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In the present work, we report the successful synthesis of zinc sulphate
(ZnS0,) nanoparticles (NPs) using the sol-gel processing. Zinc acetate is
served as the precursor, while Co(NO;),, Cr(NO;); and Fe(NO;); are used to
achieve different doping levels. The synthesis involves the hydrolysis and
gelation process, followed by the controlled evaporation of the solvent to
facilitate the formation of ZnSO, NPs. The synthesized ZnSO, NPs are
characterized, using various techniques, including XRD method and FT-
IR spectroscopy to confirm their crystalline structure. UV—-Vis spectros-
copy is conducted to analyze the optical properties, revealing significant
modifications in band-gap energy. Detailed analysis of crystallite sizes (D)
is presented. Average crystallite sizes and sizes’ distribution are deter-
mined by using the XRD analysis. The Scherrer’s equation, modified
Scherrer’s method, size—strain (SSP) method, and Williamson—Hall (W-H)
method are applied to calculate the values of crystallite sizes. Results re-
veal average sizes of approximately 30.52 nm, 29.75 nm, 26.75 nm, and
29.51 nm, respectively. Recorded FT-IR spectra confirm the presence of
characteristic functional groups and the formation of ZnSO, NPs. This
work contributes to the understanding of sol-gel processing for the syn-
thesis of transition-metal ions’-doped ZnSO, NPs and their potential ap-
plications.

Y it pob6oTi MM MOBiZOMJISEMO IPO YCHIIIHY CUHTE3y HAHOYACTHUHOK CYJIb-
dary Iuury (ZnSO,) 3 BUKOPUCTAaHHAM B30Jb—TeJIL-00POOIAHHA. ATieTar
Huaky cayxkus npexkypcopom, Toxi ax Co(NO;),, Cr(NO;); ra Fe(NO,); Bu-
KOPHMCTOBYBAJMWCA MJisd NOOCATHEHHSA pPidHMX piBHIB JeryBanua. CuHTe3a
BKJIIOUAJIa IIPOIIeC TifpoJidW Ta 3aCTUTaHHS 3 T'eJIeyTBOPEHHAM i3 IoIajb-
ITUM KOHTPOJHOBAHMM BUIIAPOBYBAHHAM PO3UMHHUKA MAJIA TOJETIIeHHS
yTBOpeHHsA HaHo4yacTMHOK ZnSO,. CuHTe3oBaHi HamouacTuHKu ZnSO, 6Gyio
0XapaKTepPHU30BAHO 3a JOIOMOTOI0 Pi3HMX METOHiB, BKJIOUAIOUN DPEHTI€HiB-
cery mudpakmiro (XRD) ta IY-cnmexrpockomito 3 ®@yp'e-nmepersopom (FT-
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IR), nna migTBep)KeHHS iXHBOI KPUCTATiIUHOI cTpyKTypu. HJia aHamism oim-
TAYHUX BJIACTUBOCTEH OYJIO BUKOPUCTAHO YJaAbTpadiosieToBy I OITUYHY
(UV-Vis) cumexTpodoToMeTpito, SKOI0 BUABJEHO 3HAUHI 3MiHuM B 3a60pOHEe-
Hill eHepreTuuHili 30Hi. Byso mnpencraBieHO AeTandbHY aHAJiI3y pPO3MipiB
kpucraigitis (D). Cepexui posmipm KpucraiiTiB i posmomis posmipis 6yJio
BM3HAYEHO 3a MOIOMOTOI0 PEHTIeHiBChbKOI amdpaxiiiinoi ananisu. ia poas-
PaxyHKY 3HaUeHb Po3MipiB KpucraiiTiB Oyjio s3actocoBaHo piBHauusa Illep-
pepa, momudixkoBauuii meron Illeppepa, poamipHo-medopMaliliHHIT MeTOH
(SSP) ta meron Binmbamcona—Tonna (W—H). PesyabTaTu IOKa3yoTh cepemHi
posmipu mpubausuo y 30,52 um, 29,75 um, 26,75 um i 29,51 uM BigmoBig-
Ho. 3Bammcani IY-cmekTpm 3 BUKOpPHUCTAHHAM Pyp e€-IepeTBOpPYy MiATBEp-
[KYIOTh HAasBHICTh XapakTepHUX (PYHKIIOHAJIBLHMX TPYI Ta YTBOPEHHS Ha-
HouactTuHOK ZnSO,. Ila pobGora cmpuse PO3YyMiHHIO 30JIb—TeJb-00POOITHHA
y cuHTe3i HaHouacTMHOK ZnSQO,, Jier'oBaHMX HOHAMM IIEPEXiTHUX MeTaJiB,
Ta IXHBOT'O IMOTEHI[IMHOT0 3aCTOCYBaHHA.
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1. INTRODUCTION

