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Abstract. Cu-doped forsterite Mg2-xCuxSiO4 (0.1 B x B 0.6) and Mn-doped forsterite Mg2-xMnxSiO4 (0.2 B x B 1)
powders have been prepared by sol–gel method and characterized by XRD, SEM–EDS mapping, UV–Vis–NIR spectroscopy and CIE L*a*b* colour measurements to be explored as powdered ceramic pigments. The use of a sol–gel
method based on silicic acid (H2Si2O5)aq and mineralizers (KCl and NaCl) along with a thermal treatment at 1200°C for
3 h, led to the formation of highly pure materials. The presence of Cu and Mn ions in the M1 and M2 sites was the main
origin of the pigments colour. The latter was mostly affected by the chromophore’s valence state and concentration, and
some formed minor phases. Besides that, the pigments with low doping levels showed very nice and attractive blue (Cu)
and purple (Mn), making them interesting less toxic and less expensive ceramic pigment candidates.
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Introduction

With the recent increased economic and environmental
regulations imposed on the ceramic industry, research in the
field of ceramic pigments has been focussing more on
developing less expensive and less toxic pigments, that also
comply with the efficiency requirements [1,2]. Pigments
based on forsterite (Mg2SiO4) could be considered as
interesting candidates. In fact, we reported, not long ago, on
the pigment potential of Ni- and Co-doped forsterite [3].
The replacement in small amounts of Mg by Ni or Co
cations in forsterite lattice gave rise to attractive green or
blue shades, respectively. These were maintained after
application due to the good stability of forsterite, which, in
turn, offered a very good compromise between performance, and economic and environmental considerations.
Forsterite (Mg2SiO4) is the magnesium orthosilicate of
the olivine group of minerals. This structure consists of
isolated [SiO4]4- tetrahedra, linked via two crystallographically inequivalent octahedral sites occupied by Mg2?
cations, namely M1 and M2. Both sites are slightly distorted
from a regular octahedral symmetry, and M2 is considered
slightly larger than M1 [4,5]. Generally, it is in these sites
that transition metal ions with comparable size and charge
to those of Mg2? can be incorporated by atomic substitution
[6]. This involves the generation of different colours mainly
due to crystal field transitions within the different transition
cations, which act as chromophores [6]. It is also best
known that octahedrally coordinated Mn2? and Cu2? ions

in aqueous solutions, for example, yield pale pink and light
blue colours, respectively. This suggests that the successful
incorporation of these cations with a controlled manner, in
forsterite lattice could result in very promising alternative
pigments to some highly toxic and/or expensive commercialized ceramic pigments. However, previous studies
conducted on thermodynamic properties of olivine structure
indicated that some transition metals, such as Fe and Mn
could be also accommodated in M1 and M2 sites with
trivalent and/or tetravalent states [7,8]. The stabilization of
such unusual valence states of the dopant cation would
involve phenomena, such as defect structure mechanisms
[6,9], the Jahn–Teller effect and also low symmetry coordination sites [6]. Relative to the colour, the existence of the
chromophore cation in the host structure, in more than one
valence state affects significantly its spectral features,
namely, the positions of its absorption bands and their
intensities. These, in turn, contribute to a high extent to
determine the actual colour characteristics of the resulting
pigment.
Unfortunately, there are no concrete studies in the literature that report on Mn- and Cu-doped forsterite ceramic
pigments. Therefore, the impact of some important properties, such as the purity, microstructure and Cu and Mn
content, in addition to their valence state on their optical
and colour properties remains unclear. Nevertheless, interesting results about the colour of forsterite doped with
various transition metals can be found in the work of
Gualtieri and Bagni [10]. However, those concerning Mn
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and Cu ions were not reported in detail. Furthermore, the
solubility of Mn and Cu in forsterite did not attain apparent
levels, while the purity of their related powders was not
quite satisfactory, despite heating at a high temperature
(1350°C). As for colour, it was white-hazel and grey for,
respectively, Cu- and Mn-doped samples. These unexpected
results could be mainly attributed to the use of the conventional ceramic route, for which the insufficiency to give
more saturated and/or desired colour has been mentioned
elsewhere [11]. As a matter of fact, the synthesis route must
also be taken into account when evaluating colour characteristics of a given ceramic pigment [12].
Despite the lack of researches about Mn-doped forsterite
ceramic pigments, optical properties of Mn cations in different olivine materials (both natural and synthetic) have
been extensively studied and related to their various thermodynamic and crystallographic properties [13–15]. Copper, on the other hand, is less abundant than manganese in
the earth’s crust [6], and it mostly occurs naturally as CuFe-sulphide (CuFeS2) and Cu sulphide (Cu2S) minerals
[16]. Its natural formation as Cu-bearing olivine minerals is
not well recognized. Therefore, the successful synthesis of
Cu-doped forsterite by laboratory processes could be very
significant in exploring and/or improving its properties, as
was reported for its dielectric properties [17], and then,
extending its application areas, including ceramic pigments
field.
In view of the discussed literature, the aim of this work
was to synthesize Cu- and Mn-doped forsterite and explore
their potential as powdered ceramic pigments. For this
purpose, different substitution levels of Mg by Cu and Mn
ions were attempted in forsterite lattice by adopting a sol–
gel method based on silicic acid (H2Si2O5)aq and the use of
NaCl and KCl as mineralizers. The efficiency of the latter in
preparing various olivine systems has been previously
evidenced [3,18,19]. The purity, microstructure, chromophore’s content and optical properties were investigated
and, then, correlated with the resulting colours. The determination of the relationship between these properties and
colour characteristics for these olivines, whose pigment
potential as powder is not adequately known, is also
essential for understanding their technological behaviour in
different application mediums. The latter is now under
development.

