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Abstract

a-NiSO4+x6H20 single crystal was grown by slow evaporation technique and characterized by X-ray powder
diffraction, differential thermal analysis, UV-Vis-NIR, FTIR, and atomic absorption spectroscopy methods.
Combination of differential thermal analysis, X-ray powder diffraction and atomic absorption spectroscopy
indicates a purity and phase homogeneity of grown a-NiSO4+x6H:0 crystal. The crystal structures of a-NiSO4x6Hz0
was refinement by Rietveld method. The calculated lattice parameters are: a = 6.8000 A, c = 18.3161 A, Z=4, space
group P41212. Four plane-parallel plates with different orientation were prepared. The orientation of the
obtained plane-parallel plates was determined by XRD and are as follows: (301), (001), (320) and (204). The
optical characteristics - transmittance and optical energy gap of the crystal plates were determined. All the
crystal plates are characterized by higher transmittance values in the UVB range than in the VIS and NIR. The
transmittance of single crystal plates decreases in the order (204) > (301) > (320) > (001). The band gap Eg values
were determined by Tauc equation. Obtained Eg are in the range of 6.43-6.47 eV.

Keywords: growth from solutions; optical transmission spectra; thermal analysis; band gap; X-ray diffraction.

PICT KPUCTAJIIB TA AHI3OTPOIIA ONTUYHUX BJIACTUBOCTEH a-NiS04+x6H20
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AHoTalist

MoHokpucraau a-NiSO4+x6Hz0 6y/10 BUpOIIEHO METOJO0M MOBiJILHOTO BUNAapOBYBaHHS 3 BOAHOT0 PO34YUHY Ta
0XapaKTepH30BaHO MeTOJAaMHU MOpPOIIKOBOI peHTreHiBcbkoi Audpakuii, audepeHUiaJbLHOrO TEpMiYyHOrO
aHaJi3y, ONTHMYHOI CHeKTpocKomii y IIMpPOKOMYy Jiapma3oaHi Ta aTOMHO-aGCOpOLiHHOI cmeKTpocKomii.
KoMm6iHanis pe3yabTaTiB AudepeHLialbHOr0 TepMiyHOro aHasi3y, IOPOLIKOBOI peHTreHiBcbKoi Audpakuii Ta
aTOMHO-aGCcoOpOLiiHOI cneKkTpocKomii BKa3ye Ha ¢a30By TIOMOreHHICTb BHPOILEHHUX MOHOKPHMCTAJIIB «-
NiSO04x6H20. Kpucraniyny crpykrypy a-NiSOix6H20 6ysn0 yroyHeHo MeToAoM PirBenbaa. PospaxoBaHi
napaMeTpH FpaTKH CTaHOBJATE: d = 6.8000 A, ¢ = 18.3161 A, Z=4, npocroposa rpyna P41212. By/10 migroros/ieno
4YOTUPHU IJIOCKONapaJie/ibHi JIACTUHU pi3Hoi opieHTanii. OpieHTalil0 OTPMMAaHUX VIOCKONAapaJie/IbHUX MJIACTUH
6yJ/10 BU3Ha4YeHOo MeToA0M P®A, i BOHU BifHOCATBLCA A0 HACTYyNHUX miowmuH: (301), (001), (320) Ta (204). Byio
BHU3HaY€HO ONTHYHi XapaKTePUCTUKHM - NPONYCKAaHHA Ta ONTHMYHA IIMPHUHA 3a60POHEHOi 30HU KPHUCTATIYHUX
IUVIACTMH. YCi KpUCTa/iYHi IJIACTUHM XapaKTepHU3yThCAd BUINUMH 3HAYEHHAMH NpPONyCKaHHA B Y®-Aiana3oHi,
HiXK y BUAUMOMY Ta G6/imakHboMy IY. [IponyckaHHA MOHOKpMCTa/iYHMX IJIACTUH 3MeHIIyeThcA B paay (204) >
(301) > (320) > (001). 3HayeHHs WIUPUHH 3a60pOHEHOI 30HM Eg Gy/iu BU3HaueHi 3a piBHsaHHAM Tayna. OTpumani
3HavyeHHA Eg 3HaxXoAaThcA B Aiana3oHi 6.43-6.47 eB.

