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A B S T R A C T

A simplified precipitation route involving silica hydrogel produced from serpentine-group min-
erals has been applied for pigment synthesis through the heat treatment of intermediates
precipitated in the liquid phase, including H₂O, NaOH, ZnCl₂, NiCl₂, and the silica hydrogel
mentioned. Investigations have shown that this method is applicable for Zn2-xNixSiO4 composi-
tions when x does not exceed 1.0 and pigments coloration in different blue or green hues is
defined by certain proportions of phases crystallized in final products on heating from 900 up to
1200 ◦C, namely, α-Zn2SiO4 representing nickel-doped willemite, nickel oxide NiO and lie-
benbergite Ni2SiO4. The modification of the applied method has allowed performing the inter-
action between the reagents when x exceeds 1.0 thereby increasing the yield of Ni2SiO4 phase in
the products heated at 1200 ◦C from 70 up to about 90 (±4) % that actually remains un-
changeable for x = 1.2 – 1.6. Liebenbergite increasing improves the color performance and sta-
bility of the synthesized green pigments in glaze.

1. Introduction

In comparison to cobalt-doped willemite Zn2-xCoxSiO4 (x≤ 0.5) representing an excellent blue pigment with a low concentration of
toxic cobalt, nickel-doped willemite system Zn2-xNixSiO4 is less studied [1–13]. A limited number of papers devoted to Zn2-xNixSiO4
synthesis and investigation report that either blue or green pigments can be produced via variation of nickel concentration introduced
into initial systems due to different proportions of nickel-doped willemite α-Zn2SiO4 and nickel silicate Ni2SiO4 formed in final
products [1–6,11]. Nickel lower amount yields willemite phase formation, whereas nickel higher content promotes Ni2SiO4 synthesis
[3]. The latter called liebenbergite is classified as olivine green pigment [14]. It should be noted that liebenbergite is difficult to
produce [15–19]. Conventionally, its production requires high temperature heat treatment (1200–1400 ◦C) lasting for hours regardless
of silica SiO2 sources or routes whether it be ceramic, hydrothermal or geopolymerization methods [16,18,19]. Ni-doped willemite
pigments synthesized via solid-state reaction method are also finally crystallized at high temperatures (about 1300 ◦C) maintained for
several hours [7,11]. One of the ways of reducing this temperature up to 1000–1200 ◦C is either a mineralizer addition or replacement
of commercial silica sources with industrial wastes such as rise husk ash or waste foundry sand [3–6]. An alternative option through
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sol-gel processing suggests to use tetraethoxysilane (TEOS) Si(OC2H5)4 as a source of silica SiO2 for both Zn2-xNixSiO4 [1,2,8–10,12,13]
and Ni2SiO4 productions [15,17]. But this approach does not essentially simplify the procedures and conditions of their manufacturing
either since it requires either durable intermediates preparation (12–48 h) [1,8,9] frequently combined with combustion or ultrasonic
assistance [10,12,13,15] or long high-temperature calcination (5–6 h) [2,17]. It should be noted that one of the obligatory conditions
for the mentioned methods related with TEOS is the involvement of additional reagents, particularly organic ones (ethanol C2H5OH,
acetates, polyethylene glycol, diformyl hydrazine C2H4N2O2, tetraethylenepentamine, glucose) that complicates the whole procedure
of Zn2-xNixSiO4 and Ni2SiO4 syntheses and has relevant implications involving additional costs related with technological and
ecological problems.

In this regard, Zn2-xNixSiO4 and Ni2SiO4 compounds are expected to be produced at milder conditions via the precipitation route
based on using silica hydrogel representing a co-product of serpentinites processing [20]. This expectation is encouraged by the
promising results of the previous study devoted to Zn2-xCoxSiO4 production [21]. The findings obtained evidence that the involvement
of this silica hydrogel in the precipitation stage does not only facilitate intermediates preparation and decrease the duration and
temperatures of heat treatment for obtaining Zn2-xCoxSiO4 compounds but also allows avoiding the drawbacks related with TEOS and
producing competitive blue pigments [21]. The advantage of this SiO2-containing reagent over the rest of silicon dioxide sources is
explained by the structural particularities of amorphous silica composing this hydrogel [22,23].

From the above reasoning, the precipitation method suggested was decided to apply for the introducing nickel ions in willemite
structure. X-ray diffraction (XRD) study, Fourier transform infrared reflection (FTIR) spectroscopy, UV visible spectroscopy and Lab-
color measurements as well as scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were involved for the
investigation of both the intermediates precipitated and final products synthesized. A great attention was given to understanding
factors responsible for colors variations and thermal stability of the final products and their performance in glaze.

2. Experimental

2.1. Chemicals

Nickel (II) chloride hexahydrate (NiCl₂⋅6H₂O, puriss. p. a., ≥98 %, Sigma-Aldrich) was used as a dopant for nickel cations. In-
formation about the other reagents, including a serpentine sample serving as a precursor for the silica hydrogel, and the production of
the silica hydrogel is detailed in our earlier reports [21,24,25].

