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Abstract

By this work, the preparation of NiO nanoparticles (NPs) from a dithiocarbamate
complex through calcination, both a cost-effective and practical way for NPs
synthesis, was presented. This preparation process involves the decomposition of the
precursor to yield highly pure and crystalline NPs. The dithiocarbamate complex was
synthesized in a sequential reaction starting from p-anisaldehyde and 3-
aminopropanol. Particle size of the NPs, whose formation was confirmed by FT-IR
spectroscopy and UV-Vis spectroscopy, were calculated as 10.97 nm using Debye-
Scherer equation from X-ray Diffraction Spectroscopy (XRD). In addition, Scanning
Electron Microscopy (SEM) revealed generally aggregated and spherical particles,
which are stable in colloidal environment according to -15.1 zeta potential value.
Besides, the NPs were employed as a photocatalyst for the decomposition of
Methylene Blue (MB), one of the most frequently used synthetic dyes in industry
and, at the same time, one of the primary water pollutants, resulting in 38%

degradation rate.

1. Introduction

Dithiocarbamates, represented by the general
formula S,CNR2, are a remarkable group of
compounds, distinguished by their unique sulfur-
sulfur bonds and a variety of intriguing properties.
From their origins in the late 19" century to their
contemporary members in diverse applications,
dithiocarbamates have left an indelible mark on
modern chemistry. Dithiocarbamate compounds
possess an exceptional ability to easily capture a
broad range of metal ions, allowing for the
construction of complex architectures, which have
brought in great importance to them in
coordination  chemistry.  Synthesis of the
dithiocarbamate complexes typically involves the
preparation of the dithiocarbamate ligand through
the reaction of amine compounds with CS; in a
basic medium, followed by its coordination with a
metal ion [1], [2], [3]. This process allows for
convenient regulation of the electrical and
structural ~ characteristics of  the  final
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dithiocarbamate compound by manipulating the
pioneer amine.

The resonance structures of
dithiocarbamates allow them to readily coordinate
with a wide range of metal ions (Figure 1). The
thioureide form functions as a weak-field ligand,
providing stability to high-valent metals. On the
other hand, the dithiocarbamate form tends to
capture low-valent metals as a strong-field ligand.
Among the various coordination modes available
to dithiocarbamates, the most common is the
bidentate chelate, which enhances the stability of
the resulting structure [4].
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Ry N Ry~ s
Thioureide Dithiocarbamate

Figure 1. The resonance forms of dithiocarbamates.
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Due to their strong affinity for metals,
numerous dithiocarbamate complexes,
demonstrating a broad range of applications
including high-pressure lubricants and accelerators
in vulcanization [5], anion sensors [6], sensitizers
in solar schemes [7], pesticides and fungicides [8],
[9], as well as anticancer, antibacterial, and
antioxidant agents [10], [11], [12], have been
synthesized. Nickel dithiocarbamate complexes, in
particular, have been extensively examined for
their biological activities, including anticancer,
antimicrobial, or antioxidant [13], [14], [15], [16],
[17]. Furthermore, numerous studies have focused
on the utilization of dithiocarbamate complexes as
single-source precursors for nickel NPs [18], [19],
[20], [21], [22], [23]. Various methods were
employed for nickel NPs production; for instance,
in some of these studies, NiO NPs were generated
through high-temperature calcination, while in the
others, the solvothermal method was employed by
adding ethylenediamine for nickel sulfide NPs
synthesis [18].

NPs composed of NiO exhibit diverse
applications across multiple disciplines, including
energy storage [24], rechargeable batteries [25],
catalysis [26], bio-active materials [27], and
sensors [28]. In recent years, the catalytic activities
of NiO NPs have gained great importance,
particularly in environmental applications, due to
the escalating pollution caused by rapid
industrialization and uncontrolled population
growth. One of the catalytic applications of NiO
NPs pertains to degrading synthetic dyes present in
water contaminated by industrial effluents.
Numerous methods which can be classified as
biological, chemical and physical have been used
for remediation of contaminated waters with dyes.
Among these methods, photocatalysis has garnered
significant attention as it is the most effective and
environmentally friendly approach to date [29].
Research in this area revealed that NiO NPs have
exhibited successful results as photocatalysts in the
breaking down industrial dyes such as MB,
Rhodamine B, and Brown HT [30], [31], [32]. The
degradation process occurs through the generation
of O, and OH radicals within the positively charged
cavities on the surface of NPs by means of electron
excitation and the subsequent interaction of these
radicals with synthetic dyes, leading to the
decomposition of these dyes [33].

