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Nickel sul�des have unique and diverse structural features, making them ideal for energy conversion and storage. �is research
focuses on the synthesis and characterization of nickel sul�de thin �lms and nanocrystals from nickel ethyl xanthate complex
using spin-coating and solventless methods. �e nickel ethyl xanthate complex (C6H10S4NiO2) was characterized using Fourier-
transformed infrared (FT-IR), ultraviolet-visible (UV-Vis), and nuclear magnetic resonance (NMR) spectroscopies as well as
thermogravimetric analysis (TGA). �e NiS thin �lms and nanoparticles were analyzed with energy dispersive X-ray (EDX)
spectroscopy and X-ray di�raction (XRD). Nickel ethyl xanthate was synthesized in an 81.2% yield. �e bandgaps of the nickel
sul�de obtained from the spin-coating method ranged from 4.35–4.88 eV. For the solventless method, the bandgap of the nickel
sul�de ranged from 3.93–3.96 eV. �e crystal phase observed from the spin-coating and solventless methods was α-NiS
(hexagonal). A direct correlation was observed between annealing temperature, bandgap, and particle size.

1. Introduction

Colloidal synthetic approaches o�er control of nanocrystal
synthesis and a good yield [1]. �ermal decomposition is the
most suitable approach to obtain monodispersed nano-
particles [2]. �ermal decomposition routes are quite eco-
nomical and ensure uniformity in size, shape, chemical
composition, and structural properties of nanocrystals [3].
�is control is attained by varying and manipulating ex-
perimental conditions such as temperature, concentration,
nucleation, and growth processes [4–6], as well as using
metal or single-source precursors [7–10].

Single-source precursors minimize the use of pyrophoric
and toxic reagents in the synthesis of materials [11, 12]. �ey
are stable in air and moisture [13, 14] and o�er a cleaner
synthesis of nanoparticles and thin �lms [15].

Metal xanthate complexes constitute a class of single-
source precursors with endearing properties [16]. �ey are
usually stable in solution and can decompose at relatively

low temperatures, usually below 200°C [12, 17, 18]. Ma-
nipulating their solubility and decomposition during a
synthetic workup can be achieved by varying the length of
the attached organic side chains [10, 19]. �ese complexes
have been used to obtain metal chalcogenide nanoparticles
and thin �lms [20–22].

Transition metal chalcogenides present remarkable al-
ternatives for sustainable energy production and storage and
have been investigated for use in solar cells, lithium-ion
batteries, sensors, hydrogen evolution, transistors, and
photocatalytic degradation [9, 23]. Transition metal sul�des
are highly covalent and are generally classi�ed into binary,
ternary, and polynary metal sul�des based on the elemental
composition of the complex [24]; Wang et al. [25]. �eir
physical, optoelectronic, and chemical properties are easily
tunable owing to quantum con�nement [26].

Nickel sul�de (NiS) is a vital transition metal sul�de due
to its high electron conductivity, low-temperature proc-
essability, metal insulating behavior, and complex phase
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changes [27]. It has two polymorphs: α-NiS (hexagonal),
which is stable at high temperatures (>379), and a rhom-
bohedral β-NiS which is also stable at lower temperatures
[28, 29]. NiS thin films and nanoparticles with varying
stoichiometries (NiS, NiS2, Ni3S2, Ni3S4, Ni6S5, Ni7S6,
Ni4S3+x, Ni3+xS2, and Ni9S8) and nanostructures have been
prepared using various starting materials and precursors
[21, 30, 31]. Some methods used to synthesize nickel sulfide
include thermal decomposition, hydrothermal treatment,
and solvothermal methods [32, 33]. Comprehensive studies
of the structural, morphological, catalytic, electrochemical,
and optoelectronic properties of nickel sulfides have been
reported [9, 34, 35]. Nickel sulfides have been used as
toughening agents in glass, electrodes in batteries, catalytic
material for hydrodenitrogenation, and hydro-
desulphurization because of their low cost, easy availability,
and good electron transport properties [10, 36]. However,
research into obtaining monodispersed nanomaterials from
single-source precursors is limited [9].

*is study covers the synthesis and characterization of
nickel ethyl xanthate (NiEtX) and discusses two routes to
convert them to nickel sulfide thin films and nanocrystals.
We also examine the properties of the obtained nickel
sulfide.

2. Materials and Methods

Chloroform (99%), methanol (99.8%), toluene (99.9%),
potassium ethyl xanthate (96%), and nickel chloride (96%)
were procured from Sigma-Aldrich (U.S.A). *e chemicals
were used without further purification.

