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A B S T R A C T   

In this study, CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions with a diopside structure were prepared to 
reduce the cobalt and nickel amounts compared to M2SiO4 or MgMSiO4 (M = Co, Ni) compounds or CaCoxNi1- 

xSi2O6 solid solutions. Colloidal gels were obtained by adding an ammonia aqueous solution to the suspensions of 
precursors in aqua until pH = 10. Diopside structure began to develop at 800 ◦C and at 1000–1200 ◦C crys
tallinity and pink colour of materials (x ∕= 0) are optimal. In both CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) and 
MgCoxNi1-xSiO4 (0.0 ≤ x ≤ 1.0) solid solutions with diopside and olivine structures the position of the third 
transition of octahedral Co(II), 4T1 → 4T1(P), is centred into the green absorption range and the observed colour 
is pink. A higher red amount in diopside than in olivine structure can be explained by the minor width of band of 
this third transition (minor distortion of octahedral M1 site) and shorter mean M1-O distances (M = Ni, Co).   

1. Introduction 

Diopside finds technological applications in production of ceramic 
pigments [1]. The colour of materials with diopside structure is due to 
the presence of metal transition ions in their compositions. There are 
many advantages to synthesizing ceramic pigments using natural min
eral raw materials: the calcination temperature of the pigments de
creases, and raw-materials costs decrease. However, the nonuniform 
multiphase composition of the products is a problem for synthesis. 
Wollastonite, magnesium metasilicate, and forsterite are identified in 
addition to diopside [2]. The use of the gel method intensifies the syn
thesis of the crystalline diopside structure owing to a better homogeni
zation and averaging of the batch components at the mixing stage and 
also because of amorphization of wollastonite. The advantages of this 
method include the effective formation of diopside structure at rela
tively low temperatures (about 1100 ◦C) and the mineralizing effect of 
the chromophores on the crystallization of these minerals [3]. 

Ca(CoxMg1–x)Si2O6 compositions are potential pink-violet pigments 

[4,5]. These compositions are used in ceramic industry and synthesized 
from natural raw minerals to obtained unexpensive materials [2]. Using 
the structures of natural raw materials as the base structures, ceramic 
pigments with derivative crystal structures can be developed by mixing 
in pure oxides or other minerals. For example, the natural mineral 
wollastonite (CaSiO3) makes possible to obtain ceramic pigments with 
diopside structure with the addition of MgO, SiO2 and CoO (CoO or 
another chromophore oxide) and subsequent calcination at tempera
tures between 1100 and 1300 ◦C [2]. The diopside chain structure (CaO8 
and MgO6 linked by chains of SiO4 tetrahedrons) differs from the 
wollastonite chain structure (CaO8 linked by chains of SiO4 tetrahe
drons) only by the spatial arrangement of [SiO4

4− ] tetrahedrons. More
over, the presence of Mg2+ in the CaO⋅MgO⋅2SiO2 composition of 
diopside provides for more intense incorporation of pigment ions in its 
lattice, since the sizes of the pigment ions (Cr3+, Fe2+, Fe3+, Mn2+, Co2+, 
Ni2+, Cu2+) are close to the ionic radii of Mg2+ [6]. 

Structural information of CaMg1-xCoxSi2O6 solid solutions indicates 
than mean M1-O (M1 = Mg, Co) distances in C.N. = 6 are very short, 
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between 2.081 Å (in CaMgSi2O6) and 2.101 Å (in CaCoSi2O6) [4]. In 
CaCo1-xNixSi2O6 solid solutions mean M1-O (M1 = Co, Ni) distances are 
between 2.082 Å (in CaCoSi2O6) and 2.031 Å (in CaNiSi2O6) [7]. All of 
these values are shorter than 2.12 Å, the limit value that explains the 
pink or red colour of compound containing octahedral Co(II) ions when 
the mean M − O distance is lower than 2.12 Å (such as pink MgCox

Ni1-xSiO4 (0.25 ≤ x ≤ 1.0) solid solutions with olivine structure) and the 
colour blue, violet, purple or green of material when is greater than this 
value (such as the blue-violet Co2SiO4) [8]. Differences in experimental 
conditions from refeences generate small differences in mean M1-O (M1 
= Mg, Ni or Co) distances in bibliography. 

Structural information of CaMgSi2O6, CaNiSi2O6 and CaCoSi2O6 
with diopside structure are compared in Table 1. In CaMSi2O6 (M = Mg, 
Ni, Co) with diopside structure (monoclinic symmetry) Ca(II) occupies 
the M2 site and M the M1 site. In MgMSiO4 (M =Mg, Ni, Co) with olivine 
structure (orthorhombic symmetry) preference of Mg(II) for the M2 site 
and Co(II) and Ni(II) for M1 site is detected [8]. M1 site is smaller in 
diopside structure than in olivine structure for each chromophore ion 
and a higher bond strength modifies the colour of materials. So, an in
crease of red amount in colouration can be expected in CaCoSi2O6 
respect to MgCoSiO4. These solid solutions fired at 1200 ◦C could be 
used in ceramic industry because CaMgSi2O6 diopside is stable at high 
temperatures (melting at 1391 ◦C) [5], CaNiSi2O6 melts incongruently 
to give liquid phase between 1338 ◦C and 1420 ◦C [9] and CaCoSi2O6 
melts incongruently generating liquid phase in the 1165–1230 ◦C tem
perature range [9]. 

The presence of Mg(II) ions in CaMSi2O6 (M = Co(II), Mg(II), Ni(II)) 
solid solutions might enhance the work with a lower amount of Co(II) 
and Ni(II) ions than in CaCoSi2O6 and CaNiSi2O6. To the best of our 
knowledge, the development of colours in solid solutions including three 
divalent cations Mg(II), Ni(II) and Co(II) in M1 site of diopside structure 
have not been reported to date. 

