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Pigments are quite complex materials whose appearance involves many optical phenomena. Here, we
focused on hematite as it is a traditional pigment, whose origin of coloration has been well discussed in
the literature. Pure nanocrystallised a-Fe>Os hematite powders have been synthesised using different
synthesis routes. These powders have been characterised by X-ray powder diffraction and scanning
electronic microscopy. The colour of the samples has been studied by visible-NIR spectrophotometry.
We obtained hematite with both various grain morphologies and noticeably different shades going from
orange-red to purple. Colorimetric parameters in CIE L*a*b* colour space and diffuse reflectance
spectra properties were studied against the structural parameters. For small nanocrystals, hue is
increasing with the grain size until a critical diameter of about 80 nm, where the trend is reversed. Since
classical scattering theories are not able to model this trend, we believe a combination of multiple
physical phenomena occurring at this scale may explain it.
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Pigments are quite complex materials whose appearance involves many optical phenomena such as
absorption and scattering. They are widely used in work of art and cosmetics among other things, for
their colouring power. So, it is of great interest for digital representation to be able to predict the colour
of a pigment as a function of shape and size of its particles, or vice versa.
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In this work, we have decided to focus on hematite as it is a traditional pigment, whose origin of
coloration has been well discussed in the literature [1]. Moreover, we believe that this study can be
adapted to any other inorganic pigment.

Synthesis of Hematite powders

As the preparation of hematite has been widely studied in the literature, it exists a lot of different
routes to control the nucleation and growth of a-Fe.O; crystallites in solution under standard or
hydrothermal conditions. Our study has been done over thirteen samples, chosen to cover a wide range
of morphologies and colours, and to mimic the colour variations observed on archaeological rock

paintings (Table 1).
Grain shape Grain size Ave::dee ((;gls)tilhte Goethite Colour
(nm) . (%m) [L"a"b"]
anisotropy
4 Sphere 16.0+2.88 10.94£0.40 - [27.128.2 22.3]
2 Diamond 20.0+3.28 20.1+3.00 - [27.2 26.2 19.0]
1 Diamond 24.0+3.22 25.4+4.90 - [25.0 23.2 15.9]
1 Diamond 25.0+£5.90 24.5+4.80 -—- [27.5 27.6 21.6]
6 Diamond 44.0£7.40 61.2+10.2 7.17+£0.18 | [29.6 23.0 19.7]
5 Diamond 50.0+8.20 46.3+£8.80 8.98+0.16 | [31.4 26.6 23.3]
AG Needle 76.2+£23.2 7.30£3.60 --- [36.2 29.6 31.1]
3 Bi-pyramid 2‘6‘62:61;)05 197+50.8 - [32.4 30.3 17.8]
13 Stick 244+66.2 206+43.2 - [36.2 26.116.7]
HT Platelet 320+22.8 399+242 0.91+0.09 | [29.3 24.8 10.6]
P, Ellipsoid 13744128 18.3+£0.40 - [32.7 21.8 7.65]
P, Ellipsoid 19141698 16.6+£2.30 --- [32.113.7 3.10]
C | Sphere/Stick 98.0£25.0 526+53.3 -—- [29.7 12.6 4.47]
4444+2108

Table 1: Features of the hematite crystals (or agglomerates of crystals) and colours of the powders. The
samples have been organised by increasing crystallite size. Grain shapes and sizes are determined through
SEM images. Average crystallite sizes and mass proportions of goethite are optimised through Rietveld
refinements. Colours are calculated from the reflectance spectra in the CIE L*a*b* colour space.

Our samples numbered 1 to 6 have been respectively prepared following the methods 1 to 6 described
by [2]. Among these samples, 5 and 6 have been obtained by the transformation of a ferrihydrite
precipitate in aqueous suspension under basic conditions. The others have been prepared by forced
hydrolysis of Fell salts solutions in acidic conditions. Only 4 has the particularity to be purified by
dialysis. The samples 1, and 15 are obtained following the same route as 1 using FeNO; and FeCl.
respectively as a precursor and with adding an aging of one month after synthesis. The authors also
propose a route to obtain purple hematite, but it resulted as goethite FeO(OH) which transformed to
hematite after being annealed (here 16h at 270°C). It corresponds to the sample ‘Annealed Geethite’
(AG). This production process is similar to the one of some hematite-based pigments used by
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Palaeolithic artists for rock paintings [3-4]. We generated peanuts-like hematite particles P, and P,
following the routes proposed by Sugimoto, Khan and Muramatsu [5], using Na.SO, and NaH.PO, salts
respectively. The sample HT has been prepared under hydrothermal conditions following the route
suggested by Sugimoto et al. [6] for platelet particles. Finally, C is a commercial Iron(IIT) oxide powder
sample purchased from Puratronic®.