3. Instrumentation

UV–Vis absorption spectra for NiEtX precursors and NiS
nanocrystals were obtained on a Shimadzu UVmini-1240
spectrophotometer using a quartz cuvette of 1 cm path
length and toluene as the solvent and blank. *e NiS thin
films from the spin-coating method were placed on a stage in
the spectrophotometer for absorbance measurements using
air as the reference. *e bare substrate (microscope glass
slide) was used for run separately. Measurements were taken
from 200 nm to 1000 nm in a 1-nm step.*e bandgap energy
of the films and nanocrystals was obtained from a Tauc plot.

*e infrared spectrum of the NiEtX precursor was ob-
tained on a Bruker Alpha FT-IR spectrometer (Platinum
ATR). *e samples were scanned as solids from
4000 cm−1–400 cm−1. *e different wavenumbers from the
spectrum were compared to theoretical values to determine
the different functional groups in the sample.

1H (proton) and 13C (carbon) NMR studies were carried
out using a Bruker FT-NMR Avance 500MHz spectrometer
(Ettlingen, Germany). *e sample was prepared by dis-
solving 10mg of the synthesized nickel ethyl xanthate
precursor in chloroform-d at room temperature. *e
chemical shifts and splitting patterns of the different hy-
drogen and carbon atoms present in the complex were
compared to standard values in the literature.

*emelting point of the precursor was determined using
the Stuart SMP10 Scientific Melting Point Apparatus. A
capillary tube was filled at one end with the sample and
inserted into the melting point apparatus. *e sample was
monitored as it was heated. *e temperatures at which the
sample began to melt and completely melted were recorded.

*e decomposition pathway and thermal properties of
the nickel ethyl xanthate complex were ascertained with an
SDT Q600 V20.9 Build 20 *ermogravimetric and Differ-
ential Scanning Calorimetry Analyzer (TGA-DSC). *e
sample was heated from 25°C to 600°C under a flow of
nitrogen gas. *e percentage change in weight and the
percentage of the residue were compared to the theoretical
decomposition of nickel sulfide in different xanthate
precursors.

SEM-EDX analysis was carried out on a Phenom-World
ProX Desktop scanning electron microscope coupled to a
ProSuite EDX. *e films and nanoparticles deposited on a
glass substrate were carbon-coated using the Cressington
Sputter Coater 108Manual 6002, 6006 coating system before
the analysis. *e elemental composition of the films and
nanoparticles was determined and quantified.

XRD analysis was performed with a PANalytical Em-
pyrean diffractometer equipped with monochromated Cu-
Kα radiation, using the K_alpha line at 1.54 angstroms (Å)
and the K_beta line removed with a beta filter. *e particle
sizes for the nickel sulfide crystals and thin films prepared at
the different annealing temperatures were calculated using
the Scherrer equation. *e peak pattern obtained from the
XRDmatched with NiS (ICDD number: 01-075-0613) ICDD
PDF-4 database run on the HighScore software v.4.8.

4. Synthesis of Nickel Ethyl Xanthate (NiEtX)

Nickel chloride (1.05 g, 4.4mmol) was dissolved with dis-
tilled water (33mL) in a beaker. Potassium ethyl xanthate
(2.64 g, 8.8mmol) was dissolved with distilled water (66mL)
in another beaker. *e potassium ethyl xanthate solution
was added to the nickel chloride solution in a dropwise
fashion. *e mixture obtained was stirred continuously for
three hours. *e precipitate formed was then isolated by
filtration. *e precipitate/residue was washed with distilled
water and dried. *e solid obtained was dissolved in
chloroform (10mL) and recrystallized in methanol
(200mL). *e crystals obtained were separated from the
mother liquor by filtration. *ey were washed with excess
methanol, followed by washing with excess water, and dried.
*e mass of the product was 1.08 g correlating to a per-
centage yield of 81.2%.

5. Synthesis of Nickel Sulfide (NiS) Thin Films

Nickel sulfide thin films were obtained from thermal de-
composition (annealing) of the precursor on glass slides with
sizes of 21mm× 15mm. *e glass slides were cleaned by
sonication in butanol and distilled water successively for
30min before deposition. *e precursor was dissolved in
chloroform. A 50mg/mL concentration was prepared and
deposited on glass substrates by spin-coating (Ossila Spin
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Coater) at 1200 rpm for 30 sec. Deposited precursor layers
were converted to thin films by annealing in a preheated
furnace (Carbolite-MTF 12/38/250) at 200°C for 30min.*e
annealing temperature was then varied. *is method was
repeated for the annealing temperatures at 300°C and 400°C.