In phosphate structures the amount of cobalt can be minimised with 
the partial substitution of Co(II) or Ni(II) by Mg(II). Thus, the colour of 
purple pigment with the Co3P2O8 structure can be obtained from the 
powdered Mg2.5Co0.5P2O8 composition fired at 1200 ◦C [10]. 
MgxCo3-xP2O8 (2.0 ≤ x ≤ 2.5) solid solutions were considered the 
optimal compositions with the Co3P2O8 structure for obtaining the 
characteristic cobalt blue in glazed tiles [10]. From glazed tiles prepared 
with 4% CoxNi3-xP2O8 (0.0 = x ≤ 3.0) materials fired at 1000 ◦C, 
yellowish brown, brown, green and blue colourations are obtained. 
These materials may be used in ceramic industry to avoid the loss of 
oxygen obtained with the use of Co(II) oxides [11]. As part of our 
ongoing research motivated by these previous reports, within this 
context we investigated the possible formation of 
CaMg0.5CoxNi0.5-xSi2O6 solid solutions with diopside structure to 
reduce the toxic and expensive amounts of cobalt and nickel. The aims of 
the study are to obtain the structural characterization of these fired 
materials, to monitor the evolution of the colour of these materials with 
composition and temperature, and to test the colouring in samples 

enamelled with a commercial glaze given that the obtained materials 
might be used by the ceramic industry. 

2. Experimental section 

CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions were synthe
sized from CaCl2⋅2H2O (Scharlau, extra pure), MgCl2⋅6H2O (Acros 
Organic, extra pure), Ni(NO3)2⋅6H2O (Acros Organic, 99%), Co 
(NO3)2⋅6H2O (Acros Organic, 99%) and SiO2 colloidal (Scharlau, pure), 
via the chemical co-precipitation method. 

Suspensions were prepared mixing the stoichiometric amount of 
SiO2 with water. After the stoichiometric amounts of CaCl2⋅2H2O, 
MgCl2⋅6H2O, Ni(NO3)2⋅6H2O and Co(NO3)2⋅6H2O, were added to these 
suspensions in continuous agitation. Green, brown or red suspensions 
obtained were vigorously stirred for 22 h at room temperature. The 
change of colour in suspensions depends of Ni(II):Co(II) ratio. Then, an 
ammonia aqueous solution (Panreac, 25%) was added with continuous 
stirring until reaching pH = 10. In these conditions, the solid amount 
increased, and the colour of the suspensions changed. Green suspension 
was obtained when x = 0 and dark bluish green suspensions when x > 0. 
The obtained materials were dried in air to evacuate only the water. The 
Si:Mg:Ni:Co molar ratio of the starting materials was preserved in this 
process. Green colloidal gels, solid material blocks formed by physical 
bonding of particles with solvent retention, were obtained. The colloidal 
gels were broken into smaller pieces to be placed in alumina crucibles 
and calcined at 300, 600, 800, 1000 and 1200 ᵒC for 6 h at each 
temperature. 

The development of the crystalline phases at different temperatures 
was studied by XRD. The resulting materials were examined using a 
Panalytical X-ray diffractometer (Malvern Panalytical, Almelo, The 
Netherlands) with CuKα radiation. To follow the development of the 
diopside crystalline phase, the crystallinity was calculated as C = [(Ia- 
Ib)/Ia]⋅100, where Ia is the background intensity around 29◦ 2θ and Ib is 
the intensity of the (− 221) diffraction maximum for diopside crystalline 
structure. This expression is an approximation that does not consider the 
different factors that contribute to the phenomenon of X-ray diffraction, 
but it does give us an approximate idea of the evolution of the crystalline 
phase with composition and temperature. Additionally, the percentage 
of crystallinity from 5◦ to 80◦ of titled composition phases at different 
temperatures were calculated using the diffractometer software. 

The unit cell parameters and interatomic distances in the developed 
structures were determined to investigate the possible formation of solid 
solutions under these synthesis conditions. A structure profile refine
ment was carried out via the Rietveld method (Fullprof.2k computer 
program) [12–14]. Diffraction patterns ranging between 6 and 110o (2θ) 
were collected employing monochromatic CuKα radiation, a step size of 
0.02o (2θ) and a sampling time of 10 s. Structural information of 
CaMgSi2O6 compound taken from the Inorganic Crystal Structure 
Database [15] was used as initial model in refinements. This database 
(ICSD) includes standard cell, standard space group, fractional atomic 

Table 1 
Unit cell and interatomic distances in CaMSi2O6 (M = Mg, Ni, Co) with diopside structure (monoclinic symmetry) and MgMSiO4 (M = Mg, Ni, Co) with olivine structure 
(orthorhombic symmetry).   

CaMgSi2O6 (ICSD- 
52359) 

Mg2SiO4 (ICSD- 
242067) 

CaNiSi2O6 (ICSD- 
202244) 

MgNiSiO4 (ICSD- 
92646) 

CaCoSi2O6 (ICSD- 
202245) 

MgCoSiO4 (ICSD- 
155359) 

a(Å) 9.7300 10.1989 9.7340 10.1870 9.8060 10.3986 
b(Å) 8.9100 5.9812 8.8910 5.9467 8.9500 6.0782 
c(Å) 5.2500 4.7561 5.2280 4.7396 5.2430 4.8204 
β(◦) 105.830 90 105.870 90 105.450 90 
M2-O 

(Å) 
2.339–2.816 
Mean: 2.507 

2.050–2.232 
Mean:2.138 

2.333–2.707 
Mean: 2.493 

2.047–2.197 
Mean: 2.117 

2.332–2.724 
Mean: 2.502 

2.082–2.263 
Mean: 2.165 

M1-O 
(Å) 

2.078–2.119 
Mean: 2.103 

2.066–2.130 
Mean: 2.088 

2.048–2.099 
Mean: 2.068 

2.067–2.116 
Mean: 2.087 

2.071–2.136 
Mean: 2.101 

2.106–2.192 
Mean: 2.146 

Si-O (Å) 1.538–1.752 
Mean: 1.605 

1.596–1.662 
Mean: 1.634 

1.586–1.680 
Mean: 1.635 

1.621–1.654 
Mean: 1.638 

1.588–1.684 
Mean: 1.635 

1.635–1.654 
Mean: 1.647  
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coordinates and other information on crystalline phases reported in the 
literature. 