In this study, it was aimed to transform one
example of the widely studied dithiocarbamate
complexes into nickel NPs, which are utilized in
addressing the nowadays pressing issue of
environmental pollution. For this aim, a nickel
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dithiocarbamate complex was prepared through a
chain reaction starting with 4-
methoxybenzaldehyde and 3-aminopropanol. The
resulting complex was then thermally decomposed
to produce NiO NPs, which were characterized by
using FT-IR, UV-Vis, SEM-EDS, XRD, and Zeta
Potential methods. Besides, the photocatalytic
capacity of the NPs over the decomposition of MB
was evaluated.

2. Material and Method

4-methoxybenzaldehyde (98%), 3-aminopropanol
(99%), sodium borohydride (98%), potasium
hydroxide (99%), carbon disulfide (99%),
nickel(Il) sulfate hexahydrate (98%), methylene
blue (82%), dicholoromethan, and ethanol were
purchased and used without any additional
purification procedure. The FT-IR spectra were
measured between 400-4000 cm™ range using a
Jasco FTIR 4700 spectrometer. By employing a
Perkin-Elmer Lambda-35 UV-Vis
spectrophotometer, which operates in the range of
200-800 nm, the UV-Vis spectra of the nickel
complex and NPs in ethanol (10° M) were
recorded. The XRD pattern was recorded using a
PANalytical X-Pert3 Powder X-ray diffractometer
with Cu-Ka radiation. The morphological
characters of the NPs were investigated using a
TESCAN™ MIRA3 XMU SEM. In order to
determine the zeta potential of the NPs dispersed in
ultra-pure water, the Malvern/Zetasizer Nano ZSP
utilized the diffusion light scattering approach.

2.1. Preparation of the Nickel Dithiocarbamate
Complex

4-methoxybenzaldehyde and 3-aminopropanol in
equimolar amounts were refluxed in methanol for
4 days. Once the transformation into the Schiff
base was complete, excess sodium borohydride
was added to the reaction mixture in small portions.
After the reduction was finished, the methanol was
evaporated from the crude product. The resulting
oily product was washed twice with a
CH.Cly/water mixture and dried over Na;SOg,
heated in a muffle furnace at 250 °C.

The final reduced amine in light yellow,
oily form was dissolved in ethanol and cooled to 0
°C. To this solution, KOH and CS; in ethanol were
added dropwise, respectively. After stirring for a
day at room temperature, the appearance of the
yellow solution indicated the dithiocarbamate
formation. Subsequently, an aqueous solution of
NiSO4.6H,0 (0.5 equivalent) was added to form
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the complex structure. A green precipitate formed
immediately was filtered after stirring for one day,
and the residue on the filter paper was allowed to
dry and was then isolated.

2.2. Preparation of the NiO NPs

The resulting complex was placed in porcelain
crucibles and calcined in a muffle furnace at 500 °C
for 4 hours. Distilled water was added to the
resulting substance and mixed at 80 °C for 20
minutes. Then, the mixture was transferred to
centrifuge tubes and centrifuged for 3 minutes. The
decanted NPs were centrifuged further 3 minutes
after being washed with ethanol. The obtained NiO
NPs were left to dry at room temperature and
isolated.

2.3. Photocatalytic Performance

A batch process was employed to study the
photocatalytic activity and decomposition kinetics
of the NiO NPs in the degradation of MB. With this
aim, NiO NPs (20 mg), predried at 100 °C for 2
hours, were added to 10 ppm MB solution (50 mL),
and this mixture was stirred magnetically in the
dark for an hour to reach thermodynamic
equilibrium. Then, the reaction vessel was opened
to light and allowed to mix under a daylight lamp
(10 watt) positioned 30 cm above the reaction
surface. The UV spectrum of the resulting solution
was measured by withdrawing 3 mix under a
daylight lamp (10 watt) positioned 30 cm above the
reaction surface. The UV spectrum of the resulting
solution was measured by withdrawing 3 mL
samples every hour. The results were interpreted by
calculating the amount of MB remaining in the
solution by using Eq. 1 where Ag an A: represent the
initial absorbtion and absorbtion at time t,
respectively.