Fig. 1. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 0.1 up to
1.0 via heat-treatment at 900 ◦C.
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2.2. Samples preparation

Samples corresponding to Zn₂-xNiₓSiO₄ compositions, where x is equal to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0 were synthesized
following the precipitation procedure and heat treatment regime employed for the synthesis of Co-doped willemite pigments [21].

The same precipitation procedure was applied to prepare suspensions from mixtures with Zn₂-xNiₓSiO₄ compositions, where x =

1.2, 1.4, 1.6, 1.8, and 2.0, which were then immediately heated to dryness in a boiling-water bath without filtration. The resulting mass
was annealed at 900 ◦C and only then washed with distilled water. Five intermediates, washed after calcination at 900 ◦C, were
subsequently subjected to a 60-min heat treatment at higher temperatures: 1000, 1100 and 1200 ◦C.

To accurately evaluate the coloring efficiency of the final samples, those synthesized from Zn₁.₉Ni₀.₁SiO₄, Zn₁.₅Ni₀.₅SiO₄, Zn₁.₃Ni₀.
₇SiO₄, ZnNiSiO₄, Zn₀.₄Ni₁.₆SiO₄, and Ni₂SiO₄ compositions were selected for testing in wall tile glaze. Six wall tile samples were coated
with the pigment–glaze mixtures containing 10 wt% of the selected samples, using the glaze and procedures employed for Co-doped
willemite pigments [21]. The samples then underwent the heat-treatment at temperatures of 800, 900, 950, and 1000 ◦C, at a rate of
5 ◦C min− 1, maintaining each target temperature for 60 min.

2.3. Characterization

A Smart Lab SE Rigaku multipurpose X-ray diffraction system (Japan), equipped with an XSPA-400 ER 2D detector, was employed
to perform X-ray powder diffraction (XRPD) measurements. This enabled the determination of phase transformations in the in-
termediates during heating, phase composition of the final products, structure of the synthesized compounds, and particle size dis-
tribution. The analysis was conducted under the following conditions: Cu Kα radiation, a power supply of 40 kV/50mA, and an angular
range of 2θ = 7◦–75◦ with a step size of 0.01◦ at room temperature in air.

Several of the final samples were subjected to FTIR analysis conducted on a Nicolet iS50 FT-IR spectrometer from Thermo Sci-
entific, producing spectra in the 100–1300 cm⁻1 range with a resolution of 2 cm⁻1.

Optical properties of the final samples and the glazed wall tile samples, in particular, absorption bands in the spectral range from
360 to 830 nm, were determined utilizing an Agilent Cary 60 UV–Vis spectrophotometer equipped with the reflector attachment.
Halon served as a diffuse reflectance standard. The calculation of the chromatic parameters was performed based on the reflectance
measurement data using CIE-L*a*b* chromatic coordination system.

The surface morphology and elemental mapping images for several of the final samples were captured using a Prisma E SEM
scanning electron microscope equipped with an energy dispersive spectrometer (EDS).

Fig. 2. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 0.1 up to
1.0 via heat-treatment at 1000 ◦C.
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3. Results and discussions

3.1. XRD data

The XRPD patterns of Zn2-xNixSiO4 compositions where 0.1≤x≤ 1.0, mainly show diffraction peaks matching with the standards of
willemite with rhombohedral structure [26], nickel (II) oxide NiO, also known as bunsenite, and liebenbergite (Figs. 1–4).

At 900 ◦C the increasing nickel concentration in the initial system leads to a gradual increase in bunsenite phase co-existing with
willemite phase. The latter remains dominant while the share of Ni2SiO4 phase is very low (Fig. 1). These data point to the fact that, at
900 ◦C, a significant amount of NiO is formed, but only a negligible portion participates in the formation of Ni₂SiO₄. At 1000 ◦C NiO
phase starts decreasing and this process is accompanied by liebenbergite phase increasing that is particularly noticeable for the
samples with a higher content of nickel (Fig. 2). At 1100 ◦C, despite the increasing nickel amount in the system, NiO phase is barely
detectable. Meanwhile, the share of liebenbergite phase, which was already observable for the samples with lower nickel concen-
trations, continues to increase gradually, resulting in the domination of liebenbergite phase compared to willemite phase (Fig. 3). Due
to the crystallization of the amorphous silica unreacted the phase corresponding to the standard of silicon dioxide appears in the
diffraction patterns at 1000 ◦C (Fig. 2) and exists on heating up to 1100 ◦C (Fig. 3) and higher (Fig. 4). Subsequent heating up to
1200 ◦C intensifies the phases registered at 1100 ◦C (Fig. 4). As a result, in the final products obtained at 1200 ◦C, with nickel
increasing from x = 0.1 up to x = 1.0, the share of liebenbergite phase grows from about 2 up to 70 %, while that of willemite phase
drops from 98 up to 20% (Fig. 5). At the same time the percentage of NiO and SiO2 phases is ranging from 0.5 up to 2.0 and from 2.0 up
to 4.0, respectively (Fig. 5). According to the particle size distribution determined for willemite phase in the sample wherein it is about
98 % (x = 0.1), the average particle size is estimated to be about 60 nm (Fig. 6).