The Co(II) and Ni(II) sites and the transfer charge bands in the 
samples were studied by UV–vis–NIR spectroscopy (diffuse reflectance). 
The ultraviolet visible near infrared (UV–vis–NIR) spectra in the 
200–2500 nm range were obtained using a Jasco V-670 spectropho
tometer. To test the colour developed in glazes, the compositions fired at 
1200 ◦C were 2% weight enamelled with a commercial glaze (SiO2 - 

Al2O3 - PbO - Na2O - CaO glaze) onto commercial ceramic biscuits. Many 
pigments are dissolved in this glaze. The colour of the material is lost or 
changes when this happens. Glazed tiles were fired for 15 min at 
1065 ◦C, subsequently obtained their UV–vis–NIR spectra. 

The CIE L*a*b* colour parameters on the fired samples: L* is the 
lightness axis (black (0) → white (100)), a* is the green (− ) → red (+) 
axis, and b* is the blue (− ) → yellow (+) axis [16] were obtained with a 
Jasco V-670 spectrophotometer (SP60, standard illuminate D65, an 
observer 10o, and a reference sample of MgO). The measurements were 
performed on powdered samples and on glazed tiles. Chroma (C* =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[(a∗)2
+ (b∗)2

]

√

) and tone (H* = tg− 1(b*/a*)) were calculate from 
measure values of a* and b*. Chroma is the attribute that expresses the 
purity of a colour. Tone (synonym for hue, colour, shade, and tint) is the 
dominant wavelength of light that a person can see (yellow, red, blue, 
green, etc.). Mixing a pure hue with other colour reduces its purity and 
lowers its chroma. 

XPS results indicating the oxidation states of the transition metals 
included in the studied composition were performed in a SPECS spec
trometer using Al Kα (1486.6 eV). 

Distribution of chemical elements in enamelled samples was studied 
by scanning electron microscopy (JEOL-6610LV) to test the dissolution 
or non-dissolution of the solid solutions prepared in the glaze. Micro
analysis and EDX mapping from enamelled samples were obtained. 

3. Results and discussion 

Table 2 shows the evolution of the crystalline phases with temper
ature in CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions. Diopside 
crystalline phase is detected at 800 ◦C, although a better crystallization 
(higher intensity) is obtained at 1000 and 1200 ◦C. The diopside (D) is 
the majority crystalline phase at these three temperatures. Traces of 
CaSiO3 parawollastonite (ICSD-30884, S.G.: P21/c) are also detected in 
these temperatures. Small amounts of MO (M = Ni, Mg) with NaCl 
structure or Mg2Si2O6 crystalline phases were also detected when x =
0.0 at 1000 ◦C or when x = 0.1 at 1000 and 1200 ◦C. At 1000 and 
1200 ◦C the diffraction maxima are very intense and narrow. So, the 
1000 and 1200 ◦C were considered adequate to work with these 
compositions. 

Fig. 1 shows the evolution of crystalline phases with temperature in 
CaMg0.5Co0.2Ni0.3Si2O6 (x = 0.2) composition. In it, the intensity of 
6795 u.a. for the diffraction maximum about 29.9◦ 2θ observed at 
800 ◦C increases with temperature (with intensities of 12943 and 14427 
u.a. at 1000 and 1200 ◦C respectively). This diffraction maximum cor
responds to (− 221) crystal plane of diopside and to (023) crystal plane 
of wollastonite. The other diffraction lines of wollastonite are less 
intense than this diffraction maximum about 30 ◦2θ. Considering the 
non-overlapping diffraction lines can be stated that the contribution of 
the wollastonite at the diffraction line about 30 ◦2θ is very small. 

The intensity ratio (I1/I2) of two diffraction lines about 29.5–30.0◦ 2θ 
(line with intensity I1) and 35.5–35.6◦ 2θ (line with intensity I2) are 
1.31 at 800, 1.45 at 1000 and 1.48 at 1200 ◦C in CaMg0.5Co0.2Ni0.3Si2O6 
(x = 0.2) composition. This ratio changes with composition in 

Table 2 
Crystalline phases in CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions.   

800 ◦C 1000 ◦C 1200 ◦C 

x = 0.0 D(m) D(s), W(vw), M(w) D(s), W(vw) 
x = 0.1 D(m), W(vw) D(s), W(vw), N(w) D(s), W(vw), N(w) 
x = 0.2 D(m), W(vw) D(s), W(vw) D(s), W(vw) 
x = 0.3 D(m) D(s), W(vw) D(s), W(vw) 
x = 0.4 D(m) D(s), W(vw) D(s), W(vw) 
x = 0.5 D(m) D(s), W(vw) D(s), W(vw) 

Crystalline phases: D = diopside, W = CaSiO3 (parawollastonite), M = MO (M =
Mg, Ni), N = Mg2Si2O6. 
Diffraction peak intensity: s = strong, m = medium, w = weak, vw = very weak. 

Fig. 1. Evolution of crystalline phases with temperature in CaMg0.5Co0.2Ni0.3

Si2O6 composition (D: diopside structure, W: CaSiO3). 
Table 3 
Calculated values of crystallinity I (− 221) and 5–80◦ (percentage) at different 
burning temperatures of CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions.  

X Crystallinity, 29.5◦–29.9◦ 2θ 
% 

Crystallinity, 5⁰- 80⁰ 2θ (%) 

800 ◦C 1000 ◦C 1200 ◦C 800 ◦C 1000 ◦C 1200 ◦C 

0.0 75.3 87.9 90.0 76.4 86.2 87.7 
0.1 74.5 85.4 87.6 78.9 84.9 85.8 
0.2 76.5 87.3 89.2 81.9 86.1 86.9 
0.3 77.5 88.0 88.9 79.2 86.3 86.8 
0.4 81.6 89.1 89.4 81.1 86.7 86.4 
0.5 85.7 88.5 88.7 81.3 86.7 85.5  
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compounds with diopside structure. This ratio is 2.16 from CaMgSi2O6 
(ICSD-52359), 1.26 from CaNiSi2O6 (ICSD202244), 1.07 from CaCo
Si2O6 (ICSD-202245), 1.09 from CaMg0.31Co0.69Si2O6 (ICSD-263511) 
and 1.24 from CaMg0.55Ni0.45Si2O6 (ICSD-69383). So, the increasing 
from 1.31 to 1.48 seems to be in accordance with a higher incorporation 
of Mg(II) ions at 1000 and 1200 ◦C than at 800 ◦C because this intensity 
ratio is the highest in diopside CaMgSi2O6. A higher amount of Mg(II) 
ions might be also in amorphous phase at temperatures smaller than 
1000 ◦C than at temperatures higher than 1000 ◦C. 