2.
2.1

Materials and methods
Synthesis of Cu- and Mn-doped forsterite powders

Silicic acid (H2Si2O5)aq, magnesium acetate tetrahydrate
C4H6MgO44H2O (Panreac, 98% purity), copper acetate
monohydrate C4H6CuO4H2O (Fluka, 99% purity) and
manganese acetate tetrahydrate C4H6MnO44H2O (Fluka,
99% purity) were used as precursors. The preparation of
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(H2Si2O5)aq aqueous solution was described in a previous
work [3].
The substitution rates of x = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6
were used for Mg2-xCuxSiO4, and x = 0.2, 0.4, 0.6, 0.8 and
1 for Mg2-xMnxSiO4. For each of these compositions, the
synthesis was based on a combination of a mineralizer
(either NaCl or KCl) and a gelation method (either
hydrothermal or reflux) resulting in four sample series
which will be referred to as NaCl-H, NaCl-R, KCl-H and
KCl-R throughout the paper.
For each given composition, 200 ml of (H2Si2O5)aq
where [H2Si2O5] = 0.042 M ([Si] = 0.084 M) was prepared,
and then mixed with Mg and Mn or Mg and Cu salts
according to the required stoichiometric molar ratios ([Mg]/
[Si] = 2-x and [Mn]/[Si] = x or [Cu]/[Si] = x). NaCl or KCl
was then added to the solution at a 10% weight ratio to Mg
and Mn or Mg and Cu salts. The solutions (pH of about 6)
were then stirred at room temperature for 30 min until
homogeneous, and then, divided into two sets of solutions.
In a 100 ml steel bomb with Teflon lining, 70 ml of the
solution was heated at 200°C for 3 days in an oven (hydrothermal method), while the rest of the solution was put
on reflux under stirring at 120°C for 3 days (reflux method).
The obtained gels were later dried in an oven at 150°C for
12 h to ensure complete dehydration. The resulting xerogels
were grinded in an agate mortar and heat treated in air at
1200°C for 3 h at 10°C per min heating rate. Finally, the
resulting samples were grinded in an agate mortar to obtain
the final powders.
The samples are labelled by initials of the cation, the
mineralizer and the gelation method respectively, and a
number indicating the substitution rate in %. Sample labels,
compositions and synthesis parameters for Cu- and Mndoped forsterite powders are presented in tables 1 and 2,
respectively.

2.2

Sample characterization

Structural identification of the calcined samples was carried
out by X-ray diffraction (XRD) using a Rigaku SmartLab
diffractometer (CuKa radiation: kKa1 = 1.540593 Å and
kKa2 = 1.544414 Å at 50 mA and 40 KV).
The lattice parameters a, b, c and V of the resulting
crystalline samples were determined using Bragg’s law
(equation 1), interplanar spacing equation (equation 2) and
volume equation (equation 3) for an orthorhombic system
where a = b = c and a = b = c = 90°.
nk
;
2 sin h

ð1Þ

1
h2 k 2 l 2
¼
þ þ ;
2
a2 b2 c2
dhkl

ð2Þ

V ¼ a  b  c:

ð3Þ

dhkl ¼
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Table 1. Sample labels, composition and synthesis parameters of
Cu-doped forsterite samples calcined at 1200°C.

Table 2. Sample labels, composition, synthesis parameters of
Mn-doped forsterite samples calcined at 1200°C.

Sample

Sample

Series 1:
CNH 5
CNH 10
CNH 15
CNH 20
CNH 25
CNH 30
Series 2:
CNR 5
CNR 10
CNR 15
CNR 20
CNR 25
CNR 30
Series 3:
CKH 5
CKH 10
CKH 15
CKH 20
CKH 25
CKH 30
Series 4:
CKR 5
CKR 10
CKR 15
CKR 20
CKR 25
CKR 30

Composition

Mineralizer; method

NaCl-H
Mg1.9Cu0.1SiO4
Mg1.8Cu0.2SiO4
Mg1.7Cu0.3SiO4
Mg1.6Cu0.4SiO4
Mg1.5Cu0.5SiO4
Mg1.4Cu0.6SiO4

NaCl;
NaCl;
NaCl;
NaCl;
NaCl;
NaCl;

hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal

Mg1.9Cu0.1SiO4
Mg1.8Cu0.2SiO4
Mg1.7Cu0.3SiO4
Mg1.6Cu0.4SiO4
Mg1.5Cu0.5SiO4
Mg1.4Cu0.6SiO4

NaCl;
NaCl;
NaCl;
NaCl;
NaCl;
NaCl;

reflux
reflux
reflux
reflux
reflux
reflux

Mg1.9Cu0.1SiO4
Mg1.8Cu0.2SiO4
Mg1.7Cu0.3SiO4
Mg1.6Cu0.4SiO4
Mg1.5Cu0.5SiO4
Mg1.4Cu0.6SiO4

KCl;
KCl;
KCl;
KCl;
KCl;
KCl;

hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal

Mg1.9Cu0.1SiO4
Mg1.8Cu0.2SiO4
Mg1.7Cu0.3SiO4
Mg1.6Cu0.4SiO4
Mg1.5Cu0.5SiO4
Mg1.4Cu0.6SiO4