In order to perform the interaction between the reagents for Zn2-xNixSiO4 compositions where x exceeds 1.0, the precipitates
prepared by the applied method were not immediately washed before calcination. This technique allowed using NaCl formed in the
system during the stirring as a mineralizer on heating up to 900 ◦C.

Willemite and liebenbergite phases recorded in the diffraction patterns of Zn2-xNixSiO4 samples where 1.2≤x≤ 2.0 prepared via the
novel approach to the precipitation method point to the interaction between the reagents for the above mentioned compositions
(Figs. 7–10).

At 900 ◦C the increase of nickel amount in the initial mixture up to x= 1.2 promotes the increasing of liebenbergite phase followed
by the decreasing of willemite phase (Fig. 7). These processes continue up to x = 1.4 and result in liebenbergite phase domination
(Fig. 7). From x= 1.4 up to x= 1.6 no changes in phases are observable (Fig. 7). But when nickel content is increased up to x= 1.8, the
abrupt increasing of NiO phase that is hardly traceable along with SiO2 phase for the compositions with a lower nickel content is

Fig. 3. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 0.1 up to
1.0 via heat-treatment at 1100 ◦C.
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accompanied by Ni2SiO4 phase reduction (Fig. 7). Subsequent increase of nickel up to x = 2 does not improve the situation (Fig. 7).
Similar trends of the above mentioned phases towards increasing and decreasing are observed in the XRPD patterns of the same
samples heated at 1000 (Figs. 8) and 1100 ◦C (Fig. 9). At 1200 ◦C, from x = 1.2 up to x = 1.6 willemite phase essentially reduces, and
when x exceeds 1.6, despite NiO phase domination the portion of Ni2SiO4 phase becomes noticeably increased, in comparison to the
same samples heated at lower temperatures (Fig. 10). As can be seen, due to the modification implemented the portion of liebenbergite
for x= 1.2 at 1200 ◦C achieves about 90 (±4) % and remains practically unchangeable up to x= 1.6 (Fig. 2). Liebenbergite synthesized
has the orthorhombic structure and the average particle size equal to about 300 nm (Fig. 11).

These data indicate that the precipitation method suggested is applicable for Zn2-xNixSiO4 compositions where 0.1≤x ≤ 1.0, and
since nickel ions concentration introduced into the willemite lattice is limited by Zn1.97.Ni0.03SiO4 composition as follows from the

Fig. 4. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 0.1 up to
1.0 via heat-treatment at 1200 ◦C.

Fig. 5. Curves presenting the tendencies of phase compositions change in the final products depending on nickel content.
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previous report [11], nickel excess appeared in the diffraction patterns in the form of NiO on heating up to 1200 ◦C reacts with SiO2
remaining unreacted in the system yielding liebenbergite whose portion in the final product is about 70%. The interaction between the
reagents in the systems with x> 1.0 does not occur as the reaction starts proceeding in the direction of generating nickel silicate whose
formation requires special conditions including amineralizer involvement. Themodification of the applied method allowing to involve
NaCl formed in situ as a mineralizer promotes liebenbergite formation when x exceeds 1.0 at such a low temperature as 900 ◦C. In
addition, on heating up to 1200 ◦C the compositions with x ranging from 1.2 up to 1.6 are capable of yielding 90 (±4) % of lie-
benbergite in the final products.

Fig. 6. Particle size distribution curve of willemite. (N.D.-the number distribution).

Fig. 7. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 1.2 up to
2.0 after the heat-treatment at 900 ◦C.
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3.2. FTIR analysis

In the FT-IR spectra of Zn0.9Ni0.1SiO4, Zn1.5Ni0.5SiO4 and ZnNiSiO4 compositions heated at 1200 ◦C willemite phase is revealed by
the appearance of vibration modes similar to pure willemite characteristic bands in the range of 860–1000 and 500-668 cm-1: at
around 974, 928, 886, 861 cm-1 and 460 cm-1 caused by the stretching and banding vibrations of tetrahedron SiO4 anion isolated,
respectively; 610 and 570 cm-1 due to Zn-O vibrations of ZnO4 group (Figs. 12 and 13) [1,5,9,11–13]. If the spectral profile of
Zn0.9Ni0.1SiO4 composition is almost identical to that of pure willemite synthesized by the precipitation method suggested (Fig. 12)
[26], Zn1.5Ni0.5SiO4 and ZnNiSiO4 spectra exhibit four additional bands at around 825, 510 (shoulder), 484, which is moved to 475
cm-1 in ZnNiSiO4 spectrum, and 325 cm-1, which are not seen in willemite spectrum (Fig. 13). Based on the fact that liebenbergite is
detected by a number of peaks registered at around 978, 876 and 824 cm-1, and 583, 518 (shoulder) and 496 cm-1 corresponding to
stretching and bending vibrations of SiO4 anion, respectively [15,16], the appearance of the mentioned bands confirms Ni2SiO4 phase
formation along with willemite phase in Zn1.5Ni0.5SiO4 and ZnNiSiO4 samples. The rest of the peaks typical of liebenbergite is
overlapped by willemite ones. Two weak bands traceable at above 1090 and 1200 cm-1 in Zn0.9Ni0.1SiO4 and Zn1.5Ni0.5SiO4 spectra are
attributed to cristobalite SiO2 crystallized from amorphous silica remaining unreacted in the system (Fig. 13) [27,28]․