Dye Removal = ((AO B A‘)/Ao) *100 (1)

3. Results and Discussion

In this research, a nickel dithiocarbamate complex
was obtained by sequential reactions starting with
4-methoxybenzaldehyde and 3-aminopropanol,
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and the final complex was then subjected to
calcination to produce NiO NPs (Scheme 1). A
color transformation from green to gray was
observed as a consequence of the calcination
process (Figure 2). The structure of the resulting
NiO NPs was illuminated by a number of
spectroscopic techniques, involving FT-IR, UV-
Vis, XRD, SEM-EDX, and zeta potential.

@ o

Figure 2. Powder forms of the dithiocarbamate
complex (green) and the NiO NPs (gray).

As the first step of characterization, the
FT-IR and UV-Vis spectra of the dithiocarbamate
complex and the NiO NPs were measured and
compared to assess the appearance and purity of the
NPs. The FT-IR spectra of the dithiocarbamate
complex and the final NPs were depicted in Figure
3. One of the key features in the spectrum was the
coordinated O-H stretching observed between
3671-3007 cm. The splitting of the C-S band (981
and 961 cm™) gave rise to the hypothesis that the
dithiocarbamate group coordinated with the Ni(ll)
ions in a monodentate manner [34]. Besides, the
band at 1501 cm™ emphasized the partial double
bond character of the C-N bond, while Ni-S bond
formation was confirmed by the peak at 508 cm™
[7]. Considering all these provided spectroscopic
evidence, the structural formula for the nickel
dithiocarbamate complex was proposed as shown
in Scheme 1. The disappearance of all
characteristic bands of the pioneer complex in the
FT-IR spectrum emphasized the complete
conversion of the nickel complex into NPs as a
result of calcination. Furthermore, the band at 406
cm® provided evidence of the existence of NiO
NPs in accordance with previous studies [35], [36],
[37].
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Figure 3. FT-IR spectra of the dithiocarbamate complex and NPs.
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Scheme 1. The reaction scheme and the proposed complex structure for the production of NiO NPs.

The UV-Vis spectra of the nickel complex
and the NiO NPs dispersed in ethanol by an
ultrasonic bath were depicted in Figure 4.

325 nm
328 nm

Absorbance

— Nickel Complex
NiO Naoparticles
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Wavelength {nm)

T T
300 400 800

Figure 4. UV-Vis spectra of the complex and the NPs
(with (Ahv)>-hv plot (inset)).

Two absorbtion maxima at 325 and 392 nm
were assigned to metal-ligand charge transfer for
square planar complexes. Besides, a d-d transition
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in the metal center was observed as a shoulder at
437 nm [38]. The UV maxima at 328 nm pointed
out the presence of the NiO NPs in line with their
counterparts in the previous studies [39], [40], [41].
Furthermore, to calculate the optical band gap of
the NPs, a Tauc plot was included in the UV-Vis
spectrum. The band gap energy was determined as
2.46 eV from the graph drawn by employing the
(Ahv)? = B(hv-Eg) equation, where A is the
absorption coefficient and B is a constant. The
band gap energy, an indicator for the ease of
electron jump from the valence band to the
conduction band, is compatible with the literature
[42], [43].

The XRD spectrum of the NPs exhibited
diffraction peaks at 37.43 [1 1 1], 43.35 [2 0 0],
63.01 [2 2 0], 75.61 [3 1 1], 79.59 [2 2 2] (Figure
5). XRD analysis confirmed that the nanoparticle
crystallized in a Bunsenite structure, identified
with COD 98-002-8834, which corresponds to a
cubic structure with space group Fm-3m. Besides,
the density of the NiO NPs was calculated as 6.84
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g/cm® based on the collected XRD data. Any
impurities originated from the starting compound
were not exhibited in the XRD pattern. Besides, the
sharpness and intensities of the diffraction peaks
pointed out the crystallinity of the NPs. The
average radius of the obtained NPs was calculated
as 10.97 nm by the Scherer equation, where A is the
wavelength of Cu-Ka, £ is full width at the half
max of the main peak, and 6 is Bragg’s angle
(Equation 2).

D = (0.9%21)/(B * cosO) (2)
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Figure 5. X-ray diffraction pattern for the synthesized
NPs.