Nanotechnology is the field of science, which deals with the fabrica-
tion of nanoparticles (NPs) in managing their physical and chemical
parameters that enhances their usage in various fields with human
benefits. Oxide nanoparticles are particles of metal oxides, ranging
in sizes from 1 to 100 nanometers, exhibiting unique properties due
to their high surface area-to-volume ratio [1-3]. The study of oxide
materials’ nanoparticles has caught the interest of scientists due to
their optical, electrical, magnetic, mechanical, and catalytic proper-
ties, which make them practically valuable from a technological
standpoint.

Zinc sulphate (ZnS0Q,) is an inorganic compound that plays an es-
sential role in a variety of industrial, electronics, agricultural, en-
ergy, environmental, and medical applications [4, 5]. Zinc sulphate
(ZnS0O,) nanoparticles, in particular, attracted considerable atten-
tion due to their excellent properties and potential applications in
drug delivery, sensors and as catalyst. The dimensions of particu-
late solids are important in achieving the optimum fabrication for
effective medicines [6]. The crystallite-sizes’ distribution is a very
important property of fine-divided systems such as emulsions, aero-
sols, and powders. Particle-growth process and its influence on the
sizes’ distribution have been studied for a long time, and general
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theories exist [4]. Understanding and controlling particle sizes is
crucial for both manufacturing medicine that contains particulate
solids and ensuring the medicine effectiveness after administration.
The synthesis of nanoparticles can be approached using different
methods, each tailored to achieve specific properties and character-
istics. For this purpose, various physicochemical methods are used.
Here, there is an overview of some commonly used synthesis meth-
ods: sol-gel processing [7, 8], co-precipitation method [9], hydro-
thermal synthesis [10], green synthesis [11, 12], laser ablation [13],
and solid-state reactions [14]. The sol-gel processing has emerged
as a versatile method for synthesizing ZnSO, NPs with controlled
morphology and composition, enabling a wide range of applications
in different fields.

Doping of oxide nanoparticles is a process, where impurities are
intentionally added to an oxide material to modify its electrical, op-
tical, and structural properties. Doping of ZnSO, with transition-
metal ions such as Co?’, Fe?*" and Cr®' can significantly enhance its
functional properties. The incorporation of these metal ions can
lead to changes in the electronic structure and charge-carriers’ dy-
namics, making the doped ZnSO, NPs particularly interesting for
advanced applications. The influence of doping on crystal size in
7ZnSO, is a complex phenomenon, and it can vary depending on sev-
eral factors, including type of dopant, dopant concentration, syn-
thesis conditions, and lattice strain. In summary, doping can have a
significant impact on the crystallite size of ZnSO,, and this effect
can vary. Analysing of crystallite sizes and strain are crucial in ma-
terials science, and several techniques are available such as
Scherrer’s equation [18, 19], modified Scherrer’s method [20], size—
strain (SSP) method [21-24], and Williamson—Hall (W—H) method
[25—28]. The optical band gap (£,) is the energy difference between
the valence band (VB) and the conduction band (CB), which governs
the absorption and emission of light in a material. The determina-
tion of the optical band gap is a fundamental aspect of understand-
ing the electronic properties of materials. One effective method for
calculating the optical band gap is through the Tauc’s law [29].