In the spectra of Z0.8Ni1.2SiO4, Zn0.6Ni1.4SiO4 and Zn0.4Ni1.6SiO4 compositions where nickel is predominant, with the gradual
increasing of nickel content up to x= 1.6, the bands at around 972, 825 and 325 cm-1 identified with liebenbergite lattice becomemore
distinct whereas the ones assigned to willemite mode disappear (Fig. 14). The spectra of ZnNiSiO4, Z0.8Ni1.2SiO4, Zn0.6Ni1.4SiO4 and
Zn0.4Ni1.6SiO4 display a couple of bands registered at around 957 and 852 cm-1 which according to the literature data is not identified
with liebenbergite lattice (Figs. 13 and 14). The appearance of these bands most probably implies the influence of zinc ions inserted
into liebenbergite structure on the values of SiO4 group stretching vibrations. As for the band at around 876 cm-1 serving for the
identification of Ni2SiO4, it is most likely overlapped by the band at about 852 cm-1 in these spectra and only becomes visible in the
form of a weak band at 872 cm-1 in the spectrum of Ni2SiO4 composition when zinc is not involved into the reaction. In Ni2SiO4
spectrum liebenbergite typical modes become much less intensive and two weak bands at 619 and 562 cm-1 which are not registered in
the rest of the spectra are demonstrated (Fig. 14). As the share of NiO in the products with compositions corresponding to Zn₁.₂Ni₁.₈SiO₄
and Ni₂SiO₄ is much higher than in the other samples (Fig. 6), they can probably be attributed to the bond-stretching vibrations of NiO
[29–31]. The bands clearly seen at 1078 and 793 cm-1 must be referred to O–Si–O asymmetric and Si–O–Si symmetric stretching
vibrations of crystobalite, respectively [27,28] (Fig. 14).

Fig. 8. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 1.2 up to
2.0 after the heat-treatment at 1000 ◦C.
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3.3. Optical analysis

According to the data from literature sources a wide band with maxima at 534, 584 and 631 and another one with maximum at 777
nm recorded in the optical absorption spectra of Zn1.9Ni0.1SiO4 composition are typical of nickel-doped willemite ones [2,6,11–13]
among which the first three of them correspond to 3T1(F) → 3T1(P) d-d transition of Ni 2+ ions in the tetrahedral environment and
indicate the introduction of nickel into willemite lattice (Fig. 15) [2,13]. The temperature increasing up to 1200 ◦C promotes the
growth of their absorbance (Fig. 15) pointing to a deep blue color consistent with the visual impression of the synthesized samples
(Fig. 16).

At 1200 ◦C in Zn1.9Ni0.1SiO4 spectrum another band with the maximum at 422 nm is detected (Fig. 15). With the gradual increasing
of nickel concentration starting from x = 0.3 it starts becoming much more easily visualized along with nickel-doped willemite bands
at 900 ◦C (Fig. 15). In addition, over 900 ◦C three more bands appear at 386, 475 and 710 nm (Fig. 15). Though the most noticeable
ones recorded with the maxima at 422 and 710 nm result from the spin-allowed transitions of Ni 2+ in octahedral coor-
dination:3A2→3T1(P) and 3A2→3T1(F), respectively, they all indicate nickel inserted in olivine structure and can be therefore referred
to Ni2SiO4 responsible for green color (Fig. 16) [16,18]. Both the temperature and nickel concentration increasing promote their
absorbance growth which starting from Zn1.6Ni0.4SiO composition is accompanied by nickel-doped willemite bands absorbance
reduction (Fig. 15).
Тhe band with the maximum at 380 nm seen at 900 ◦C in the spectra of almost all the samples refers to NiO remaining unreacted in

the system (Fig. 15) [32,33]. Its absorbance decreases at higher temperatures due to the interaction between NiO and the amorphous
SiO2 resulting in Ni2SiO4 formation discovered by the four bands above mentioned (Fig. 15).

When nickel amount exceeds x= 1, the absorption curves mainly demonstrate Ni2SiO4 typical absorption bands whose absorbance
increases with the temperature rise (Fig. 17). This trend continues until nickel is increased up to x = 1.6 including (Fig. 17) In the
spectra of the samples where x≥ 1.8 the increasing absorbance of NiO band recorded along with the decreasing absorbance of Ni2SiO4
bands confirms the negative influence of subsequent increase of nickel concentration on Ni2SiO4 formation (Fig. 17).