Based on the (− 221) crystal plane of diopside between 2θ of 29.5 and 
29.9◦, and the background intensity around 2θ of 29◦, the crystallinity 
index was calculated for the CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) 
compositions (Table 3). The smallest crystallinity is obtained from 
CaMg0.5Ni0.5Si2O6 (x = 0.0) composition at 800 ◦C and it increases with 
temperature and x. When x = 1.0, the values of crystallinity are com
parable at the three temperatures. The presence of Ni(II) in compositions 
decreases the crystallinity respect to CaMg0.5Co0.5Si2O6, mainly at 
800 ◦C. The crystallinity obtained from the 5–80◦ 2θ range is smaller 

than the calculated from the maximum between 29.5 and 29.9◦ 2θ at 
1000 and 1200 ◦C from all compositions and at 800 when x ≥ 0.4. 
Differences between the crystallinity calculated in a narrow or wide 
range of 2θ is <6 % at 800 ◦C and <3,3 % at 1000 and 1200 ◦C. So, both 
forms provide a qualitative evolution of crystallinity with values from 75 
% to 90 % in these compositions and temperatures. Furthermore, the 
percentage of crystallinity from 5 to 80◦ (2θ) of CaMg0.5CoxNi0.5-xSi2O6 
at different compositions and temperatures confirmed that the crystal
linity increases with the increment of burning temperature as presented 
in (Table 3). 

The evolution of crystallinity (obtained from the maximum between 
29.5 and 29.9◦ 2θ) with composition and temperature is shown in Fig. 2. 
This figure shows than in these compositions crystallinity is lower at 
800 ◦C than at 1000 and 1200 ◦C. At 800 ◦C increases with x (with Co(II) 
amount). A slight increase with x is detected at 1000 ◦C and no signif
icant changes are observed at 1200 ◦C. 

The crystalline structure of CaMgSi2O6 diopside with monoclinic 
structure, Z = 4, Space Group: C2/c (nº 15), contains Ca(II) and Mg(II) 
ions sited in 4e special positions (0, y, ¼) alternating along b direction 
with CN = 8 (M2 site) and CN = 6 (M1 site) respectively [15] 
(ICSD-52359). Si(IV) and three different crystallographic O(-II) ions are 
located in 8f general positions forming chains of tetrahedra SiO4 which 
are linked to the CaO8 and MgO6 polyhedra. In the c-axis direction, CaO8 
polyhedra share edges with each other to form chains, MgO6 polyhedra 
also share edges with each other to form chains in this direction, but 
SiO4 tetrahedra only share vertices forming zig-zag chains in the c di
rection. In the direction of the b axis, some edges are also shared be
tween the CaO8 and MgO6 polyhedra, leaving these polyhedra 
alternating in this direction. Fig. 3 shows the diopside structure. In 
Fig. 3a the unit cell has been extended in b direction to highlight the 
alternance of Ca(II) and M1(II) in this direction. The structure was 
drawn with the Studio program [12–14] from CaMgSi2O6, ICSD-52359 
data. Ca-O bonds shorter than 2.8 Å, M1-O (M1 = Mg, Co, Ni) bonds 
shorter than 2.2 Å and Si-O bonds shorter than 1.8 Å are shown in Fig. 3 

Fig. 2. Evolution of crystallinity with composition and temperature.  

Fig. 3. Two unit cells of diopside structure showing alternance of Ca(II) and M1(II) in the b direction. (a) Ca-O bonds, (b) M1-O bonds (c) and Si-O bonds (d) in 
diopside structure. M1 = Mg, Co, Ni. 
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(b), (c), and (d) respectively (Table 1). 
In diopside structure, M2 is usually occupied by large Ca2+ cations 

and M1 is usually occupied by smaller cations such as Mn2+, Fe2+, Mg2+, 
Fe3+, Ni2+ or and Co2+. Co2+ can be sited in M2 site only when com
positions are Ca2+ deficient such as (Ca0.2Co0.8)CoSi2O6 and in it can 
change from C2/c to the P21/c symmetry [4,17]. 

A good structure profile fit from the CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x 
≤ 0.5) compositions fired at 1000 and 1200 ◦C was obtained with Ca(II) 
sited in M2 and Mg(II), Co(II) and Ni(II) sited in M1. The occupation of 
this M1 position was considered distributed proportionally to the stoi
chiometry of the composition. So, results are in accordance with the 
occupation of Ni(II) and Co(II) in M1 site together Mg(II) ions and no 
occupation of these ions in M2 site (Ca(II) site) is detected. The unit cell 
parameters and Ca-O, M1-O (M = Mg, Ni, Co) and Si-O interatomic 
distances were obtained with the diffraction profile refinement by the 
Rietveld method including these considerations. Fig. 4 shows graphical 
results of the diopside structure profile refinement carried out via the 
Rietveld method in x = 0, x = 0.3 and x = 0.5 compositions at 1200 ◦C. 
Bragg position marks to diopside structure are included in Fig. 4. Traces 
of CaSiO3 were not considered in refinements at this temperature. 

Table 4 shows unit cell parameters and volume in diopside structure 
obtained for CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions at 
1000 and 1200 ◦C. No significant variations between 1000 and 1200 ◦C 
were obtained. In both temperatures, a and b unit cell parameters in 
diopside structure increase with x in accordance with the replacement of 
Ni(II) by the bigger Co(II) (in octahedral coordination the Ni(II) radius is 
0.830 Å and the high spin Co(II) radius 0.885 Å [18]). The c unit cell 
parameter also increases but the variation is very small. The β angle 
closes slightly as x increases (β(CaNiSi2O6) = 105.87◦, β(CaCoSi2O6) =
105.45◦, Table 1). The variation of unit cell parameters with composi
tion (x) indicates the formation of solid solutions with diopside 
structure. 

