reported in Table 4. The higher a* values in the case of the
400°C annealed haematite and the hydrothermal compound
contribute to the more reddish colour of these samples. Conse-
quently, in the haematite framework, the closer the Fe** site to
the O, symmetry, the more pronounced red is the coloration of the
haematite (Table 5).

4. Conclusion

Depending on the synthesis conditions, the composition and/
or crystallite size of haematites were controlled, allowing to tune
the trigonal distortion of the Fe3* octahedral sites and so the
colour of the obtained samples. Indeed, the evolution of the
trigonal distortion directly influences the crystal field intensity
and splitting, and so the energy positions of the charge transfer
bands as well as the d-d absorption bands located in the
visible-NIR range. It is an outstanding example where the
crystallite size, even far out of the quantum confinement scale,
allows controlling the intrinsic coloration of a compound. Here, it
was shown that the haematite colour is particularly dependent on
the convolution (AE) of the two charge transfer bands occurring at
about 2.1 and 1.75eV: the smaller the crystallite size, the lower
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Table 4
AE values measured from derivative curves of diffuse reflectance spectra of each
compound

Hydrothermal (160 °C) 400°C 600 °C 800°C
AE (eV) 0.316 (3) 0.347 (3) 0.354 (3) 0.365 (4)
Table 5
Trichromatic coordinates L*a*b*
Sample L* a* b*
400°C 304 214 19.5
600 °C 325 18.3 16.1
800°C 35.0 18.7 17.5
Hydrothermal 341 27.0 23.6

the average octahedral distortion, and the more saturated the red
coloration of the synthesized haematites. One fundamental
question remains still open: is it possible to move down the AE
energy difference until finally obtaining only one 0%~ - Fe3*
charge transfer band for the haematite framework or related
structures? It seems indeed difficult to obtain non-distorted Fe3*
octahedral sites. Nevertheless, thanks to the correlation between
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composition, structural features and electronic transitions in
Vis-NIR regions, this study opens the possibility to develop new
iron-based pigments as well as NIR absorbers with various band-
gaps, interesting for photovoltaic applications.
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