As can be seen, changes in the shape and the position of bands in the spectra of all the samples are in accordance with the phases
crystallized in different proportions in each of the compositions depending on nickel concentration and temperature.

3.3.1. Color
Different hues of blue and green are observable in the final products synthesized from initial mixtures with Zn₂-xNiₓSiO₄ com-

positions, where x ranges from 0.1 to 1.0, after heating from 900 to 1200 ◦C (Fig. 16). When x exceeds 1.0, only green shades are

Fig. 9. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 1.2 up to
2.0 after the heat-treatment at 1100 ◦C.
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obtained (Fig. 18).
The products with nickel content corresponding to 0.1≤x ≤ 0.4 display different hues of blue color depending on nickel con-

centration and heat-treatment temperature (Fig. 16). The increase of b* (blue component) in negative and the decrease of positive L*
(lightless) parameters are observed with the temperature rise (Table 1). Both the more negative b* and the lower positive L values
achieved at 1200 ◦C (L*/b*/ = 53.87/-45.54, 33.61/-23.61, 52.93/-20.24, 55.89/-33.29 for Zn0.9Ni0.1SiO4, Zn0.8Ni0.2SiO4,
Zn0.7Ni0.3SiO4, Zn0.6Ni0.4SiO4 compositions, respectively) point to the positive effect of temperature increase on blue color saturation
(Table 1). At the same time, increased nickel concentration does not enhance blue color intensity, as shown by the most negative b*
value (-45.54) recorded at 1200 ◦C for the Zn₀.₉Ni₀.₁SiO₄ composition compared to the other samples (Table 1).At the same time, the
increase of nickel concentration does not promote the improvement of blue color saturation as indicated by the most negative b* value

Fig. 10. XRPD patterns of the samples produced from the intermediates corresponding to Zn2-xNixSiO4 compositions with x ranging from 1.2 up to
2.0 after the heat-treatment at 1200 ◦C.

Fig. 11. Particle size distribution curves of liebenbergite.
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(-45.54) recorded at 1200 ◦C for Zn0.9Ni0.1SiO4 composition compared to the other samples (Table 1).
The decreasing of blue color intensity traceable with the increasing of nickel content from x = 0.1 up to x = 0.4 (Table 1) is

conditioned by the gradual growth of Ni2SiO4 phase share achieving about 30 % in the final sample whereas the portion of willemite
phase implying Ni-doped willemite responsible for blue hue saturation is reduced from 98 up to about 70 % as is evident from the
relevant XRPD patterns (Figs. 1–5).

The subsequent increase of nickel content in the initial mixture (0.5≤x≤ 1.0) generates green colorations of the products (Fig. 16).
This change in color is perfectly adequate to alternations in the color coordinates (Table 1). From x = 0.4 to x = 0.5 at 1100 ◦C the
abrupt increase of the parameters of a* in negative (-15.38) belonging to green component and b* in positive (6.43) corresponding to

Fig. 12. The XRPD pattern and the SEM image of the pure willemite sample synthesized by the precipitation route suggested.

Fig. 13. FTIR spectra of the samples corresponding to Zn2-xNixSiO4 compositions where 0.1≤x ≤ 1.0 prepared by the precipitation method.
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yellow component are registered. The rest of the samples also demonstrate the trend toward increasing the share of green component
over 1000 ◦C. Over 900 ◦C the further gradual increasing of nickel up to x= 0.7 does not essentially influence on b* parameter ranging
from 5.39 up to 7.92. But when nickel content is increased up to x = 0.8, b* value starts abruptly increasing from 6.69 up to 11.54 at
1100 ◦C and achieves 13.31 at 1200 ◦C. For x = 1.0 at 1000 and 1100 ◦C the abrupt increase of yellow component from 8.41 up 15.68
and from 15.68 up to 21.56 are also observable, respectively. A minor change in the values of both a* (from -16.30 up to -17.46) and b*
(from 21.56 up to 20.53), observed as the temperature rises from 1100 to 1200 ◦C for x = 1.0, reveals the positive influence of
increased nickel content on color stability, which can be explained by the increasing amount of Ni2SiO4 formed in the system.

Further nickel increase (1.2≤x ≤ 2.0), which became realizable due to the implementation of the modified approach to the pre-
cipitation method, continues the trends of L* and b*, and a* parameters towards increasing in positive and negative, respectively, on
heating (Table 2). As a result, both the higher positive L* and b* and the higher negative a* values are estimated from x= 1.2 up to x=
1.6 at 1000 ◦C and higher in comparison to the samples with the lower doping level (0.1≤x ≤ 1.0) (Table 2). In contrast with the
samples from x = 1.2 up to x = 1.6, from x = 1.8 and x = 2.0 much lower values of positive L* and b* and negative a* are measured at
the same temperatures (Table 2). A minor difference between each of L*, a* and b* parameters are traceable from x = 1.4 and x = 1.6
on heating from 1000 up to 1200 ◦C: L*/a*/b*/= 78.22/-17.34/36.90; L*/a*/b*/= 78.41/-19.27/41.65; L*/a*/b*/= 73.87/-20.91/
43.34 for x = 1.4 and L*/a*/b*/ = 80.49/-16.81/37.62; L*/a*/b*/ = 79.83/-18.89/41.07; L*/a*/b*/ = 78.61/-19.86.91/41.60 for x
= 1.6 at 1000, 1100 and 1200 ◦C, respectively (Table 2). These data indicate that these samples practically show the similar hues of
yellowish green color distinguished by thermal stability on heating.