Our paper is organized as follows. In the first part, we present
the sol-gel synthesis of Co-, Cr- and Fe-doped ZnSO, NPs and their
characterization. Detailed analysis of crystallite sizes is discussed in
the second part of this study.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of Samples

Zinc acetate (Zn(CH;CO0),-2H,0, 99.99% ), sodium hydroxide (NaOH),
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sodium sulphide (Na,S-9H,0, 99.99%), iron nitrate (Fe(NO;)s,
99.99%), cobalt nitrate (Co(NOs),, 99.99%) and chromium nitrate
(Cr(NO»):, 99.99%) were purchased from Sigma-Aldrich, USA. Dis-
tilled water and citric acid (CcHzO,-H,O) were used as solvent and
stabilizer, respectively. In order to synthesize a clear solution of
ZnSO, NPs, the sol-gel method was used. ZnSO, NPs are typically
fabricate by dissolving 14 g of Zn(CH.COO),-2H,O0 and 50 g of
Na,S-9H,0 in 150 mL of distilled water and stirring the mixture for
6 h at room temperature, using a magnetic stirrer. NaOH solution
(8 g of NaOH dissolved in 15 mL of distilled water) was added
dropwise to the above solution. To obtain a stable solution, a small
amount of citric acid was added. For the synthesis of Co-, Fe- and
Cr-doped ZnSO, NPs, 0.04 g of each impurity was added to ZnSO,
sample, and the same procedure was repeated. The suspended parti-
cles were formed that clearly shows the formation of ZnSO, NPs.
Then, the washed solution was dried at 100°C for 24 h and calcined
at 600°C for 5 h. The reaction corresponding to the synthesis of
ZnSO, NPs can be represented as follows:

Zn(CH;C00),-2H,0 + Na,S-9H,0 — ZnSO, + 2NaCH;COO + 11H,0.

2.2. Materials Characterizations

The structural parameters of ZnSO, NPs were determined by using
the MiniFlex 600W powder diffractometer with CuK, radiation
(A=1.54 A) in the range from 3 to 90 degrees; UV-Vis transmit-
tance spectra were measured on a UV-1650-PC, SHIMADZU double
beam spectrophotometer. Fourier-transform infrared spectroscopy
(FT-IR) spectra were recorded by using the Alpha Bruker FT-IR
spectrometer.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

X-ray diffraction is an effective technique employed to characterize
the crystalline structure of materials. These measurements were
carried out for pure ZnSO, and Fe-, Co- and Cr-doped ZnSO, sam-
ples. Figure 1 illustrates the ZnSO,-NPs’ XRD patterns, which were
calcined at 600°C for five hours. The XRD patterns display several
diffraction peaks indicating a good quality of synthesized NPs. In
particular, there are eleven distinct peaks at 21.06° (111), 23.37°
(200), 32.57° (100), 35.09° (220), 41.46° (311), 42.90° (222), 52.02°
(400), 57.08° (024), 61.57° (024), 64.46° (422) and 67.94° (511) in
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Fig. 1. XRD pattern of pure ZnSO, and Co, Cr, and Fe-doped ZnSO, NPs.

20-scale. A comparison with the Joint Committee Powder Diffrac-
tion Standard card of ZnSO, indicates that the XRD patterns are
consistent with JCPDS No: 01-070-1254. This confirms the forma-
tion of a cubic phase of ZnSO, with the set of lattice parameters:
a="7.176 A, V,,,=369.528 A3, and the space group F,; [30].