Characterisation

X-Ray powder diffraction (XRPD) data were collected on the dried powders with a Bruker Endeavour
D8 diffractometer operated at Cu Ka radiation (A = 1.5404 A). DIFFRAC.EVA's (Bruker) search/match
module, which performs searches on the PDF4+ (2018) reference database, has been used for phase
identification. All analyses of the X-ray powder diffraction patterns were performed with the FP_Suite
software [7]. Rietveld refinements [8] were conducted to obtain the structural and micro-structural
parameters of each powder and the mass proportion of hematite and goethite in case of mixture.
Morphology (size and shape) of the grains composing the dried samples were studied by scanning
electron microscopy (SEM, Zeiss Ultra+ microscope, Néel Institute, Grenoble, France).

The diffuse reflectance of the hematite powders was measured using the spectro-gonio radiometer
SHADOWS developed by Potin et al. [9]. The measurements were performed on dried powder layer
sample sufficiently thick so that the substrate does not contribute to the measured reflectance (>1 mm),
from 400 nm to 1000 nm with a step of 1 nm, with a normal incidence and an observation angle fixed
at 30°. We used a Spectralon® as a white reference.

Results and discussion

XRPD

Hematite is identified in all of our samples (Figure 1).
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Figure 1: Rietveld refinement results (experimental pattern: red data points, calculated pattern: black full line,
difference: blue full line) for samples 5. The vertical ticks indicate the Bragg positions for hematite and goethite
respectively.
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All samples are pure, except samples 5, 6 and HT, which contain a sufficiently small to be negligible
amount of goethite (Figure 1 and Table 1). Crystallographic data and micro-structural parameters have
been obtained from the Rietveld powder structure refinement analysis: unit cell parameters, atomic
positions/occupancies and average crystallite size. Only the latter parameter seems to significantly
distinguish the different samples. It is calculated from the width of diffraction lines and corresponds to
the size of domains over which diffraction is coherent. If the powder consists of single-crystals,
crystallite size and grain size (entities seen under the microscope) are identical.

SEM

Except for 3 which is composed of two different size populations (a smaller one 35 and a larger one
31), the monodispersity of all the samples is well controlled. Various shapes and sizes going from few
nanometers to microns are observed (see Figure 2). HT is of big interest because this hexagonal platelet
shape is quite similar to the morphology of some natural hematite-based pigment found in Lascaux’s
painting [10]. 1, 15, 2, 5 and 6 all show a diamond shape of different but nanometric sizes. The observed
grains also differ from one another from their surface appearance: some of them such as P,, P, and 154
look quite rough. It may also be the case for 4 but the powder is too fine to confirm it. The description
of the sample C is quite complex because it can be done at two different scales: small spheres seem to
have been annealed so that they melted and assembled to form micrometric grains. The average
dimensions of the grains were deduced from SEM images and reduced to only one dimensional
parameter per sample by computing the radius of an equivalent sphere. In order to better take into
account the shape anisotropy of certain samples (AG and HT), this radius has been computed so that
the ratio of the surface over the volume of the grain remains constant. Results are listed in Table 1. Grain
size and average crystallite size are in good agreement for all samples: it shows that the powders consist
of single-crystals. Larger discrepancies are found for samples AG, C, P, and P, for which average
crystallite size are very smaller than grain size. In this case, grains are therefore agglomerates of small
single-crystals, as the SEM image of sample P, seems to show (Figure 2f).