KCl;
KCl;
KCl;
KCl;
KCl;
KCl;

reflux
reflux
reflux
reflux
reflux
reflux

NaCl-R

KCl-H

KCl-R

In these equations, h, k and l are the miller indices; dhkl
the interplanar spacing between crystal planes (hkl); k the
X-ray wavelength; h the diffraction angle of the crystal
plane (hkl) and n the order of the diffraction.
The microstructure and the morphology of the powdered
samples were investigated by scanning electron microscopy
(SEM) coupled with energy dispersive X-ray spectroscopy
(EDS) using a TESCAN VEGA3 LM microscope and an
EDAX Octane Plus detector. Prior to the SEM analysis, the
samples were carbon-coated to improve the imaging and
minimize sample charging, and the micrographs of the
samples were taken in the backscattered electron mode
(BSE). EDS mapping was performed on the O, Si, Mg and
Cu elements for the Cu-doped forsterite samples and on the
O, Si, Mg and Mn elements for the Mn-doped forsterite
samples, to view the chemical homogeneity.
The optical properties of the samples were investigated
by diffuse reflectance spectroscopy (DRS) in the UV–Vis–
NIR regions, using a Shimadzu (UV-3101) spectrophotometer with a BaSO4-coated integrating sphere and BaSO4
as the reference sample, in the range of 250–1600 nm. Their
L*a*b* colour parameters were then measured in the range

Series 1: NaCl-H
MNH 10
MNH 20
MNH 30
MNH 40
MNH 50
Series 2: NaCl-R
MNR 10
MNR 20
MNR 30
MNR 40
MNR 50
Series 3: KCl-H
MKH 10
MKH 20
MKH 30
MKH 40
MKH 50
Series 4: KCl-R
MKR 10
MKR 20
MKR 30
MKR 40
MKR 50

Composition

Mineralizer; method

Mg1.8Mn0.2SiO4
Mg1.6Mn0.4SiO4
Mg1.4Mn0.6SiO4
Mg1.2Mn0.8SiO4
MgMnSiO4

NaCl;
NaCl;
NaCl;
NaCl;
NaCl;

hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal

Mg1.8Mn0.2SiO4
Mg1.6Mn0.4SiO4
Mg1.4Mn0.6SiO4
Mg1.2Mn0.8SiO4
MgMnSiO4

NaCl;
NaCl;
NaCl;
NaCl;
NaCl;

reflux
reflux
reflux
reflux
reflux

Mg1.8Mn0.2SiO4
Mg1.6Mn0.4SiO4
Mg1.4Mn0.6SiO4
Mg1.2Mn0.8SiO4
MgMnSiO4

KCl;
KCl;
KCl;
KCl;
KCl;

hydrothermal
hydrothermal
hydrothermal
hydrothermal
hydrothermal

Mg1.8Mn0.2SiO4
Mg1.6Mn0.4SiO4
Mg1.4Mn0.6SiO4
Mg1.2Mn0.8SiO4
MgMnSiO4

KCl;
KCl;
KCl;
KCl;
KCl;

reflux
reflux
reflux
reflux
reflux

of 380–780 nm using a D65 illuminant and a 10° standard
observant, as recommended by the International Commission on Illumination (CIE: Commission Internationale de
l’Eclairage) [20]. In this colour space, L* represents the
lightness with values going from 0 (black) to 100 (white),
while a* and b* represent the red/green and yellow/blue hue
intensities, respectively, with ?a* = red, -a* = green,
?b* = yellow and –b* = blue.

3.
3.1

Results and discussion
XRD analysis

Cu-bearing olivines (both natural and synthetic) are poorly
reported in the literature. For this, the substitution rates
were separated by small steps.
XRD analysis performed on Cu-doped samples (figure 1)
reveals that better results were obtained for series where
KCl was used as mineralizer (figure 1c and d). Indeed, the
diffractograms of samples of these series with x = 0.1–0.4
exhibit only peaks closely similar to those of forsterite (PDF
#04-0769), indicating the successful incorporation of Cu in
the lattice and the formation of single-phased products. As
for the higher rates x = 0.5 and 0.6, the formation of the
olivine phase was associated with Cu2O in a minor quantity
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XRD patterns of Cu-doped forsterite powders fired at 1200°C for 3 h: (a) NaCl-H, (b) NaCl-R, (c) KCl-H and (d) KCl-R

as a secondary phase. These results suggest that an
interesting substitution rate of Mg cations by Cu cations in
the forsterite lattice was reached. In fact, these results are
higher than those found by Gualtieri and Bagni [10] and
comparable or slightly higher than those reported by Lai
et al [17].
For the NaCl series, it can be observed that the formation
of secondary phases took place at a lower substitution rate.
Indeed, diffractograms of samples with rates from x =
0.1–0.3 exhibit only peaks matching with those of forsterite.
However, at the highest rates: x = 0.4–0.6, two secondary
phases are formed in addition to the olivine phase, namely
Enstatite MgSiO3/(Mg,Cu)SiO3 whose peaks were detected
only in the NaCl-H series (x = 0.4–0.6), and Cu2O whose
peaks were detected in NaCl-H for x = 0.5 and 0.6, and for
x = 0.4–0.6 in NaCl-R series. The amount of the latter
increased with increasing x.
For Mn-doped forsterite (figure 2), the samples of the
different series show similar XRD patterns. Indeed, the
diffractograms of the samples with x = 0.2–0.8 show only