The images of the NiO NPs captured by the
scanning electron microscope were exhibited in
Figure 6. The particles were observed to have a
generally spherical shape with an average size of
61.14 nm. It was also observed that NiO NPs
aggregated as expected since no anti-collapse agent
was used to minimize the interaction between the
particles.

. . ‘ 134404 nni
[PV 2. ‘i' ‘.

Figure 6. SEM micrograms of the NiO NPs.

EDS analysis revealed that the synthesized
NPs were composed of 68.93% Ni and 25.21% O,
which closely align with the theoretical ratios (78%
Ni, 21% O) for the NiO general formula (Figure 7).
The other elements (C, S, and K) observed in
negligible amounts in the analysis results were
attributed to instrumental impurities.

Element Weight% Atomic%
CK 3.97 10.53
OK 25.21 50.23
SK 1.50 1.49
KK 0.39 0.32
Ni K 68.93 37.43
Totals 100.00

a 0.5 1 15 2 25 3 35 4 45
Full Scale 10388 Cfs CUrsor: 7.052 (34 &i5)

6 65 7
[

Figure 7. EDS spectrum of the NPs.
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Zeta potential is a widely used criterion for
interpreting the stability of NPs by providing
information regarding the repulsion between
similarly charged NPs in a colloidal environment.
The more negative zeta potential value means
greater stability of the NPs [44]. The -15.1 zeta
potential value found in this study indicates that the
prepared NiO NPs are stable in the colloidal
environment (Figure 8).
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Figure 8. The zeta potential distribution of the NPs.

The photocatalytic activity of the
characterized NiO NPs was evaluated for the
decomposition of MB synthetic dye. The usage of
NiO NPs in catalytic amounts in the presence of
light from a daylight lamp ended up decomposition
of 38% of MB over six hours (Figure 9). In
addition, almost identical “before catalyst” and “0
min” spectra revealed that both light and the
catalyst are essential for MB degradation. This
moderate activity of the NPs emerged from the
formation of positive holes based on electron
motion between the energy bands of the NiO NPs
by reason of exposure to sunlight and the
transformation of methylene blue into small
harmless molecules via the radicals forming in
these cavities.

—— Before catalyst
0 min
60 mins
120 mins
180 mins p
240 mins /
/ | 300 mins /
—— 360 mins
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o

T T T
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Figure 9. The NiO catalyzed photocatalytic
degradation of MB over time.
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By using Eq. 3, where C; Co, and t
represented the concentration at time t, the initial
concentration, and time, the pseudo-first-order
decomposition kinetics were examined for MB.
The rate constant for the decomposition was
calculated as 0.0014 min*? (R?= 0.982) which is
lower than those in the previous study (Fig 10)
[45].
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Figure 10. (a) The NiO catalyzed percentage
degradation of MB (b) Pseudo-first-order kinetics for
the MB decomposition.

4, Conclusion

In this study, NiO NPs were produced using the
thermal decomposition (calcination) method from
a nickel complex synthesized through a series of
chemical reactions. The characterization of the
synthesized NPs was carried out by FT-IR, UV-
Vis, SEM, EDS, XRD, and Zeta Potential analyses.
The values of 405 cm™ and 328 nm observed in the
FT-IR and UV-Vis spectra, respectively, are
compatible with NiO NPs synthesized in the
literature. Besides, XRD and EDS spectra further
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confirmed the formation of NiO NPs. By utilizing
the XRD spectrum, the dimensions of the
synthesized particles were calculated as 10.97 nm
and, the sharpness of the XRD peaks was referred
to the high crystallinity of the NPs. The SEM
micrograph revealed non-uniform shaped and
highly aggregated particles, which have an average
size of 61.14 nm. The particle size from SEM
micrograph was observed greater from those
calculated by Debye-Scherer equation. The reason
for this discrepancy may spring from the fact that
XRD analysis determines the average size of the
crystalline domains, whereas SEM spectroscopy
measures the size of the individual particles.
Besides, SEM  spectroscopy can  detect
agglomerates, which can lead to an overestimation
of the grain size. In contrast, the Scherer equation
considers a perfect crystalline structure not
agglomerates. The zeta potential value of -15.1
indicated that the synthesized NPs remained stable
in the colloidal environment. Finally, the catalytic
activity of the NiO NPs was evaluated for the
degradation of MB under daylight lamp where the
NPs exhibited moderate (38 %) photocatalytic
activity.
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