Fig. 5 compares the values of the unit cell parameters at 800, 1000 
and 1200 ◦C. Differences in a, b and β parameters are detected in values 
at 800 ◦C and 1000 or 1200 ◦C. This fact and the lower intensity in 
diffractograms indicate that crystallization of diopside has not finished 
at 800 ◦C (Fig. 2). The variation of unit cell parameters with x is lineal 
according to Vegard’s law indicating the random distribution of Mg(II), 
Ni(II) and Co(II) in M1 site when solid solutions are formed. The vari
ation of b parameter is not parallel at different temperatures and the 
smallest value from x = 0.0 at 800 ◦C indicate the smallest average 
radius in M1 site. In octahedral coordination the Mg(II) radius is 0.860 
Å, the Ni(II) radius 0.830 Å and the high spin Co(II) radius 0.885 Å [18]. 
From these values, the b parameter of CaMg0.5Ni0.5Si2O6 (x = 0.0) 
smaller at 800 ◦C than at 1200 ◦C can be explained by the incorporation 
of a higher amount of Ni(II) ions than Mg(II) ions in diopside structure at 
this temperature. So, the non-crystalline phase is enriched by Mg(II). 
This result was also detected from intensities ratio of the two more 
intense diffraction lines in diopside structure in fired CaMg0.5Co0.2

Ni0.3Si2O6 (0.2) composition discussed above. 
Fig. 6 shows the interatomic distances of CaMg0.5CoxNi0.5-xSi2O6 

(0.0 ≤ x ≤ 0.5) solid solutions with diopside structure at 1200 ◦C. Small 
variations with composition are observed in each distance. This figure 
shows the difference between the four large Ca-O3 distances with 
respect to the other four Ca-O1 and Ca-O2 distances in M2 site. Distor
tion of octahedral M1 site, with two M1-O1 and two M1-O2 distances 
shorter than the other two M1-O1 distances, is maintained with the 
variation of the composition. All M1-O distances obtained fall within the 
range 2.05–2.14 Å. In this structure, distortion in the tetrahedral site is 
greater than in the octahedral site. 

Fig. 7 shows UV–vis–NIR spectra of Co3O4 with spinel structure 
(commercial raw material) and CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) 
compositions at 600 and 800 ◦C. At 600 ◦C, bands are poorly defined and 
spectra is similar to Co3O4 spectra in compositions with a higher initial 
Co(II) amount. So, in these compositions, the absorbance in all the 
wavelengths (grey colour) is associated with the presence of Co3O4. 

Fig. 4. The diffraction profile refinement of diopside structure from 
CaMg0.5Ni0.5-xCoxSi2O6 (x = 0.0, 0.3, 0.5) compositions fired at 1200 ◦C by 
Rietveld’s method. 

Table 4 
Unit cell parameters and volume in CaMg0.5Ni0.5-xCoxSi2O6 compositions.  

T (◦) x a (Å) b (Å) c(Å) β (◦) V (Å3) 

1000 0.0 9.7439 
(2) 

8.9176 
(2) 

5.2385(1) 105.851(1) 437.88(2) 

1000 0.1 9.7528 
(2) 

8.9218 
(2) 

5.2374(1) 105.779(1) 438.54(2) 

1000 0.2 9.7569 
(1) 

8.9283 
(1) 

5.2426(7) 105.779(8) 439.49(1) 

1000 0.3 9.7652 
(1) 

8.9330 
(9) 

5.2452(6) 105.741(7) 440.391 
(8) 

1000 0.4 9.7693 
(1) 

8.9369 
(1) 

5.2471(6) 105.710(7) 440.998 
(9) 

1000 0.5 9.7749 
(1) 

8.9429 
(1) 

5.24851 
(7) 

105.6914 
(8) 

441.70(1) 

1200 0.0 9.7429 
(1) 

8.9196 
(1) 

5.23806 
(6) 

105.833(6) 437.935 
(9) 

1200 0.1 9.7510 
(2) 

8.9220 
(2) 

5.2374(1) 105.790(1) 438.45(1) 

1200 0.2 9.7563 
(1) 

8.9289 
(1) 

5.24215 
(7) 

105.7809 
(8) 

439.45(1) 

1200 0.3 9.7626 
(1) 

8.9329 
(1) 

5.2438(6) 105.7412 
(7) 

440.150 
(9) 

1200 0.4 9.7691 
(1) 

8.9378 
(1) 

5.24602 
(6) 

105.7065 
(7) 

440.948 
(8) 

1200 0.5 9.7748 
(1) 

8.9437 
(2) 

5.24779 
(6) 

105.6771 
(7) 

441.707 
(9)  
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Co3O4 with spinel structure contains tetrahedral Co(II) ions and octa
hedral Co(III) (ICSD-624573). 4A2 → 4T1(P) transition of tetrahedral Co 
(II) ions, 1A1 → 1T1 and 1A1 → 1T2 transitions of octahedral Co(III) ions 
can be assigned to absorbances about 450 and 700 nm. In these wave
lengths also is described the presence of O2− - Co2+ (~410 nm) and O2− - 
Co3+ (~720 nm) charge transfer bands [19]. The strong absorbance 
between 1250 and 1500 nm can be assigned to octahedral Co(II) and it is 
in accordance with the disordered spinel at high temperature (T >
912 ◦C): (Co2+