peaks matching with those of forsterite (PDF #04-0769) or
tephroite Mn2SiO4 (PDF #35-0748). No peaks that could be
attributed to other phases were detected. These observations
present a good indication of the successful substitution of
Mg cations by Mn cations in the forsterite lattice.
The samples of the composition MgMnSiO4 (x = 1)
contained, in addition to the olivine phase, traces of Mnbearing spinel Mn3O4/(Mg,Mn)3O4. The formation of such
a phase may be due to the heating of the samples in air, at
relatively low temperature (1200°C) and short duration
(3 h). As a matter of fact, higher solubility of Mn in the
olivine phase, such as the end member tephroite (Mn2SiO4)
required longer holding times, or heating under controlled
atmosphere [21,22].
Furthermore, the intensity of the (131) peak became
higher than that of the (112) peak with increasing x in all the
series of Mn-doped samples (figure 2). As relative intensities are linked to the type of the atoms and their positions in
the lattice [23], the increasing partial substitution of Mg by
Mn as well as the positions of both cations in the lattice may

(2021) 44:12
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Figure 2. XRD patterns of Mn-doped forsterite powders fired at 1200°C for 3 h: (a) NaCl-H, (b) NaCl-R, (c) KCl-H and (d) KCl-R
series.

have been the reason for this change. Yet, a similar change
was observed in the work of Sugiyama et al [21] even at
lower Mn content, but an explanation was not given. This
indicates that other factors could also contribute to this
change. Indeed, the re-analysis of the MNH 40 and MNR 50
samples for the second time either showed no reversion in
the peak intensities (MNH 40) or resulted in the (112) peak
being slightly the highest (MNR 50), which could be
attributed to preferred orientations. In addition, a different
holding time of 6 h instead of 3 h at 1200°C of MNH 40
sample also resulted in the (112) peak having a slightly
higher intensity than that of (131). This slight change suggests that in addition to the effect of Mn content, other
factors may have contributed to the observed change in
intensities of the (131) and (112) peaks.
A similar change in intensities was also observed in the
Cu-doped samples, but to a lesser extent and for different
peaks, namely (130) and (131) (figure 1). This could be
attributed to the same aforementioned factors as in Mn
samples.

Figure 3 shows a close-up on the 2h range of 31.5–37° of
the diffractograms of Mn and Cu samples from the NaCl-R
series. This 2h range contains the peaks corresponding to
the three crystal planes (130), (131) and (112) of the olivine
phase, whose positions were used to estimate the lattice
parameters of the doped samples. The latter are presented in
tables 3 and 4 for Mn- and Cu-doped samples, respectively.
The evolution of a, b, c and V in function of x are presented
in figure 4 for the same series.
Peaks of the Mn-doped samples exhibit a significant shift
towards lower values of 2h (figure 3a), which indicates a
considerable change in the cell volume. This correlates well
with the evolution of the estimated cell parameters
(table 3). As shown in figure 4, the volume increases significantly with increasing x, which indicates the replacement of Mg by larger Mn cations. Furthermore, all three cell
parameters (a, b and c) present an isotropic evolution, as
they all increase with increasing x. As for Cu-doped samples, the peak shift is much less significant, where (130) and
(131) peaks show a slight shift towards lower 2h values,
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possible effect of the difference in the synthesis parameters of the samples on their optical and colorimetric
properties. Besides, such minimization of the chromophoric cation in forsterite lattice is in agreement with
the environmental and economic requirements for ceramic
pigments.

3.2

Figure 3. Close-up on the 2h range 31.5–37° from XRD patterns
of NaCl-R series: (a) Mn-doped and (b) Cu-doped forsterite
powders.

whereas the (112) peak hardly shifts (figure 3b), reflecting
small variations in the unit cell volume. Similar trends were
observed in the work of Lai et al [17]. In relation to the
estimated cell parameters (figure 4), indeed the volume
changes very little (e.g., between 290.4 and 291.5 Å3 for
NaCl-R) compared to the variations noticed in the Mndoped samples (e.g., between 295.4 and 308.9 Å3 for NaClR). This could be attributed to the close ionic radii of the
six-coordinated Cu2? and Mg2? cations (73 and 72 pm,
respectively [24]). In contrast to Mn samples, the cell
parameters a, b and c (figure 4 and table 4) of the Cu-doped
samples present an anisotropic evolution in the function of
the substitution rate.
Finally, in both systems, the substitution rates followed
were mainly limited to those leading to the formation of
minor secondary phases. An increase in the heating temperature and/or holding time to overcome the presence of
these impurities was not attempted. This is to avoid the