6. Synthesis ofNickel Sulfide (NiS)Nanocrystals

0.3 g of the nickel ethyl xanthate precursor was weighed into
a ceramic boat lined with aluminum foil. *e ceramic boat
containing the NiEtX complex was placed at the center of a
quartz tube and inserted into a preheated furnace (Carbolite-
MTF 12/38/250). *e sample was heated to the required
temperature (200°C, 300°C, and 400°C) for 30min. After the
heating process, the furnace was allowed to cool. *e
product obtained (black powder) was collected and
analyzed.

7. Results and Discussion

*e nickel ethyl xanthate complex synthesized was obtained
as dark-green crystals with a strong sulfur-like smell. *e
complex was stable and easy to handle. *e percentage yield
obtained was 81.2%. Compared to that obtained in the lit-
erature, the relatively lower yield could be attributed to mass
loss during the purification step in chloroform and the
successive recrystallization from chloroform using methanol
[10, 37].

Xanthate ligands can coordinate with metal centers in
monodentate, isobidentate, anisobidentate, or bridging
modes [21].*emolecular structure of the complex is shown
in Figure 1. *e Ni (II) center assumes a square planar
geometry. It is coordinated to four sulfur atoms from the
ethyl xanthate ligand.

*e observed melting point of the nickel ethyl xanthate
precursor was relatively sharp, confirming the purity of the
complex. *e melting point obtained was 144°C–145°C,
which conforms to reported values [21]. *e theoretical
melting point for potassium ethyl xanthate used for the
initial synthesis is known to be 225°C–226°C. Generally, in
contrast to the alkali metal salts of xanthates, heavy metal
salts (e.g., Pb2+, Cd2+, and Ni2+) of the same xanthates have
lower melting points [38]. *is could be the reason for low
melting point obtained for the nickel ethyl xanthate. *eir
low melting point makes them suitable single-source pre-
cursors [22].

*e nickel ethyl xanthate precursor was characterized
using UV-Visible spectroscopy. As highlighted in Figure 2,
the absorbance at 478 nm could be a d-d transition of the
nickel (II) ion, and the absorbance at 416 nm could result
from the metal-ligand charge transfer transitions. *e two
absorbance peaks were in the visible region of the electro-
magnetic spectrum, an indication that the complex is
paramagnetic.

*e FT-IR spectrum of NiEtX is presented in Figure 3.
*e observed stretching and vibration of bonds in NiEtX
were in agreement with those previously reported on xan-
thates and nickel sulfide [9, 39]. *e bands around
2980 cm−1 and 2978 cm−1 indicated the presence of the C–H

functional group, which is attributed to the ethyl group.
Distinctive vibrational bands of NiEtX at 1263 cm−1,
1114 cm−1 and 1020 cm−1 were assigned to asymmetric
C–O–C vibrations and C–S stretching, respectively [10]. *e
absorption bands at 434 cm−1, 553 cm−1, 659 cm−1, 806 cm−1,
859 cm−1, and 993 cm−1 were associated with the Ni–S–Ni
bending and vibration modes [32].

*e 1H NMR spectrum of the NiEtX complex showed
two distinct peaks with an integral of 1.5, as expected from
the ethyl group. However, the splitting pattern was inter-
fered by the paramagnetic nature of the nickel complex. *e

OO
S
S

S
S

Ni

Figure 1: Molecular structure of the NiEtX complex.
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Figure 2: UV-Vis absorbance of the NiEtX complex.
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Figure 3: IR spectrum of the NiEtX complex.
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chemical shift (δ) for the methylene hydrogens was observed
at 4.6 ppm. *is downfield value (δ) resulted from the at-
tachment of the carbon bearing the methylene hydrogens to
a more electronegative oxygen atom. *e chemical shift for
the methyl hydrogens were observed at 1.5 ppm (Table 1).

*e 13C NMR showed two peaks at 17.2 ppm (CH3) and
69.6 ppm (CH2) as indicated in Table 1. *e signal from the
quaternary carbon was not observed. It may be due to the
paramagnetic nature of the Ni (II) metal and the presence of
unpaired electrons in the complex [40]. *ese factors could
interact with the applied magnetic field and spin resonance
which further interrupts the relaxation time of the excited
nuclei.