1-x Co3+
x )[Co2+

x Co3+
2-x]O4 [20]. At 800 ◦C, bands are defined 

in spectra and bands can be assigned to octahedral Ni(II) and Co(II) ions 
in the diopside structure. Bands at 1226, 774 and 422 nm are assigned to 
3A2 → 3T2(F), 3A2 → 3T1(F) and 3A2 → 3T1(P) transitions in octahedral Ni 
(II). Bands at 1338, 705 and 538 nm are assigned to 4T1 → 4T2, 4T1 → 4A2 
and 4T1 → 4T1(P) transitions in octahedral Co(II). Crystallization of 
diopside structure is detected at this temperature and the colour of 
samples changes from grey at 600 ◦C (due to the presence of Co3O4) to 
violet-pink (0.1 ≤ x ≤ 0.4) or pink (x = 0.5) at 800 ◦C (due to the 
presence of diopside structure) when x ∕= 0.0. The colour of samples 
containing Co(II) ions is also pink at 1000 and 1200 ◦C. Bands assigned 
to octahedral Ni(II) and Co(II) ions in the diopside structure are also 
detected when temperature increases. Position of these bands at 1000 
and 1200 ◦C is similar to those obtained at 800 ◦C (Fig. 8). The 
maximum absorbance is detected at 1200 ◦C. The difference between the 
smallest and longest Co-O distances is minor in diopside structure than 
in olivine structure (0.065 Å in CaCoSi2O6 and 0.086 Å in MgCoSiO4, 
Table 1). This minor distortion of the CoO6 octahedra in diopside 
structure is observed as a minor width of band assigned to the third 
transition of octahedral Co(II), 4T1 → 4T1(P), that in CaMg0.5Cox

Ni0.5-xSi2O6 solid solutions with diopside structure appears between 460 
and 580 nm, while in MgCoxNi1-xSiO4 solid solutions with olivine 

Fig. 5. Unit cell parameters of diopside structure in CaMg0.5Ni0.5-xCoxSi2O6 compositions fired at 800, 1000 and 1200 ◦C.  

Fig. 6. Interatomic distances of CaMg0.5CoxNi0.5-xSi2O6 solid solutions with 
diopside structure at 1200 ◦C. M1 = Mg(II), Ni(II) and Co(II). 

M.A. Tena et al.                                                                                                                                                                                                                                 



Ceramics International xxx (xxxx) xxx

7

structure this band appears between 450 and 600 nm [8]. So, the posi
tion of this band is centred into the green absorption range and the 
observed colour is pink (Fig. 8) and in MgCoxNi1-xSiO4 solid solutions 
with olivine structure due to the extension of this band to yellow 

absorption range, the observed colour is pink with a violet hue [8]. 
Figs. 9 and 10 show the XPS spectra obtained from samples fired at 

1200 ◦C in 845–885 eV (Ni 2p) and 765–810 eV (Co 2p) respectively. At 
slightly higher energy than the energy of peaks 2p1/2 and 2p3/2 a sat
ellite is assigned according to literature [21]. Two peaks corresponding 
to 2p1/2 and 2p3/2 can be observed in these spectra. The Ni 2p1/2 peak 
and the Ni 2p3/2 peak (Fig. 9) can be deconvoluted in two peaks in 0 ≤ x 
≤ 0.2 compositions containing a higher Ni amount. The Ni2p satellite 
peak is unaffected by the nature of ligand whereas the main peak is 
strongly affected but the Ni2p main line binding energy reflects the 
energetic properties of the ligand [22]. So, the presence of the maximum 
of these subpeaks at 873 and 870 eV from Ni 2p1/2 and at 856 and 852.5 
eV from Ni 2p3/2 in these compositions can be related with two different 
contributions of the oxide ions in the diopside structure. The binding 
energy splitting is reported from NiO (855.6 and 854 eV) [21]. The 

Fig. 7. UV–vis–NIR spectra of spinel Co3O4 and CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤
x ≤ 0.5) compositions at 600 ◦C and 800 ◦C. Ni(II) CN = 6: (F) 3A2 → 3T2(F), (S) 
3A2 → 3T1(F), (T) 3A2 → 3T1(P). Co(II) CN = 6: (1) 4T1 → 4T2, (2) 4T1 → 4A2, (3) 
4T1 → 4T1(P). Co(II) CN = 4 (tetrahedral coordination): (4) 4A2 → 4T1(P). Co 
(III) CN = 6: (5) 1A1 → 1T1, (6) 1A1 → 1T2. 

Fig. 8. UV–vis–NIR spectra of CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid 
solutions at 1000 ◦C and 1200 ◦C. Ni(II) CN = 6: (F) 3A2 → 3T2(F), (S) 3A2 → 
3T1(F), (T) 3A2 → 3T1(P). Co(II) CN = 6: (1) 4T1 → 4T2, (2) 4T1 → 4A2, (3) 4T1 
→ 4T1(P). 

Fig. 9. Peak fitting result of Ni 2p1/2 and Ni 2p3/2.  

Fig. 10. Peak fitting result of Co 2p1/2 and Co 2p3/2.  
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deconvolution of the Co 2p1/2 peak and the Co 2p3/2 peak can be 
observed from Fig. 10. The subpeaks at 797.5 and 790 eV from Co 2p1/2 
and at 781 and 773 eV from Co 2p3/2 could indicate the presence of a 
small amount of Co(III) in compositions [21]. 

Fig. 11 shows the UV–vis–NIR spectra in glazed tiles prepared with 
2% CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions fired at 

1200 ◦C. The increase of absorbance at 455–695 nm with the presence of 
a new band at 657 nm is observed in the enamelled samples spectra 
when x > 0.0 (in all samples containing cobalt). This band can be 
assigned to tetrahedral Co(II) ion, 4A2 → 4T1 (P), and is responsible for 
the blue component in the colour of the enamelled samples. Band at 425 
nm assigned to third transition of octahedral Ni(II), 3A2 → 3T1(P), is 
responsible for the yellow component in the colour of the enamelled 
samples. So, enamelled samples when 0.1 ≤ x ≤ 0.2 are green and when 
0.3 ≤ x ≤ 0.5 are blue. The lower absorbance in λ > 725 nm than in λ <
725 nm is in accordance with the dissolution of the solid solutions in 
glazes. The first transition of octahedral Ni(II) in the enamelled 
CaMg0.5Ni0.5Si2O6 composition and the second transition of octahedral 
Co(II) in the enamelled CaMg0.5Co0.5Si2O6 composition are indistin
guishable from spectra. So, these CaMg0.5CoxNi0.5-xSi2O6 solid solutions 
might be used as pink pigments in paints and to obtain green or blue 
materials in ceramic industry. These solid solutions contain lower 
amounts of the toxic and expensive of nickel and cobalt than Ni2SiO4 
and Co2SiO4 and develop deep colours in glazes. 