Kawuosi cs06a: BUpOlLyBaHHSA 3 PO3UHHIB; CIEKTPU ONTUYHOTO NPONYyCKaHHS; TepMi4HUI aHali3; UPHUHA 3a60pOHeHO]
30HM; PEHTTeHiBCbKa AU paKLis.

*Corresponding author: e-mail: mfilep23@gmail.com
© 2024 Oles Honchar Dnipro National University;
doi: 10.15421 /jchemtech.v32i4.316209


http://chemistry.dnu.dp.ua/
mailto:mfilep23@gmail.com

909

Journal of Chemistry and Technologies, 2024, 32(4), 908-915

Inrtoduction

Nickel sulfate forms a significant number of
hydrates NiSO4xnH,0 (n = 1-9) [1; 2]. However,
the most actively studied is a hexahydrate
NiSO4x6H,0, also known as retgersite [3].
NiSO4x6H,0 (NSH) is a well-known material
which attracts considerable attention due to their
wide range of properties: piezoelastic [4],
magnetic [5], catalityc [6-10], electrochemical
[11] and other [12-14] However, the main field of
application of NiSO4x6H;0 is a selective UV filter
and UV detector [15-18], which is confirmed by
the available commercial offers [19; 20] This is
due to a high transmittance in the narrow spectral
range of 200-300 nm, which makes them
promising working elements in "solar-blind"
technology [21; 22]. The optical properties of
these crystals have been studied on samples
oriented in the (001) plane [23; 24] or are not
specified.

NiSO4x6H,0 exist in two polymorph forms,
namely a-NiSO4x6H,0 (deep emerald-green) and
-NiSO4x6H20 (bluish green) [25]. a-NSH is a low
temperature modification, which are formed by
spontaneous nucleation from aqueous solution at
temperatures below 55°C [26]. a-NSH crystallize
in tetragonal crystal system, space group (SG)
P4,212 and the unit cell parameters a = 6.790 A, c
= 18.305 A and Z = 4 [27]. The B-NSH (mineral
nickelhexahydrite) belong to monoclinic system,
SG C2/c with parameters a =9.880 A b=72284,
c=24.1300 A, $=98.38°and Z = 8 [28].

Mainly, the study of the optical properties of a-
NiSO4x6H,0 crystals is carried out on samples

oriented in the plane (001). This is due to a good
cleavage on {001} along planes. At the same time,
there is no information on the optical properties of
a-NSH crystals oriented relative to different
crystallographic planes. The aim of this work is to
investigate the anisotropy of the optical
properties of oriented «a-NiSO4x6H,0 crystal
samples.

Experimental

Crystal growth and plates preparation

Single crystals of a-NiSO4x6H;0 were grown
from aqueous solution by the slow evaporation
method. The starting solution was prepared using
crystalline NiSO4sx6H,0 of high purity and
bidistilled water. The concentration of the NiSO4
solution was 0.15 mol/dms3, and the pH of the
solution was adjusted to 2 with 4 mol/dm3 H,S04
(controlled by a WTW inoLab Multi 9620 IDS). The
NiSO4 solution was kept in a LabExpert 1021
thermostat at 42°C until the crystal seed
appeared, and further single-crystal growth was
carried out at 25 °C. The total growth time was 30
days. As a result, optically transparent and
homogeneous emerald-green crystals with a
typical habitus were obtained (Fig. 1).

The Ni?* content in single crystals was
determined using an Agilent 240AA atomic
absorption spectrophotometer. The analysis was
performed in the flame of an acetylene-air mixture
at a wavelength of 429 nm. It was found that the
Ni2+ content in the sample under study (m =
0.267 g), Cexp = 587.0 mg/dms3, is close to the
theoretically calculated Ccac = 596.5 mg/dm3.
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Figure 1. General view of a-NiSO4x6H20 single crystal (a) and scheme of single crystal plate selection (b)

Four plane-parallel plates marked as NSH1,
NSH2, NSH3 and NSH4 with different
crystallographic orientations were cut from the
grown a-NiSO4x6H,0 single crystal. The surface of

the plates was prepared for further measurements
according to the method [29].