*ermal analysis of NiEtX [Ni (C2H5OCS2)2] was per-
formed between a temperature range of 25–600°C. A single
step decomposition was identified for NiEtX with a steep
weight loss of 46.61% between 155°C–200°C (Figure 4). *e
onset and endset temperatures were 169.1 and 212°C, re-
spectively. *e expected weight loss was 38.20%, in contrast
to the observed 46.61%. *is could be attributed to the
complex phase transition and inversion of nickel sulfides on
heating [41]. However, some residue decomposition and
uncertainties in the thermogravimetric measurement setup
might have also contributed to this variation [10]. *e
percentage weight loss from the TGA is indicative of the
formation of NiS in the residue obtained.

*e spin-coating and solventless methods were used to
deposit and prepare NiS thin films and nanoparticles, re-
spectively. For each method, the annealing temperatures
were varied to estimate how temperature affects the mor-
phology and properties of NiS. Films of NiS were obtained
using the spin-coatingmethod. Bandgaps of NiS deposited at
the different annealing temperatures were ascertained using
Tauc plots obtained from their UV-Visible spectra.

Figure 5 shows the absorbance spectra and Tauc plots of
NiS using spin-coating and solventless methods. *e NiS
absorbed significantly in the UV region and very low in the
visible region.*e estimated bandgap energy of NiS from the
spin-coating method ranged from 4.35–4.88 eV and
3.93–3.96 eV from the solventless method. A significant blue
shift was observed in comparing the values obtained to the
bandgap energy of bulk NiS which is ∼2.1 eV [36]. *e
bandgap decreased with increasing temperature. *is ob-
servation could be attributed to the agglomeration of the
particles with increasing temperature, with a corresponding
decrease in the bandgap. *e NiS obtained from both
methods can find wide applications in energy conversion,
energy storage, and catalysis based on their bandgaps. *e
bandgap values obtained for the NiS nanoparticles were
lower than the thin films obtained from the spin-coating
method. *is could be due to variations in the kind of
particles produced and their size effects [36].

8. Morphological Characterization

*e morphology and orientation of the particles in both the
thin films and nanocrystals can be affected by the synthetic
method, temperature and substrate used for deposition.

EDX was used to detect and quantify the elemental
composition of the thin films and nanocrystals prepared.*e
elemental composition of the NiS obtained from the de-
composition of nickel ethyl xanthate comprised of Ni and S
atoms. Table 2 shows the atomic concentrations obtained for
the thin films and nanocrystals at different temperatures.
*e stoichiometry of Ni to S was comparable to those re-
ported [9, 31, 32]. *e atomic composition of sulfur de-
creased as temperature increased, possibly because of the
volatile nature of the sulfur at higher temperatures [41].

9. Structural and Particle Size Characterization

9.1. XRD Analysis. XRD patterns of the thin films and
nanocrystals prepared from NiEtX are shown in Figures 6
and 7, respectively. A crystalline hexagonal (α-NiS) phase
was attained (ICDD # 01-075-0613) for both the spin-
coating and solventless methods. *e diffraction pattern for
the spin-coating method showed low-intensity peaks for the
α-NiS phase. Particle sizes obtained from the Scherrer
equation for the spin-coating method at 200°C, 300°C, and
400°C were 19 nm, 22 nm, and 27 nm, respectively. *e large
peak widths seen confirmed the small sizes obtained for the
particles.*emost preferred orientation for the spin-coating
approach was observed along the (1 0 2) plane.

*e diffraction patterns for the solventless method
showed high α-NiS phase intensity peaks with particle sizes
of 20 nm, 21 nm, and 22 nm, respectively, at 200°C, 300°C,
and 400°C. *ere was a steady increase in size with a cor-
responding temperature rise. *is is expected [42] as the
agglomeration of nanocrystals occurs with increasing

Table 1: 1H and 13C NMR of the nickel ethyl xanthate (NiEtX)
complex.

Atoms δ/ppm (1H) δ/ppm (13C)
CH2 4.6 69.6
CH3 1.5 17.2
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Figure 4: TGA curve of the NiEtX complex. Characterization of
nickel sulfate (NiS) thin films and nanocrystals.
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temperature. *e preferred orientation was also observed
along the (1 0 2) plane.