Microstructure analysis: SEM and EDS-mappings

The microstructure and elemental distribution of the prepared pigments were explored by SEM/EDS mapping performed on samples CKR 5 (figure 5) as representative of
the Cu-doped forsterite and MKR 5 (figure 6) as representative of Mn-doped forsterite.
BSE images of samples CKR 5 (figure 5) and MKR 10
(figure 6) show similar microstructures consisting mainly
of relatively large grain-like particles with irregular shapes
and a mean size of about 1–5 lm. Larger particles with a
size of around 10 lm can also be observed in both samples. The origin of such large and irregular particles, and
as was explained in ref. [19], could be attributed to the
sintering process between agglomerated primary particles
due to the melting of the mineralizers during the heating
process. Nevertheless, the average particle size in the
samples is still in the acceptable range required for most
ceramic pigment applications [25,26]. These results, on the
other hand, are closely similar to those obtained for Niand Co-doped forsterite pigments prepared by the same
method [3].
Concerning the elemental distribution, the mapping
reveals, for both samples, homogeneous distribution of O,
Si, Mg and Cu elements through CKR 5 sample (figure 5)
and O, Si, Mg and Mn elements through MKR 10 sample
(figure 6). These observations represent a good sign of the
high chemical homogeneity of these samples, the characteristic that is generally required for adequate colour
homogeneity of a ceramic pigment during application [25],
and which could be considered as an advantage of the use of
sol–gel method.
Furthermore, and for the sake of comparison, SEM/EDS
mapping was also performed on CKR 25 and MKR 50
samples (figures 7 and 8, respectively). As it can be
observed, the results of the latter are similar to some extent
to those of the first ones, especially with regard to the
microstructure. Concerning the elemental distribution,
however, the mapping of both samples indicates the presence of regions in which Mn (for MKR 50 sample) and Cu
(for CKR 25 sample) are more abundant and relatively less
associated with Si and Mg. Such regions were not observed
in the case of MKR 10 and CKR 5 samples and they are
very distinguishable from the main regions corresponding to
olivine phase. They could be then attributed to the Cu- and
Mn-based secondary phases detected in their XRD patterns
(figures 1d and 2d).
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Lattice parameters of Mn-doped forsterite samples.
Lattice parameters

Sample

a (Å)

b (Å)

c (Å)

V (Å3)

Forsterite Mg2SiO4 (PDF #04-0769)
Series 1: NaCl-H
MNH 10
MNH 20
MNH 30
MNH 40
MNH 50
Series 2: NaCl-R
MNR 10
MNR 20
MNR 30
MNR 40
MNR 50
Series 3: KCl-H
MKH 10
MKH 20
MKH 30
MKH 40
MKH 50
Series 4: KCl-R
MKR 10
MKR 20
MKR 30
MKR 40
MKR 50

4.7600

10.2000

5.9900

290.8300

4.8063
4.8116
4.7809
4.7909
4.8340

10.2576
10.3084
10.4099
10.4473
10.4668

6.0146
6.0428
6.0919
6.1192
6.1306

294.9289
298.6412
302.4206
305.1602
307.9479

4.7627
4.8116
4.8232
4.8286
4.8584

10.2867
10.3084
10.3625
10.4144
10.4106

6.0302
6.0428
6.0728
6.1015
6.1064

294.9289
298.6412
302.4206
305.1602
307.9479

4.7878
4.7932
4.8000
4.8100
4.8093

10.2496
10.3003
10.3690
10.4061
10.4557

6.0100
6.0380
6.0696
6.0967
6.1241

294.9289
298.6412
302.4206
305.1602
307.9479

4.7878
4.7993
4.8108
4.8100
4.8093

10.2496
10.3030
10.3570
10.4061
10.4557

6.0100
6.0396
6.0696
6.0967
6.1241

294.9289
298.6412
302.4206
305.1602
307.9479

3.3

Optical spectroscopy of Cu-doped forsterite pigments

The optical spectra of Cu-doped forsterite powders have
been recorded at room temperature in the region of
250–1600 nm and are shown in figure 9.
All the spectra of the highly pure samples of
Mg2-xCuxSiO4 (x = 0.1–0.4 for KCl series and x = 0.1–0.3
for NaCl-R series) exhibit mainly a very broad and asymmetrical band covering the wavelengths between 500 and
1200 nm with a maximum at ca. 810 nm, in addition to a
very weak sharp band located at ca. 450 nm.
According to the crystal field theory, the cupric ion
Cu2? has the 3d9 electronic configuration and its term 2D
splits, in a regular octahedral crystal field, into degenerate
2
Eg ground state and 2T2g excited state [6,27]. In an
optical spectrum, this translates to a single absorption
band. However, the susceptibility of Cu2? to the Jahn–
Teller effect (JTE), as well as its incorporation into low
symmetry sites (such as M1 and M2 sites of forsterite)
would lead to the energy-level splitting of the ground and
excited states [6]. Consequently, more than one d–d
transition is allowed in each site, and this leads to multiple bands in the optical spectra (overlapping and/or
separated).

Therefore, the main band around 810 nm which is very
broad and asymmetrical could be due to the overlapping of
bands corresponding to the different transitions between
low-energy levels in both distorted sites. While the other
band at lower wavelength (higher energies) could be
attributed to the transition from the lowest to the highest
energy levels of Cu2? in one or both the sites.
As the substitution rate increases, the absorbance
increases. However, for the samples with x = 0.5–0.6 for
KCl series, and x = 0.4–0.6 for NaCl-R, the absorbance at
the higher energy side of the visible region becomes much
more prominent, which could be due to the inter-band
transitions originating from Cu2O present as a secondary
phase in these samples [28]. This is also in good agreement
with the increasing presence of Cu2O in the samples with
increasing x.
Considering the NaCl-H series, for the low rates x =
0.1–0.3 (high-purity samples), the spectra are similar to
the respective samples of the other series, with a
notable difference in the intensity of the higher energy
band. On the other hand, the spectra of the NaCl-H
samples of x = 0.4–0.6 show dissimilarities in the NIR
region in comparison to the spectra corresponding to
respective samples of the other series. This could be due
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Lattice parameters of Cu-doped forsterite samples.
Lattice parameters