Figure 2: SEM images of the different hematite powders. a) Crystals of samples 1, 12, 2, 5 and 6 show pretty
similar morphology: same diamond shape and close sizes. Only 1 is shown here. b) Sample 3 presents two bi-
pyramid shaped crystal populations different in size. c) Sample 4 is composed of very small spherical particles.
d) Sample 13 consists of crystals with a rough surface e) Sample AG (flat needle shape whose thickness is much
smaller than its width and its length). f) Samples P: and P» have the same shape and different sizes. They seem
to consist of agglomerates of crystals, forming grains. Only P. is shown here. g) Sample HT (large-sized
hexagonal platelet shape). h) Sample C presents sticks composed of melted spheres of much smaller size.
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Reflectance

As all of our samples are quite pure hematite, they all have the same spectral signature: in the studied
wavelength range, hematite has three major absorption bands at around 600 nm, 700 nm and 850 nm
whose origins are well described by [11], and a fourth one near 430 nm that is too saturated to be of
such an interest. Depending on the sample under study, we either note a shift in wavelength, or a change
of the intensity, the width and the slope of the bands (Figure 3). To achieve a colorimetric study and
visualise the difference between the obtained colours, these spectra are converted into colour
coordinates in the CIE L*a*b* space.
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Figure 3: Reflectance spectra of the samples (left), calibrated by a Spectralon®, and position of the
corresponding colours in the CIE L*a*b* diagram for L*=30 (right).
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Figure 4: Hue against the equivalent sphere diameter deduced from SEM experiments. The hue is increasing for
very small particles until a critical diameter (~80 nm, dot line) where the trend is reversed.

The thirteen syntheses of hematite lead to crystals (or agglomerates of crystals) with different
morphologies and/or sizes and to as many powders of different colours that are summarised in Table 1.
The micro-structural parameters, spectra characteristics and colour parameters have been studied
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alongside with each other to find a correlation between them. In every case, it is possible to distinguish
different trends for the very small particles (<80 nm in diameter) and the bigger ones. The most striking
results are obtained for the study of the hue against the grain sizes (see Figure 4).

The hue, defined as the angular component of the colour in the polar representation (see Figure 3),
is first increasing for small particles, then the trend is reversed after reaching a critical diameter (~80
nm).

There are several physical phenomena that depend on the grain size that are active at this scale.
Absorption and scattering are the more important. We tried using scattering models to fit the
reflectance spectra. These models rely on the phase function to describe the angular distribution of
scattered light. Since the material under study is quite absorbing, we carried our study using the single
scattering approximation. We tried three different phase functions: the Mie phase function from exact
scattering theory, its approximation for non-absorbing particles small compared to the wavelength
(Rayleigh phase function) [12] and the empirical Henyey-Greenstein phase function [13]. The latter has
a single parameter, g, whose value lies between -1 (predominant backward scattering) and 1
(predominant forward scattering). For isotropic scattering, g = 0. To faithfully describe the observed
colour of the powders, we would need a precise measure of the hematite refractive index. Because of the
complexity of such a measurement, there are few measures available and they do not fully agree with
each other [14-15].

The results of the simulations for the sample 1 are presented in Figure 5. All the cited models lead to
an underestimation of the reflectance spectra, regardless of the refractive index value used. As the grain
size is much smaller than the wavelength, the Rayleigh theory provides a good approximation of the
Mie theory. A more complete modeling would involve the addition of the multiple scattering
contribution whose good estimation is proposed by Jensen et al. [16]. Nevertheless, as the absorption
phenomenon is much stronger, the multiple scattering does not induce a significant improvement in
the reflectance simulation.
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Figure 5: Simulations of the reflectance spectra of sample 1 in the single scattering approximation using the
refractive index measured by [14] and different phase functions (Mie scattering, Rayleigh scattering and
Henyey-Greenstein scattering).
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Other physical phenomena should be taken into account. One major assumption made for the Mie or
Rayleigh scattering theory is that the particles are quite dispersed into a host medium. Since dried
powders are made of densely packed particles, this assumption is broken in our samples. These models
need to be adapted for this specific case. Moreover, the interface between the powder layer and the air
is rough so it can induce some surface scattering effect.

Conclusions

Thirteen nanocrystallised hematite powders showing various morphologies and/or sizes of crystals
(or agglomerates of crystals) and a wide range of colours have been synthesised. By comparing the
micro-structural features, the characteristics of measured reflectance spectra and the colour parameters
in the CIE L*a*b space, it has been observed that some parameters are highly correlated. The study of
the hue versus the grain size of the powders shows that the trend following by these parameters is
reversed when reaching a critical diameter of about 80 nm. We believe that the influence of different
scattering phenomena at stake is changing at this scale causing this change of trend. Simulations of
reflectance spectra with well described scattering models are not sufficient to correctly understand the
colour of each sample according to the grain size and shape. We will also aim to model the bi-directional
reflectance distribution function (BRDF), that would be of great interest for digital representation.

In the future we would like to extend this study to other inorganic pigments, like ochers, mixtures of
hematite and clay.
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