As follows from the color evolution and measurements, pure green color is achieved at 1200 ◦C in Zn1.5Ni0.5SiO4 composition
exhibiting the higher negative green component (a* = -15.01) and the lowest yellow one (b* = 0.49) (Table 1). Relatively low pro-
portions of yellow component measured for x = 0.5 at 1100 ◦C and for 0.6≤x ≤ 0.8 over 900 ◦C (Table 1) account for dark green hues
seen in the relevant samples (Fig. 16). The higher share of yellow component estimated for x = 1.0 at 1100 ◦C results in the trans-
formation of this shade into yellowish green one which remains thermally stable when heated up to 1200 ◦C (Table 1) (Fig. 16). With
the subsequent nickel increase yellowish green hue starts changing into lighter one stable from 1000 up to 1200 ◦C for x = 1.4–1.6
(Fig. 18). This type of tints is achieved due to relatively stable green component a* ranging from -16.81 to -20.91 supported by a
noticeable increase in both yellow component b* and lightness L* falling in the range of 36.90–43.34 and 73.87–80.49, respectively
(Table 2). When x exceeds 1.6, this hue becomes darker again (Fig. 18) due to the reduced portions of yellow component b* and
lightness L* (Table 2).

The comparison of the phases discovered in the XRPD patterns (Fig. 5) with the color data obtained for the relevant samples
(Tables 1 and 2) allows to conclude that the shade and the stability of green color obtained in Zn2-xNixSiO4 systems where 0.5≤x≤ 2.0
depends on the portion of Ni2SiO4 formed along with willemite and NiO phases in systems. A wide spectrum of yellowish-green tints

Fig. 14. FTIR spectra of the samples corresponding to Zn2-xNixSiO4 compositions where 1.2≤x ≤ 2.0 prepared by the modified approach to
this method.
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Fig. 15. Absorbance spectra of the samples precipitated from Zn2-xNixSiO4 compositions where 0.1≤x ≤ 1.0 and then heated at different tem-
peratures. Ni-doped willemite-related bands: at 534, 584, 631, 777 nm; Ni2SiO4-related bands: at 386, 422, 475, 710 nm; NiO-related band: at
380 nm.
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Fig. 16. The digital images of the samples produced from Zn2-xNixSiO4 compositions with x ranging from 0.1 up to 1.0 on heating from 900 up
to 1200 ◦C.
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Fig. 17. Absorbance spectra of the samples produced from Zn2-xNixSiO4 compositions where 1.2≤x ≤ 2.0 by the modified approach to the pre-
cipitation method and then heated at different temperatures. Ni-doped willemite-related bands: at 584 and 631 nm; Ni2SiO4-related bands: at 422,
475 and 710 nm; NiO-related band: at 380 nm.
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Fig. 18. The digital images of the samples produced from Zn2-xNixSiO4 compositions with x ranging from 1.2 up to 2.0 by the modified approach to
the precipitation method and then heated at different temperatures from 900 up to 1200 ◦C.
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obtained is the consequent of liebenbergite formed in different amount. It has become apparent the more liebenbergite is synthesized,
the lighter yellowish green hue is generated. As a result, the amount of liebenbergite obtained in the systemwhere x= 1 is sufficient for
providing yellowish-green coloration stable from 1100 up to 1200 ◦C. The highest portion of liebenbergite provided by x = 1.4–1.6
guarantees the stability of lighter yellowish-green hues from 1000 up to 1200 ◦C. Darker green shades apparent in the products
wherein x exceeds 1.6 is caused by liebenbergite lower concentration along with the increasing amount of NiO.

3.4. SEM & EDX

The SEM image of Zn1.9Ni0.1SiO4 sample exhibits a relatively homogeneous well-defined spherical shaped morphology (Fig. 19a)
similar to the microstructure of pure willemite (Fig. 12). This fact indicates that low concentrations of Ni2+ ions have no essential
influence on willemite morphology. In the micrograph of Zn1.5Ni0.5SiO4 sample this homogeneity is destroyed by the appearance of
particles with more or less regular shapes quite different from willemite ones (Fig. 19b). As observed for ZnNiSiO4, the number of this
type of grains co-existing with willemite particles increases with increasing of nickel concentration (Fig. 19c). The formation of a
relatively homogeneous microstructure composed of well-formed uniform crystals presenting prismoidal shape is seen in Zn0.4Ni1.6-
SiO4 image (Fig. 19d). The comparison of the images with the crystalline phases evolution in the relevant XRPD patterns points to the
fact that these crystals belong to Ni2SiO4 (Fig. 5). Ni2SiO4 image presents crystals with relatively large dimensions (Fig. 19e).