Some broad peaks can be attributed to the reflection of quantum
confinement effect due to the nanometer sizes of the synthesized
NPs. There are three additional peaks, which may correspond to
some impurities or defects within the ZnSO, lattice. The XRD pat-
terns of transition-metal ions’-doped samples are identical to that of
the pure one, because of the similarity in ionic radii between these
elements: Zn?*" (74 pm), Fe*" (63 pm), Co?' (72 pm) and Cr®*" (61 pm).

3.2. Crystallite Size Determination

The XRD method is typically used for determining the crystallite
sizes and shape. For ZnSO, nanoparticles, the average mean size was
calculated, using the Scherrer’s equation [31]. Principally,
Scherrer’s equation can be described as

~ 0.9%
BcosO’

(1)

where D denotes the mean crystallite size, 0 refers to the Bragg dif-
fraction angle, A denotes the x-ray wavelength (1.546 A), and B pre-
sents the FWHM of the selected peaks. The crystallite sizes of pure
ZnS0O,, Co-doped ZnSO,, Cr-doped ZnSO,, and Fe-doped ZnSO, NPs
were found to be 36.968 nm, 23.881 nm, 31.387 nm, and 31.423
nm, respectively.
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The second method used to minimize errors in determining the
crystallite size is the modified Scherrer’s equation [32], which can
be expressed as follows:

0.9A 0.91 1
() = ln(Dcos 9) B IH(TJ i ln(cos 6] ’ )

Figure 2 illustrates the plot of In(f) against In(1/cos0); the crys-
tallite size (D) was calculated from the intercept 1n(0.94/D).

In order to obtain an excellent precise determination of size—
strain parameters, the size—strain plot (SSP) method has been used.
This method considers the x-ray diffraction peak profile as a com-
bination of both Lorentzian (crystallite size) and Gaussian (strain)
functions [33, 35]. The SSP is calculated using the following equa-
tion [36]:

()P cOs 0)° = 0'—}? (2B cos )+ [%} . (3)

The plot of (d,,B cos 9)2 versus (d,fle oS 6) is shown in Fig. 3. Us-
ing the linear fit of data, the crystallite sizes were obtained from
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Fig. 2. Modified Scherrer’s plot for ZnSO, NPs.
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Fig. 3. Size—strain plot for ZnSO, NPs.

the slope of the line; the strain value was estimated from the square
root of the y-intercept.

From the Williamson—Hall (W-H) plot [37, 38], the broadening
of diffraction peaks can be expressed as

Bhkl = Bsize + Bstrain' (4)

Observed B,, as a function of microstrain (¢) can be given by
B, cosO = %+4ssin6. )

The plot of B,,cosb vs. 4sin® has been represented in Fig. 4. The
strain was calculated from the slope, and the intercept gives the
values of crystallite size.

Dislocation density (8) is an important parameter in materials
science that measures the number of dislocations within the mate-
rial microstructure. Dislocations are line defects in the crystal lat-
tice, which can have a substantial impact on mechanical properties,
including strength and ductility. This parameter (3) is defined as
the cumulative length of dislocation lines per unit volume of the
material and is usually expressed in units of m™. The dislocation
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Fig. 4. The Williamson—Hall plot for ZnSO, NPs.

TABLE 1. Comparison of crystallite sizes, microstrain and dislocation den-
sity in ZnSO, NPs.

Scherrer’s Modified Size—strain Williamson—
S 1 equation Scherrer’s plot (SSP) Hall plot, W- 3,
atples plot HP line/m? 10
D, nm D,nm | D, nm |a~10"4 D, nm | €10
Pure 36.968 34.736 30.395 8.74 32.157 4.16 07.31
ZnSO,
Codoped 53291 92391 21.724 8.24 21.388 4.89 17.53
ZnSO,
Crdoped o) 337 30528 27.775 8.22 20.871 1.48  10.15
ZnSO,
Fe doped 5, 493 33158 20.056 6.78 36.473 5.82 10.11
ZnSO,

density, 8, was determined, using the formula provided in Ref. [39]:

—> (6)

and together with the resulting values is presented in Table 1. Re-
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Fig. 5. Crystallite size vs. type of dopant.

sults obtained by means of all methods are presented in Table 1 too.