Investigation methods

The thermal analysis was carried out in the
temperature range of 20-600 °C in atmospheric
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air using quartz containers with a heating rate of
12 °C/min. Pre-annealed Al;03 was used as a
reference material. The temperature detector is a
combined chromel/alumel thermocouple
(type K).

The phase analysis of the crystals was studied
using an AXRD Benchtop diffractometer equipped
with a DECTRIS MYTHEN2 R 1D hybrid detector
using Ni filtered CuK. radiation in the Bragg-
Brentano 6/26 mode. The scans were performed
in the angle range of 10-120° 26 with a dynamic
region of interest and an exposure time of 1 s. The
phase analysis was performed using the
PDAnalysis (supplied by Proto Manufacturing)
program. The lattice parameters were calculated
using the EXPO 2014 [30] by Rietveld refinement
method [31;32]. The crystal structure was
visualized using VESTA 3.5.4 [33].

The optical parameters of the crystals were
studied using inSpect UV-1700 (spectral range

190-1100 nm) and Shimadzu IR Tracer-100
(spectral range 1265-14000 nm) spectropho-
tometers in transmission mode For
microstructural studies, a METAM-R1
metallographic microscope was used.

Results and discussion

Characterization of bulk a-NiSO4sx6H;0 single
crystal

The grown oa-NiSO4x6H;0 single crystal is
phase homogeneous, which is confirmed by XRD
studies. The experimental and calculated powder
patterns (Fig.2) are in good agreement, which is
confirmed by the shape of the difference curve.
The crystal structures of a-NiSO4x6H:0, reported
in Ref. [27], was used as structural models for the
analysis by the Rietveld refinement method. The
calculated parameters of the a-NiSO4x6H,0 cell
are as follows: a= 6.8000 A, c= 18.3161 A, Z=4

(Fig. 2).
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Fig. 2. Experimental (blue line), calculated (red line) and difference (purple) powder patterns of the
grown a-NiSO4+x6H20

The structure of a-NiSO4x6H,0 is formed by
two types of polyhedra: [SO4] tetrahedra and
[Ni(H20)¢] octahedra. All polyhedra [Ni(H20)]
and [SO4] are isolated from each other, since they
do not have any common atoms, but are connected
to each other only by hydrogen bonds (Fig. 3). The

[Ni(H20)¢] and [SO4] polyhedra are located at the
same height within the cell (parallel to the xy
plane) and are surrounded by 4 polyhedra of
another type. These planes are equidistant from
each other (d ~4.57 A). This structure results in
good cleavage perpendicular to the z-axis.

] (-]

Fig.3. Unit cell of a-NiSO4x6H20
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The heating curve of oa-NiSO4x6H20 is
characterized by the presence of three
endothermic effects at 105, 126, and 394 °C. The
effect at 105°C is of low intensity and most likely
corresponds to the evaporation of water adsorbed
on the crystal surface. The effects at 126 °C and
394°C are accompanied by a significant thermal

effect and correspond to a stepwise dehydration
process of a-NiSO4x6H,0 with the formation of
anhydrous yellow NiSO4, which was confirmed by
XRD. The recorded final mass change Am = 46.0 %
is in good agreement with the theoretical one (Am
=41 %).
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Fig. 4. Heating curve of a-NiSO4x6H20. The inset shows the powder pattern of anhydrous NiSO4

Properties of single crystal plates of a-
NiS04x6H;0

The orientation of the obtained plane-parallel
plates was determined by XRD (Fig. 5). For all
samples, the presence of a diffraction peak
corresponding to one of the crystallographic
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the (301) plane, sample NSH2 - along the (001)
plane, sample NSH3 is oriented along the (320)
plane, and sample NSH4 is oriented along the
(204) plane.