Besides Zn, Ni, O, Si elements which are the main constituents of the final products, the EDS analysis of the samples above
mentioned identify C, Al and Na (Fig. 20a–d). Carbon must be one of the component of CO2 absorbed from the air and often discovered
in EDS spectra. Al atoms appear due to aluminum conductive coating on the surface of the samples. Sodium is likely present due to
residual sodium silicate that didn’t react, as well as adsorbed Na ions within the system. The elemental compositions and concen-
trations observed in the products align with the initial molar ratios of the reactants.

Table 1
CIE-Lab parameters of Zn2-xNixSiO4 samples synthesized from the
corresponding intermediates prepared by the precipitated method via
heat treatment at different temperatures.
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3.5. Color performance

In order to compare the behavior of the samples applied in the glaze depending on temperature, color measurements of the wall tile
samples prepared at different temperatures from the ceramic glaze and 10 wt% of the pigments corresponding to Zn2-xNixSiO4
compositions with x= 0.1, 0.5, 0.7, 1.0, 1.6, and 2.0 were carried out. The values of L*a*b* parameters for each of the wall tile samples
(Table 3) are different from those corresponding to its pigment and this difference becomes more significant on heating over 800 ◦C
(Tables 1 and 2). The more noticeable changes occur for the samples with x≤ 1.0: a* green components decrease three and more times
from about -15 – -16 measured for the pigments (Table 1) up to about -1– -8 for the pigments applied (Table 3), for x ≤ 0.7 b* yellow
components drastically increase from 0.5– 8 (Table 1) up to 14.47–19.57 (Table 3), whereas for x= 1 the difference between b* values
reduces (Tables 1 and 3), as for b* blue component that achieves the higher negative value equal to -45.55 in the sample with x = 0.1
(Table 1) thus providing the deepest blue hue, its value twice increases up to -24.14 and continues growing up to 14.83 on heating
when being tested into the glaze (Table 3). Though the difference between each of a* and b* values continues reducing with the
increase of nickel content, the tendency of -a*green component to diminish is still traceable for the samples with x= 1.6 and x= 2 after
the application, whereas b* yellow component starts decreasing (Tables 2 and 3). These observations confirm that the synthesized
compounds partly decomposed in the glaze due to the decomposition of Ni-doped willemite which is not stable in glaze thereby
imparting light brown color to the wall tile samples glazed provided that the pigments largely composed of Ni-doped willemite phase
are used [3,34].

The behavior of the pigments applied in the glaze also differs from one composition to another on heating (Table 3)․ From 800 up to
950 ◦C the increasing of nickel up to x = 1.6 is accompanied by the increase of lightness L* from 56 – 72 up to about 85 – 87 which at
1000 ◦C reduces up to about 75 – 77 for 0.5≤x≤ 1.0, remains unchangeable (84 – 85) for x= 1.6 (Table 3). For x= 2.0 it increases from
60 up to 72 on heating from 800 up to 900 ◦C, then remains unchangeable up to 950 ◦C and achieves 78.71 at 1000 ◦C (Table 3).
Concerning –a* and+b* chromatic parameters responsible for yellowish-green shade, with the increase of nickel concentration up to x
= 1.6 they increase and reach about -11.5 and 26, respectively, but when nickel increases up to x = 2.0, these values reduce up to -9
and 20 – 23, respectively (Table 3). The most negative –a value (-11.5) and the highest yellow component (26) which are not
influenced of temperature are observed for the wall tile sample prepared from the glaze containing the pigment with x= 1.6 (Table 3).

The effect of the glaze medium on the stability of the compounds previously crystallized in the synthesized pigments has been also
shown via the UV–Vis spectra recorded for the relevant samples (Fig. 21). At 800 ◦C the absorption curves of all the glazed samples are
generally close to the ones of the adequate pigments, in other words, they demonstrate the similar profiles and bands positions
revealing Ni-doped willemite (at 534, 584 and 631 nm), liebenbergite (at 422, 475 and 710 nm) as well as bunsenite (at 380 nm)
presence in the corresponding systems (Fig. 21). On heating over 800 ◦C Ni-doped willemite-related bands disappear (Fig. 21). As for
liebenbergite and bunsenite absorption peaks, despite a decrease in their intensities displayed at 900 ◦C subsequent heating does not
already significantly affect the degree of their absorbance (Fig. 21).

These data indicate that the gradual increasing of liebenbergite portion in the final products improves both the color intensity and
color stability of the synthesized green pigments resulting in the production of such a green pigment corresponding to x= 1.2 – 1.6 that
due to the highest concentration of liebenbergite demonstrates the most excellent color performance and higher stability in the glaze.