Sample

a (Å)

b (Å)

c (Å)

V (Å3)

Forsterite (PDF #04-0769)
Series 1: NaCl-H
CNH 5
CNH 10
CNH 15
CNH 20
CNH 25
CNH 30
Series 2: NaCl-R
CNR 5
CNR 10
CNR 15
CNR 20
CNR 25
CNR 30
Series 3: KCl-H
CKH 5
CKH 10
CKH 15
CKH 20
CKH 25
CKH 30
Series 4: KCl-R
CKR 5
CKR 10
CKR 15
CKR 20
CKR 25
CKR 30

4.7600

10.2000

5.9900

290.8300

4.7902
4.7626
4.7954
4.7325
4.7692
4.8068

10.2191
10.2398
10.2227
10.2925
10.2606
10.2290

5.9868
5.9853
5.9701
5.9884
5.9716
5.9550

293.0630
291.8915
292.6659
291.6905
292.2194
292.7999

4.7597
4.7925
4.7817
4.7724
4.7678
4.7571

10.2057
10.1887
10.2003
10.2290
10.2434
10.2552

5.9791
5.9639
5.9639
5.9670
5.9685
5.9685

290.4412
291.2133
290.8879
291.2903
291.4925
291.1733

4.7476
4.6602
4.7528
4.7497
4.7391
4.7526

10.2004
10.2251
10.2040
10.2354
10.2472
10.2698

5.9760
5.9821
5.9593
5.9639
5.9639
5.9701

289.4023
285.0531
289.0116
289.9355
289.6219
291.3901

4.7476
4.6898
4.7651
4.6947
4.7206
4.7526

10.2004
10.1909
10.1446
10.2602
10.2871
10.2698

5.9760
5.9637
5.9516
5.9577
5.9853
5.9701

289.4023
285.0248
287.7005
286.9738
290.6539
291.3901

to Cu2? incorporated in the secondary phase enstatite
(Mg,Cu)SiO3.

3.4

Optical spectroscopy of Mn-doped forsterite pigments

The optical spectra of Mn-doped forsterite powders have
been recorded at room temperature in the region of
250–1600 nm and are shown in figure 10.
All spectra exhibit a broad band with a maximum at ca.
504 nm and a sharp band centred at 415 nm. According to
the Tanabe Sugano diagram of Mn2? with the electronic
configuration 3d5, only spin-forbidden transitions from the
6
S ground state to excited states, are to occur, and the bands
corresponding to these transitions are weak. Accordingly,
the sharp band at 415 nm can be attributed to Mn2? and it
could correspond to the 6A1g(6S) ? 4A1g(4G) and/or
6
A1g(6S) ? 4Eg(4G) transitions, which are indistinguishable
in terms of energy, and could appear as a single band [29].
However, the band at 504 nm cannot be attributed to Mn2?

considering its high intensity. It is in fact a characteristic
band of Mn3? in an octahedral coordination [30]. Mn3? ion
has the electronic configuration 3d4, with 5D as the free ion
term, that splits in a regular octahedral site into the
degenerate 5Eg ground state and 5T2g excited state [6].
Similar to Cu2?, this ion is highly susceptible to JTE in a
high spin regular octahedral coordination [6,31]. Thus, the
accomodation of Mn3? in the M1 and M2 sites of the
forsterite lattice is expected to exhibit relatively similar
spectral features. Therefore, in analogy to Cu2?, the
asymmetrical band centred at ca. 504 nm could be assigned
to the overlapping of bands corresponding to the transitions
between the multiple energy levels originating from the
energy-level splitting of the ground and excited states of
Mn3? in both sites of forsterite.
These results clearly show the presence of Mn3? in the
forsterite lattice. The existence of this unstable cations
could be a consequence of heating in air, while their stabilization could be due to their incorporation in the distorted
M1 and M2 sites [6].

Bull Mater Sci

Figure 4.

(2021) 44:12

Page 9 of 15

12

Lattice parameters in function of substitution rate for Cu- and Mn-doped samples of the NaCl-R series.

Unlike, in the Cu–forsterite system, the effect of
secondary phases on the profile of the optical spectra is less
apparent in this case. Indeed, in the samples containing
spinel as secondary phase (composition MgMnSiO4), the
presence of Mn3? in the octahedral site and Mn2? in the
tetrahedral site would also contribute to the absorptions in
the same regions, knowing that Mn2? has an almost identical absorption profile in both octahedral and tetrahedral
coordinations [6].
In this case, however, a variation in the spectrum profiles with respect to the variation of phase composition is
observed and manifested mainly by a raising in the
intensity of the higher energy side (i.e., the range of
420–504 nm) of the peak centred at 504 nm, generally,
with decreasing Mn concentration. Changes of peak
intensities with changing composition are mostly indicative of cation ordering in minerals [6]. Since M1 sites are
smaller than M2 sites, Mn3? ions in the former are supposed to be those responsible for the absorption in this
region of the spectrum. Furthermore, the intensities of the
transitions originating from Mn3? in M2 sites are assumed
to be higher, due to the higher asymmetry, than those of
the transitions due to Mn3? in M1 sites. Accordingly, this
increase in the intensity with diminishing Mn content
could refer to changes in Mn3? occupancies of the acentric