The evolution of the colour of CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) 
solid solutions is shown in Fig. 12. The green (x < 0.3) or brown (x ≥
0.3) colour of colloidal gels turns yellow (x = 0.0) or blue (0.2 ≤ x ≤ 0.5) 
at 300 ◦C. At 600 ◦C, beige (x = 0.0), brown (x = 0.1) and grey colour 
were obtained in compositions. The grey colour can be associated with 
the presence of Co3O4 in these compositions with a strong charge 
transfer band in visible spectra (Fig. 7). The colour of samples with x >
0.0 turns violet-pink (0.1 ≤ x ≤ 0.4) or pink (x = 0.5) at 800 ◦C. This 
change of colour coincides with a better band definition in spectra 

Fig. 11. UV–vis–NIR spectra of enamelled samples with 2% of CaMg0.5CoxNi0.5- 

xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions fired at 1200 ◦C. Ni(II) CN = 6: (F) 3A2 → 
3T2, (S) 3A2 → 3T1, (T) 3A2 → 3T1(P). Co(II) CN = 6: (1) 4T1 → 4T2, (2) 4T1 → 
4A2, (3) 4T1 → 4T1(P). Co(II) CN = 4 (tetrahedral coordination): (4) 4A2 
→ 4T1(P). 

Fig. 12. The colour images of prepared dried gels and fired CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) compositions. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

M.A. Tena et al.                                                                                                                                                                                                                                 



Ceramics International xxx (xxxx) xxx

9

(Fig. 7) and the presence of diopside as main crystalline phase in XRD 
(Table 2 and Fig. 1). At 1000 and 1200 ◦C all compositions with x > 0.0 
are pink materials. This pink solid solutions show well defined bands in 

spectra (Fig. 8) and strong intensity of diopside crystalline phase in XRD 
(Table 2 and Fig. 4). 

Table 5 shows the evolution of CIE L*a*b* parameters, chroma (C*), 

Table 5 
CIE L*a*b* parameters, chroma (C*), hue (H*) and observed colour from CaMg0.5CoxNi0.5-xSi2O6 compositions.  

x  Colloidal gels 300 ◦C 600 ◦C 800 ◦C 1000 ◦C 1200 ◦C 

0.0 L* 50.07 45.58 82.50 89.91 94.49 92.31 
a* − 22.21 − 29.73 +0.69 − 1.71 − 3.44 − 5.18 
b* +9.75 +20.61 +13.10 +8.32 +5.54 +7.71 
C* 24.26 36.18 13.12 8.49 6.52 9.29 
H* 156.30 145.27 86.89 101.62 121.84 123.90 
Colour Green Yellow Beige Yellow Yellow Pale green 

0.1 L* 43.21 27.34 70.88 81.23 90.57 89.08 
a* − 7.71 − 6.67 +1.24 +0.12 +2.55 +2.68 
b* +15.99 +2.60 +7.09 − 0.75 +0.77 +0.65 
C* 17.75 7.16 7.20 0.76 2.66 2.76 
H* 115.74 158.71 5.72 279.09 16.80 13.63 
Colour Dark green Green Brown Violet-Pink Pink Pink 

0.2 L* 36.15 26.94 75.83 83.11 87.52 83.63 
a* − 1.92 − 0.24 − 0.38 +4.22 +5.17 +8.80 
b* +14.10 − 1.47 +0.38 − 5.28 − 2.35 − 1.55 
C* 14.23 1.49 0.54 6.76 5.68 8.94 
H* 97.76 260.73 135 308.63 359.54 350.01 
Colour Dark green Blue Grey Violet-Pink Pink Pink 

0.3 L* 26.47 26.00 73.88 84.42 86.14 83.02 
a* +2.14 +1.44 − 0.49 +6.27 +8.12 +13.27 
b* +10.95 − 5.45 − 2.74 − 7.90 − 5.04 − 5.46 
C* 11.16 5.64 2.78 10.09 9.56 14.35 
H* 78.94 284.8 259.86 308.44 328.17 337.63 
Colour Brown Blue Grey Violet-Pink Pink Pink 

0.4 L* 32.93 22.80 70.73 83.91 83.82 77.49 
a* +6.09 +1.42 − 0.85 +10.17 +10.44 +16.89 
b* +11.71 − 5.02 − 4.54 − 8.70 − 6.51 − 9.28 
C* 13.20 5.22 4.62 13.38 12.30 19.27 
H* 62.52 285.8 259.39 319.45 328.05 331.22 
Colour Brown Blue Grey Violet-Pink Pink Pink 

0.5 L* 30.96 34.69 63.78 83.74 83.57 74.59 
a* +8.24 +2.08 − 1.79 +18.81 +13.91 +18.35 
b* +9.38 − 9.46 − 5.84 − 13.79 − 9.53 − 15.91 
C* 12.49 9.69 6.11 23.32 16.86 24.29 
H* 48.70 282.4 252.96 323.76 325.59 319.08 
Colour Brown Blue Dark grey Pink Pink Pink  

Fig. 13. CIE a* and b* colour parameters from CaMg0.5CoxNi0.5-xSi2O6 solid solutions with diopside structure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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hue (H*) and observed colour with composition and temperature of 
powdered CaMg0.5CoxNi0.5-xSi2O6 compositions. The variation of C* 
shows a minimal value in composition with x = 0.2 at T < 800 ◦C 
(diopside structure is not detected at these temperatures) and in 
composition with x = 0.1 at T ≥ 800 ◦C (diopside structure is developed 
at these temperatures). At T ≥ 800 ◦C, yellow and green colours are 
observed when x = 0.0 (H* between 60 and 120◦, between yellow and 
green) and pink colour when x ∕= 0 (H* between 0 and 60◦, between red 
and yellow colours or H* between 300 and 360◦, between pink and red 
colours). When x ∕= 0, the a* colour parameter (red amount (+)) in
creases with both composition (x) and temperature while b* colour 
parameter (yellow (+) to blue(− )) decreases with x. So, red and blue 
amount increases when Co(II) amount increases in these diopside solid 
solutions (Fig. 13). Pink is the observed colour due to the absorbance of 
the third transition of octahedral Co(II) responsible of the red colour 

(4T1 → 4T1(P) at 538 nm) is highest. This pink colour is due to a mixture 
of red and white colours. Prepared compositions in this study include a 
maxima amount of 0.5 mol of Co(II) in octahedral site of diopside 
structure (red colour) and 0.5 mol of Mg(II) in the same position (white 
colour). Comparing pink colours of MgCoxNi1-xSiO4 and CaMg0.5

CoxNi0.5-xSi2O6 solid solutions with olivine [8] and diopside (in this 
study) structures, the pink obtained with the diopside structure has a 
greater red amount than the pink obtained with the olivine structure 
with a smaller Co(II) amount in diopside structure. This fact can be 
explained by the mean M − O distance and octahedral distortion smaller 
in diopside structure than in olivine structure. 