Williamson-Hall size and strain analysis plot was
employed in the studies of the individual contribution of the

lattice strain on crystallite sizes to the peak broadening
observed in the diffraction pattern (Figure 8). Peak
broadening could result from the existence of residual strain
and line defects. Perfect crystals extend infinitely in all
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Figure 5: Absorption spectra for NiS produced from spin-coating (a) and solventless (c) methods and stacked Tauc plots showing bandgap
energies of NiS from the spin-coating (b) and solventless (d) methods at 200°C, 300°C, and 400°C.
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directions [43]. *us, the crystals obtained were imperfect
due to their finite size. *is deviation from perfection leads
to the broadening of diffraction peaks [44]. *e negative
intercepts obtained from some of the W-H plots could be
attributed to the compressive nature of the microstrain [45].
Table 3 shows the lattice strain and crystallite sizes obtained
for particles from the spin-coating and solventless methods.

*e crystallite size calculated from the FWHM ranged from
3.1 to 9.734 nm for the spin-coating method and from
27.4 nm to 96.43 nm for the solventless method. *e strain
increased as the crystallite size decreased due to the lattice
shrinkage effect. *e improvement in the crystallinity of NiS
nanoparticles from the solventless method is directly related
to the increase in the grain size [46].

Table 2: EDX of NiS thin films and nanocrystals at 200°C, 300°C, and 400°C.

Temperature Element symbol Atomic concentration (%)/SPC Atomic concentration (%)/solventless

(a) 200°C Ni 54.55 57.33
S 45.45 42.67

(b) 300°C Ni 54.48 58.39
S 45.53 41.61

(c) 400°C Ni 61.64 60.52
S 38.36 39.58
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Figure 6: XRD patterns of NiS thin films obtained from the spin-coating method at 200°C, 300°C, and 400°C (crystallite sizes are shown on
the side).
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Dislocation densities (δ) and microstrains (ε) developed
in thin films and nanoparticles were calculated. It was
perceived that their dislocation densities and microstrains
decline with an increase in crystallite sizes, as presented in
Figures 9 and 10. *is inverse relationship points toward
fewer lattice imperfections [47]. *is reflects the decrease in
grain boundaries as the crystallite size in thin films and
nanoparticles increases with temperature.

Some studies have significantly highlighted the effects of
synthetic method variation and manipulation of preparation

conditions on the characteristics of the product obtained
[5, 48]. *e size variation observed with temperature change
could account for the difference in the bandgap values
obtained [14]. Although the solventless method produced
large grain sizes, the crystallite size obtained was smaller
compared to that of the spin-coating method. Generally,
large bandgap values are obtained from smaller crystals due
to quantum confinement [49]. *is assertion could explain
the large bandgap values obtained from the solventless
method.
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Figure 8: W-H plot analysis of NiS films obtained by spin-coating and nanoparticles obtained from the solventless method.

Table 3: Crystallite size and strain of NiS films obtained by spin-coating and nanocrystals obtained from the solventless method at 200°C,
300°C, and 400°C.

Temperature Parameter Spin coating Solventless

(a) 200°C Crystallite size 9.49 nm 27.4 nm
Strain −0.00425 0.00212

(b) 300°C Crystallite size 10.5 nm 96.43 nm
Strain −0.00469 0.00557

(c) 400°C Crystallite size 3.1 nm 59.73 nm
Strain −0.02004 0.00287
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10. Conclusions

Nickel ethyl xanthate (C6H10S4NiO2) was synthesized and
characterized. As per its desirable potential in the prepa-
ration and deposition of NiS thin films and nanoparticles, its

structure was analyzed using UV-Vis, NMR, and FT-IR
spectroscopies. Additionally, thermogravimetric analysis
was used to study its thermal behavior and decomposition
pathway. *e thermal analysis disclosed the prospect of
obtaining NiS by thermal decomposition of the nickel ethyl
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Figure 9: Variation of dislocation density and microstrain with crystallite size of NiS nanoparticles obtained from the solventless method at
200°C, 300°C, and 400°C.
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Figure 10: Variation of dislocation density and microstrain with the crystallite size of NiS thin films obtained by spin-coating at 200°C,
300°C, and 400°C.
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xanthate precursor below 400°C. From the XRD analysis, all
the thin films and nanoparticles indicated the growth of
α-NiS (hexagonal) regardless of the annealing temperature.
*e spin-coating method for synthesizing NiS thin films
from nickel ethyl xanthate was proved effective since the
EDX analysis confirmed the presence of nickel and sulfur.
Also, monodispersed NiS nanoparticles were obtained from
the solventless method at 200°C. [50, 51].
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