M2 sites and their ordering into the centrosymmetric M1
sites. A similar tendency was also observed across optical
spectra of forsterite–liebenbergite series and was correlated with the enrichment of Ni2? ions in M1 sites [19].
Besides, the ordering of Mn3? in many aluminosilicate
minerals (including epidote and andalusite) was previously
highlighted [6]. From the standpoint of energy, the
unstable Mn3? ions would become more stabilized in the
more distorted M2 sites due to the higher crystal field
stabilization energy (CFSE). However, their ordering in
M1 sites is not entirely unexpected. Indeed, in Mn-rich
epidote (piemontite), the preference of Mn3? was greater
than that of Fe3? for M1 sites [32]. These latter are centrosymmetric, smaller and less distorted than epidote M3
sites, illustrating similar differences to those present
between olivine M1 and M2 sites. In our case, this Mn3?
preference for the smaller olivine M1 sites could be
attributed to their smaller octahedral ionic radius (Mn3?
(64.5 pm) vs. Mg2? (72 pm) [24]).
Lastly, it is worth mentioning that the increase in the
absorbance is not regularly correlated to the increase in Mn
content in the samples. This could be linked to the coexistence of both Mn2? and Mn3? at different ratios. Still, less
variations are noted for samples synthesized using KCl as
mineralizer than NaCl.
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Figure 5.

BSE micrograph and EDS mapping of CKR 5 powdered sample.

Figure 6.

BSE micrograph and EDS mapping of MKR 10 powdered sample.
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Figure 7.

BSE micrograph and EDS mapping of CKR 25 powdered sample.

Figure 8.

BSE micrograph and EDS mapping of MKR 50 powdered sample.
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Figure 9. UV–Vis–NIR absorption spectra of Cu-doped forsterite powders: (a) NaCl-H, (b) NaCl-R, (c) KCl-H and
(d) KCl-R series.

3.5

Colour of Cu-doped forsterite pigments

The colour parameters L*a*b* of Mg2-xCuxSiO4 powders
are summarized in table 5.
At low- and medium-substitution rates, the pigments
exhibit blue and green shades, respectively (figure 11a).
Both shades indicate that the colour originates from the
Cu2? cations, and this change of colour is in agreement with
the evolution of the chromatic values (a* and b*) with
increasing x.
Indeed, in all the series, the samples with the two lowest
substitution rates have negative values of both a* and b*
parameters, along with high values of L* (between &81 and
&87), resulting in light blue colour. This is the result of the
absorption of light (figure 9) in the red–orange–yellow–
green regions allowing light to be reflected mostly from the
blue–violet region of the visible.
For x = 0.3 and 0.4, values of a* are still negative (green
colour), while values of b* become slightly positive for x =
0.3 and more positive for x = 0.4 (yellow colour). This
could be attributed to the strong absorption in the UV region
due to cation–anion transitions, diminishing a part of blue
light reflected by these pigments, leading their colour to be
intense green (i.e., low lightness L). This tendency is less
evident in the spectra of samples of NaCl-H series for which

b* remained negative, but with weaker values (e.g., less
negative values). Then, these samples retained a light blue
shade whose intensity increased slightly as a consequence
of the low lightness L.
Finally, at the highest substitution rates (x = 0.5 and 0.6),
the absorbance increased and the absorption at 430–600 nm
region of the visible (i.e., violet to orange light) becomes
more important due to the high content of Cu2O. These
spectral changes were accompanied mainly by a decrease in
lightness L and an increase of both b* (values more positive) and a* (values less negative or positive) components,
leading the colour to change to intense brown (figure 11a).
The spectral features caused by enstatite (secondary phase)
registered for CNH 25 and 30 samples (NaCl-H series)
occur in the NIR region and then, they did not have a visual
effect on the colour of these pigments.

3.6

Colour of Mn-doped forsterite pigments

The colour parameters L*a*b* of Mg2-xMnxSiO4 powders
are summarized in table 6.
Mn2? bearing compounds are usually coloured a faint
pink due to the weak absorptions caused by the spin
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Figure 10. UV–Vis–NIR absorption spectra of Mn-doped forsterite powders: (a) NaCl-H, (b) NaCl-R, (c) KCl-H
and (d) KCl-R series.

forbidden transitions [33]; this would be manifested as low
a* and b* values with high values of L*. However, relatively high values of the colour parameters a* and b* and
low values of L* (table 6) indicate fairly intense colours
that are perceived (visually) either purple or brown depending on the Mn content in the samples (figure 11b). Obtaining these colours instead of Mn2?-expected pink, as well as
the predominance of the spectral features of Mn3? in the
optical spectra, indicate that the colour in Mg2-xMnxSiO4
pigments originates mainly from Mn3? cations.
At the lowest substitution rates x = 0.2 for all four series
and x = 0.4 for KCl series, the samples show almost similar
L*a*b* values. The combination of these positive values of
a* and a negative or low positive value of b* is indicative of
the purple colour (e.g., a*/b* = ?6.95/-1.85 and ?6.50/
?1.17 for MKR 10 and MKR 20 samples, respectively).
Whereas the fairly low values of L* for these samples
(between 57.98 and 65.35) indicate the relatively high
intensity of the resulting purple colour. In correlation to the
optical spectra, these values are in good agreement with the
important absorbance of light throughout the visible range
of wavelengths except in the blue–violet and red–orange–
yellow regions where minimal absorbance was recorded,
hence, the intense reflection of purple colour.