Fig. 5. XRD patterns of the prepared single crystal plates of a-NiSO4x6Hz0
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Fig. 6. Surface of untreated plate NSH2 (a) and etched plates NSH1 (b), NSH2 (c), NSH3 (d), NSH4 (e)

To study the optical transmission spectra of a-
NiSO4x6H,0 crystals in the UV-VIS and IR ranges,
plane-parallel samples with a thickness of 0.030-
0.079 cm were made. The transmittance spectra
(UV-VIS-NIR range) of the oriented a-NiSO4x6H,0
plates (Fig. 7a), in the studied range, contain
absorption bands that are typical [29; 33] for the
complex cation [Ni(H20)6]?* (d® configuration)
and correspond to optical transitions:
3A24—3T14(P) (~385 nm), 3A2.—3T14(F) (~645 nm),
3A2—>1Eg (~710 nm) and 3A2;—3T25 (~1100 nm).

All the crystal plates are characterized by
higher transmittance values in the UVB range than
in the VIS and NIR, and the maximum
transmittance is observed for plates NSH1 and
NSH4. The FTIR spectra of the studied a-
NiSO4x6H,0 plates are characterized by the
presence of two regions - 1265-2500 nm,
characterized by the presence of transmission
bands (up to ~40 %) and a region of strong
absorption (>2500 nm), which is most likely due
to the presence of the Ni2* ion (Fig.7.b).
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Fig. 7. Transmittance spectra of a-NiSO4x6H20 plates in the UV-VIS-NIS (a) and IR (b) ranges
Table 1
Thickness and optical characteristics of a-NiSO4+x6H20 plates
Sample Orietation Thickness d, Tmax, %(at Ina (at 270 Eg,
(hkD cm 270 nm) nm) eV
NSH1 (301) 0.058 81 1.27 6.44
NSH2 (001) 0.030 73 2.34 6.45
NSH3 (320) 0.079 64 1.72 6.47
NSH4 (204) 0.063 88 0.71 6.43

Since the thickness of the plates is not the same,
the absorption coefficient a (for the UV-VIS-NIS
range) was calculated. The absorption coefficient
a takes into account the thickness of the sample,
which allows us to estimate the throughput of
samples with different thicknesses. The
absorption coefficient a was calculated using the
formula [34,35]:

a=-In(1/T)/d (1)
where d - is the thickness of a plate and T - is
transmittance.

The analysis of the spectral dependences of Ina
indicates that the highest transmittance is
characterized by sample NSH4, and the lowest is
characterized by sample NSH2. The transmittance
of single crystal plates decreases in the order
NSH4 > NSH1 > NSH3 >NSH2. This trend is also
clearly visible when comparing the maximum
transmittance T and thickness d (Table 1). Thus,
the sample NSH2, having the smallest thickness
(~ 1/2 d relative to the others), does not exhibit
the highest transmittance.
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Fig. 8. Tauc’s plot for plane-parallel plates of a-NiSO4x6H20
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The band gap E; was determined for the
studied a-NiSO4x6H,0 samples. For this purpose,
the Tauc equation [35,36] was used, which
combines the absorption coefficient (a) and the
frequency of light (v) with the band gap energy
(Eg), and B is the edge width parameter. The
parameter m was setas 1/2, which corresponds to
a direct allowed transition.

ahv=B(ahv-Eg)m (2)

To determine the band gap E, value, the
corresponding dependencies (athv)? vs hv were
constructed, and the corresponding values of Eg
were determined by extrapolating the linear
section to the intersection of the x-axis. The values
of E; are close (within the determination error)
and are in the range of 6.43-6.47 eV.
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Conclusions

a-NiSO4x6H,0 crystal was successfully grown
by slow evaporation technique. Grown crystal was
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analysis indicate a phase homogeneity of obtained
crystals. The optical parameters in the UV-VIS-NIR
and IR ranges were studied on plane-parallel a-
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have the highest transmittance.
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