Table 2
CIE-Lab parameters of Zn2-xNixSiO4 samples synthesized from the
corresponding intermediates prepared by the modified approach to
the precipitated method via heat treatment at different temperatures.
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4. Conclusions

A cost-effective environmentally friendly precipitation route using silica hydrogel derived from serpentine minerals has been first
applied for introducing nickel ions into willemite structure. The detailed investigations have shown that the suggested method is only
applicable for Zn2-xNixSiO4 compositions with 0 < x ≤ 1.0 and depending on nickel concentration introduced into in
SiO2–NaOH–ZnCl2–NiCl2–H2O system during the precipitation procedure, different percentages of willemite, liebenbergite and NiO
phases are crystallized by the heat treatment of the precipitated intermediates from 900 up to 1200 ◦C thereby imparting different hues
of blue and green tints to the final products. In the products obtained from Zn1.9Ni0.1SiO4 composition the prevalence of willemite
phase representing nickel-doped willemite is responsible for deeper blue color the intensity of which increases on heating up to
1200 ◦C. With the gradual increasing of nickel content and temperature the share of NiO phase that is great at 900 ◦C starts reducing
and this process is accompanied by the increasing of liebenbergite phase co-existing with willemite one. During these phase trans-
formations the deep blue tint becomes lighter and then transforms into green color which then gradually starts changing into yellowish
green hue distinguished by thermal stability on heating up to 1200 ◦C due to Ni2SiO4 phase domination (over 70 %) for ZnNiSiO4
composition.

The applied method modification implying NaCl separation from the intermediates heated at 900 ◦C has allowed performing the
interaction between the reagents in Zn2-xNixSiO4 systems where 1.2≤x ≤ 2.0 and has revealed that in the products obtained by 1-h

Fig. 19. SEM images of the samples corresponding to Zn1.9Ni0.1SiO4 (a), Zn1.5Ni0.5SiO4 (b), ZnNiSiO4 (c), and Zn0.4Ni1.6SiO4, Ni2SiO4 compositions
produced by the precipitation method and the modified approach to this method, respectively.
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Fig. 20. SEM images and EDS mapping with element composition of the samples synthesized from Zn1.9Ni0.1SiO4 (a), Zn1.5Ni0.5SiO4 (b) and
ZnNiSiO4 (c), and Zn0.4Ni1.6SiO4 (d) compositions by the precipitation method and the modified approach to this method, respectively.
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Table 3
CIE-Lab parameters of the glazed wall tile samples containing 10 wt%
of the pigments synthesized from the corresponding Zn2-xNixSiO4
compositions and heated at different temperatures.

Fig. 21. Absorbance spectra of the glazed wall tile samples containing 10 wt% of the pigments synthesized from the corresponding Zn2-xNixSiO4
compositions and heated at different temperatures. Ni-doped willemite-related bands: at 534, 584 and 631 nm; Ni2SiO4-related bands: at 422, 475
and 710 nm; NiO-related band: at 380 nm.
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heat-treatment at 1200 ◦C from the compositions with x ranging from 1.2 up to 1.6 Ni2SiO4 phase achieves 90 (±4) % thereby pro-
ducing such a green pigment that yields olive green coloration stable in the glaze on heating up to 1000 ◦C. Hence, a novel low-
temperature precipitation approach capable of producing the product largely composed of liebenbergite representing an excellent
green pigment has been first developed. At the same time due to the decomposition of Ni-doped willemite the pigments largely
composed of willemite phase impart the glaze light brown color.

CRediT authorship contribution statement

Hayk Beglaryan: Visualization, Validation, Software, Resources, Project administration, Funding acquisition, Formal analysis,
Data curation. Anna Isahakyan: Writing – review & editing, Writing – original draft, Data curation, Conceptualization. Anna
Terzyan: Methodology, Investigation. Vardanush Stepanyan: Investigation. Verzhine Sarkeziyan: Investigation. Nshan
Zulumyan: Supervision.

Data and code availability statement

Data included in article is referenced in the article.

Funding information

The work was supported by the Science Committee of RA, in the frames of the research projects N◦ 21SCG-1D013 and N◦ 21T-
1D131.

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests:Beglaryan Hayk reports financial support was provided by The RA Ministry of Education, Science, Culture and Sports Higher
Education and Science Committee. If there are other authors, they declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

[1] T. Dimitrov, I. Markovska, T. Ibreva, The analysis about synthesis, structure and properties of willemite ceramic pigments obtained by a sol–gel method, IOP
Conf. Ser. Mater. Sci. Eng. 893 (2020) 012001.

[2] I. Ivanova, N. Zaitseva, R. Samigullina, I. Baklanova, M. Rotermel, Synthesis and crystal-chemical, thermal, and spectrochemical properties of the Zn2 –
2xNi2xSiO4 solid solution with a willemite structure, Russ. J. Inorg. Chem. 65 (2020) 1535–1540.

[3] A. Martin, L. Schabbach, M. Folgueras, Synthesis of nickel pigments using waste foundry sand as a silica source, Cerâmica. 65 (2019) 562–568.
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