As the substituion rate x increases (x = 0.4–1 in NaCl
series and x = 0.6–1 in KCl series), values of a* do not
change significantly, and this could be correlated to the
unchanged absorbance profile in the red–orange–yellow
range of the visible spectrum. On the other hand, values of
b* increase with increasing x. In relation to the optical
spectra, the increased absorbance in the blue–violet region,
causes more light to be reflected from the red–orange–yellow than from the blue–violet regions. This variation in the
values of b* transforms the colour of the pigments from
purple to brown. The brown was intense due to the low
values of lightness (between &45 and &57). However, the
evolution of L* across these samples is more or less regular,
which could be attributed to the irregular variations in the
absorbance found in the optical spectra.
Optical spectroscopy and colour measurements show
clearly that the spectral features and colour properties of the
resulting pigments are mainly due to crystal field transitions
within Cu or Mn ions in the forsterite sites. Accordingly,
these results are not in agreement with those reported by
Gualtieri and Bagni [10] about the colour and its sources of
closely similar pigments. This indicates that the chosen
synthesis route is very important in defining the actual
properties of a given ceramic pigment.
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Table 5.

Colour parameters of Cu-doped forsterite powders.

Sample
Series 1:
CNH 5
CNH 10
CNH 15
CNH 20
CNH 25
CNH 30
Series 2:
CNR 5
CNR 10
CNR 15
CNR 20
CNR 25
CNR 30
Series 3:
CKH 5
CKH 10
CKH 15
CKH 20
CKH 25
CKH 30
Series 4:
CKR 5
CKR 10
CKR 15
CKR 20
CKR 25
CKR 30

Colour L*/a*/b*
NaCl-H
85.02/-6.86/-6.35
84.38/-7.63/-5.91
78.09/-7.68/-1.88
78.64/-4.84/-1.43
64.61/-0.27/?3.62
57.55/?5.45/?10.31
NaCl-R
85.92/-6.74/-5.40
81.02/-6.89/-1.45
71.83/-5.44/?2.19
67.12/-2.21/?6.97
60.58/-0.21/?5.34
55.56/?3.58/?8.76
KCl-H
87.83/-4.41/-3.01
85.07/-5.40/-0.84
78.33/-5.40/?1.21
68.96/-3.26/?5.50
61.88/?0.60/?8.65
58.12/?4.84/?13.27
KCl-R

Figure 11.
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87.85/-4.50/-3.17
84.44/-6.08/-0.96
78.86/-5.24/?1.97
69.46/-3.65/?6.83
61.62/-1.11/?8.84
57.39/?3.59/?12.41

Table 6.
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Colour parameters of Mn-doped forsterite powders.

Sample
Series 1: NaCl-H
MNH 10
MNH 20
MNH 30
MNH 40
MNH 50
Series 2: NaCl-R
MNR 10
MNR 20
MNR 30
MNR 40
MNR 50
Series 3: KCl-H
MKH 10
MKH 20
MKH 30
MKH 40
MKH 50
Series 4: KCl-R
MKR 10
MKR 20
MKR 30
MKR 40
MKR 50

Colour L*/a*/b*

63.36 /?6.97/?0.51
62.25/?6.17/?3.98
57.00/?4.78/?8.00
53.19/?5.65/?8.60
54.49/?6.01/?10.20
57.98/?6.94/?2.02
55.15/?5.67/?5.09
49.28/?4.77/?7.90
57.88/?5.43/?8.32
50.51/?6.17/?10.28
64.59/?7.65/-1.66
62.39/?6.16/?1.76
53.92/?5.86/?5.56
57.28/?6.13/?7.92
45.73/?6.39/?8.72
65.35/?6.95/-1.85
63.52/?6.50/?1.17
54.86/?6.38/?3.35
55.04/?6.80/?6.55
49.13/?6.20/?8.84

Colours of (a) Cu-doped and (b) Mn-doped pigments.

Conclusions

Cu- and Mn-doped forsterite ceramic pigments were synthesized in this work via sol–gel method, using NaCl and KCl
as mineralizers. The use of this method was advantageous to
the formation of pigments with high purity, good chemical
homogeneity and adequate particle size. According to the
investigation of the colorimetric properties of these materials,

the following conclusions can be drawn: in the Cu–forsterite
system, the presence of Cu2? in distorted octahedral sites was
responsible for a light blue shade, turning green with
increasing Cu content in the high-purity samples, while the
presence of Cu2O as a secondary phase in the other samples
affected apparently the colour and transformed it into brown.
On the other hand, in Mn–forsterite system, Mn3? cations
were also present in the octahedral sites of the forsterite
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lattice in addition to Mn2?. The presence of Mn3? cations
was the predominant source of the colour in these pigments,
giving rise to purple turning brown as the content of Mn
increased. And although both mineralizers led to satisfying
results, samples synthesized using KCl mineralizer showed
slightly better results than those of NaCl. The resulting colours were of very nice shades for the compositions with the
lowest substitution rates. With this appropriate minimization
in Cu and Mn contents, these compositions could have an
interesting potential as less toxic and less expensive ceramic
pigments and their colouring performances in different glazes are now under test.
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[8] Töpfer J and Dieckmann R 2010 Solid State Ionics 181 479
[9] Takei H 1976 J. Cryst. Growth 34 125
[10] Gualtieri A and Bagni S 2001 Per. Mineral. 70 27
[11] Gorodylova N, Kosinová V, Dohnalová Ž, Šulcová P and
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