Different values of crystallites’ size have been observed for the
set of nanoparticles; the presence of particles of different morphol-
ogy and size can be attributed to the type of dopant. The flow and
compaction properties have been controlled by the size of the parti-
cles. Figure 5 shows the particles’-size distribution as a function of
type of dopant. It is clearly seen that the small values of crystal-
lites’ size were observed for the Co-doped ZnSO, sample.

3.3. FT-IR Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is an important
analytical method employed to identify functional groups, chemical
bonds, and identifying compounds [40]. The FT-IR transmittance
spectra of pure ZnSO, and Co-, Cr- and Fe-doped ZnSO, NPs were
obtained in the transmittance mode at room temperature, using the
Alpha Bruker FT-IR spectrometer in the range of 400—-4000 cm™.
Here, the KBr pellet technique was used. Figure 6 shows the FT-IR
spectra of pure ZnSO, and Co-, Cr- and Fe-doped ZnSO, NPs. These
last ones measure the absorption of infrared light by a sample,
which causes molecular vibrations. The symmetric stretching mode
of water molecule (O—H) is characterized by the presence of broad
vibrational band at 83443 cm ™ in the FT-IR spectra. The sharp band
at 1626 cm ' is attributed to the bending mode of CO, molecules.
The bands located at 987 and 1405 cm™ correspond to stretching
vibrations in the sulphate SO, 2 ions [41]. The bands located at 558,
944 and 625 cm ' may indicate the presence of Co—O [42], Cr—O [43]
and Fe—O [44] stretching vibrations, respectively. This one confirms
the successful incorporation of metallic ions in ZnSO, NPs.
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Fig. 6. FT-IR spectra of pure ZnSO, and Co-, Cr-, and Fe-doped ZnSO, NPs.
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Fig. 7. UV—visible transmittance spectra for pure ZnSO, and Co-, Cr-, and
Fe-doped ZnSO,.

3.4. Optical Band Gap Analysis with UV—Visible Spectrum

UV-visible transmittance spectra for the newly prepared ZnSO,
nanoparticles are depicted in Fig. 7. These spectra were recorded
within the range of 200-800 nm. All samples show a weak absorp-
tion peaks near 320 nm due to the band n—n" electronic transition
and to the surface-plasmon resonance of the pure ZnSO, sample.
Additionally, optical band-gap values (E,,) for direct transition
were estimated, using the absorption coefficient (a). In ineffective
thickness method (ITM), m characterizes the indirect allowed and
forbidden transitions, direct allowed and forbidden ones and has
values of 1/2, 3/2, 2 and 3, respectively. In this study, we are in-
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teresting in the direct transition (m =2). Tauc’s plot is a graphical
method used to determine the optical band gap of semiconductor
materials. This last relates the absorption coefficient (o) of a mate-
rial to the energy of the incident light (kv). The classic Tauc’s ap-
proach was used to calculate band-gap energy of the samples, ac-
cording to Eq. (9) as shown below [45, 46]:

(ahv)’ = A(hv - E,), (9)

where o is the absorbance coefficient, # is the Planck constant, A is
the absorption constant for a direct transition, hv is the absorption
energy, and E, represents the band gap.

The intercepts of lines with x-axis gives E,, values. Similarly,
for direct transition (m = 2), relations between (ahv)® vs. hv for dif-
ferent synthesized ZnSO, NPs were plotted (Fig. 8) and values of
E,, were obtained from lines’ intercepts with x-axis. Values of op-
tical band gap (E,,) for direct transition were listed in Table 2. In
case of the direct transitions, E,, values are ranged between
1.856 eV and 2.821 eV. When Cr®" ions are introduced into the
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Fig. 8. Plot of (ahv)? vs. hv from the UV-—visible transmittance for pure
ZnS0, and Co-, Cr-, and Fe-doped ZnSO, NPs.
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TABLE 2. Optical band gap (E,) and refractive index (n) values.