Table 6 includes CIE L*a*b* parameters, chroma (C*), hue (H*) and 
observed colour in CaMg0.5CoxNi0.5-xSi2O6 enamelled samples. The 
variation of C* shows a minimal value in composition with x = 0.2 and 
H* values are between 60◦ (yellow) and 120◦ (green) when x ≤ 0.20 and 
between 240◦ (violet) and 300◦ (pink) when x ≥ 0.3 (Fig. 13). Green and 
blue colourations obtained when solid solutions were dissolved in the 
commercial glaze tested are similar to those obtained in the MgNiSiO4 - 
MgCoSiO4 and Ni2P2O7 - Co2P2O7 systems [8,23]. In Mg3P2O8 - Co3P2O8 
system similar blue component is obtained although the red component 
is smaller than those obtained in this study [10]. 

Fig. 14 shows the distribution of Si, Ni and Co obtained by SEM/EDX 
mapping analysis on enamelled samples with 2% of CaMg0.5CoxNi0.5- 

xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions fired at 1200 ◦C. Particles rich in Si 
can be observed but both Ni and Co are homogeneously distributed in 
samples according with their diffusion in glaze. The colour of the 
enamelled samples is attributed to Co(II) and Ni(II) ions in the glaze. 

Table 6 
CIE L*a*b* colour parameters, chroma (C*), hue (H*) and observed colour from 
glazed tiles obtained from CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions 
fired at 1200 ◦C.  

x L* a* b* C* H* Observed colour 

0.0 48.46 +12.82 +37.76 39.88 71.25 Beige 
0.1 36.44 +2.76 +17.15 17.37 80.86 Brownish green 
0.2 25.98 − 0.28 +2.32 2.34 96.88 Dark green 
0.3 22.06 +0.82 − 8.11 8.15 275.77 Dark blue 
0.4 22.23 +3.77 − 15.97 16.41 283.28 Dark blue 
0.5 16.06 +11.09 − 26.99 29.18 292.34 Dark blue  

Fig. 14. Distribution of Si, Ni and Co in enamelled samples, with 2% of CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions fired at 1200 ◦C, obtained by SEM/EDX 
mapping analysis. 
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Colour in CaMg0.5CoxNi0.5-xSi2O6 enamelled samples is comparable 
to the enamelled samples with 2% MgCoxNi1-xSiO4 solid solutions with 
olivine structure [13] but clarity in enamelled samples with 2% 
CaMg0.5CoxNi0.5-xSi2O6 solid solutions with diopside structure is higher 
in these last one. The smaller Co(II) and Ni(II) amount can explain this 
higher clarity and CaMg0.5CoxNi0.5-xSi2O6 pigments with diopside 
structure might be used in ceramic industry. For example, %-weight of 
Co(II) in CaMg0.5Co0.5Si2O6 composition is 12.6 while in MgCoSiO4 
composition is 33.7, although the decrease of Co(II) amount is possible 
in both structures with an increase of Mg(II) amount. These composi
tions might to avoid problems to work with great amounts of Co(II) or Ni 
(II) in the ceramic industry process obtaining intense green and blue 
colours. The use of a smaller amount of Co(II) and Ni(II) also to make 
less expensive the production of the pigments that developed similar 
colourations in enamelled samples. Authors think that the optimization 
of composition of the pigments is better than the decrease of the % of 
pigment added to frits, glazes or inks. 

4. Conclusions 

CaMg0.5CoxNi0.5-xSi2O6 (0.0 ≤ x ≤ 0.5) solid solutions with diopside 
structure were synthesized at 1000 and 1200 ◦C. The variation of unit 
cell parameters with x is lineal according to Vegard’s law indicating the 
random distribution of Mg(II), Ni(II) and Co(II) in M1 site when solid 
solutions are formed. At 1200 ◦C, a slight increase of the interatomic 
distances in diopside structure with composition is observed (mean M1- 
O distances between 2.085 Å for x = 0.0 and 2.098 Å for x = 0.5). 
Distortion of octahedral M1 site in diopside structure is lower than in 
olivine structure and it is maintained with the variation of the 
composition. 

Crystallization of diopside structure is accompanied by change of the 
colour in samples from grey at 600 ◦C (due to the presence of Co3O4) to 
violet-pink (0.1 ≤ x ≤ 0.4) or pink (x = 0.5) at 800 ◦C (due to the 
presence of diopside structure) when x ∕= 0.0. The colour of samples 
containing Co(II) ions is also pink at 1000 and 1200 ◦C because the 
position of the third transition band of octahedral Co(II), 4T1 → 4T1(P), is 
centred into the green absorption range (red colour observed with H* 
between 350.01◦ and 319.08◦ and a* between + 8.80 and +18.35 for x 
= 0.2 and x = 0.5 respectively). 

Green and blue colourations were obtained from CaMg0.5CoxNi0.5- 

xSi2O6 enamelled samples. These colourations are similar to those ob
tained in the MgNiSiO4 - MgCoSiO4 and Ni2P2O7 - Co2P2O7 systems 
when solid solutions were dissolved in the commercial glaze tested. The 
CaMg0.5CoxNi0.5-xSi2O6 pigments with diopside structure might be used 
in ceramic industry with a 12.6 %-weight of Co(II) in CaMg0.5Co0.5Si2O6 
composition while in MgCoSiO4 composition is 33.7 %-weight of Co(II). 
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