Samples | E, eV | Refractive index (n)
Pure ZnSO, 2.094 1.471
Co doped ZnSO, 2.347 1.649
Cr doped ZnSO, 1.856 1.304
Fe doped ZnSO, 2.821 1.982

ZnSO, matrix, it can create localized energy state within the band
gap. These states can facilitate electron transitions, effectively re-
ducing the energy required for an electron to jump from the valence
band to the conduction band, thus, decreasing the optical-band gap.
The presence of these ions can increase the concentration of charge
carriers (electrons or holes) in the materials. This increase can lead
to enhanced conductivity and a reduction in the effective band gap
due to more available states for electron excitation. Fe*" and Co®"
ions may introduce additional energy levels or modify the electronic
structure of ZnSO,. If iron is present in higher oxidation states, it
can lead to an increase in the effective energy required for electron
transitions, thus, widening the band gap. Doping with Fe®* and Co®"
ions can lead to increased localization of charge carriers. This local-
ization can create a scenario, where the electron transitions from
the valence band to higher energy state require more energy, con-
tributing to a larger band gap.

Nanoparticles, particularly semiconducting or metallic ones, have
a refractive index (n) that determines these-materials’ interaction
with light impacting light scattering, emission and absorption. This
index (n) is important in designing some devices as the optical ones,
influencing transparency and responding to external stimulation.
Refractive index (n) is calculated, using the relation [47]

n2_1:1_ Eopt..
n®+2 \/20

It is ranged from 1.304 to 1.982 for direct transitions as listed in
Table 2 reflecting the high transparency of nanoparticles across
both the visible and UV spectrum, which make it for photodetectors
and solar cells as an ideal candidate. These values reflect the mate-
rial efficiency in bending photons that is desired for optical devices.

4. CONCLUSIONS

In summary, zinc sulphate (ZnSO,) NPs were successfully synthe-
sized, using the sol—gel processing. Four samples have been synthe-
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sized: pure ZnSO,, Co-doped ZnSO,, Cr-doped ZnSO, and Fe-doped
ZnS0O,. Various advanced characterisation techniques were em-
ployed, including x-ray diffraction (XRD), Fourier transform infra-
red (FT-IR) spectroscopy and UV-visible spectroscopy. These last
provided a detailed understanding of the crystalline structure, vi-
brational modes and optical properties of the synthesized ZnSO,
NPs. FT-IR spectra confirm the presence of all functional groups
and demonstrated the successful synthesis of ZnSO, NPs. X-ray dif-
fraction analysis (XRD) confirms the crystalline (cubic) nature of
the ZnSO, NPs. Scherrer’s equation, modified Scherrer’s method,
size—strain (SSP) method and the Williamson—Hall (W—H) method
were used to examine the crystallite sizes and intrinsic strain of our
samples based on the XRD peaks. A comprehensive comparison of
average particle sizes obtained from these models was conducted
and revealing an average sizes of approximately 30.52 nm, 29.75
nm, 26.75 nm and 29.51 nm, respectively. The dislocation density
was investigated; this parameter was estimated from 7.31-10™ to
10.11-10" line/m®. Analysis of UV-Vis transmittance spectra indi-
cates an apparent increase of optical-band gap from 2.094 eV (pure
ZnS0,) to 2.347 eV (Co-doped ZnSO,) and 2.821 eV (Fe-doped
7ZnS0,). Doping of ZnSO, with Cr ions cased the decreasing of the
band-gap value from 2.094 eV to 1.856 eV. The study suggests that
ZnSO, NPs doped with transition-metal ions such as Co®', Cr® and
Fe®" are the potential candidate to fabricate semiconductor nanoop-
tical wide-band gap device based on their augmented band gap.
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