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Abstract: High stable nickel nanoparticles (NiNPs) have
been successfully synthesized from nickel chloride as the
precursor through a simple one-pot solvothermal pro-
cess. A systematic investigation of the reaction para-
meters, namely, effects of reaction temperature, pH of
precursor solution, the concentration of reactants, and
reaction time on the formation of NiNPs, was carried
out to obtain the optimal values for the synthesis. The
optimum reaction temperature, pH, NiCl,-6H,0 concen-
tration, and reaction time are 190°C, pH 9, 0.1 M, and
24 h. The characteristic peaks of NiNPs have been con-
firmed by the Fourier transformer infra-red and surface
plasmon resonance, with the presence of —~OH stretching
bands at 3,593 and 603 cm™! (interaction with Ni and NiO)
and Apnax 265nm, respectively. The X-ray diffraction
and transmission electron microscope demonstrated the
particle size of about 24nm (by Scherrer) and 49 nm
(Image-]), respectively, with the face center cubic phase.
The synthesized NiNPs showed good stability, where the
degradation of NiNPs was completed at 800°C with more
than 97% residue as depicted by the thermogravimetry
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analysis. The synthesized NiNPs can be used as fillers to
enhance the thermal, mechanical, and electrical properties
of polymeric materials.
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1 Introduction

In the last decade, extensive research has been focused
on nanoscience and nanotechnology. Nanotechnology
has led to the development of tailored materials such
as nanoparticles, nanocomposites, and nanotubes. The
significance of these materials increased due to their
potential application [1]. Nanomaterials have attracted
extensive attention due to their small-scale size, surface
effects, and quantum tunneling properties. The unique
properties of nanomaterials make them superior com-
pared to their bulk counterparts. Hence, nanomaterials
have broader potential applications [2] as indicated in
the following examples. Nanomaterials have generated
extensive attention in the construction of green and
smart nanostructures of two-dimensional flexible paper-
like materials. These hybrid papers have great potential
for applications in sensing, electronics, chemical filters,
and energy devices [3]. Magnetic nanoparticles are being
investigated for potential applications attributed to their
unique magnetic properties. Currently, they are explored
for therapeutic and diagnostic applications, including
magnetically guided drug delivery, image-guided drug
delivery, and in alternating magnetic field application [4].
The current applications of magnetic nanoparticles include
electron-transfer processes. The reduction of bipyridine
derivatives on nickel particles was achieved by the effect
of the microwave without changing the reaction tempera-
ture due to electron transfer [5].

In recent years, nanomaterial technology is emerging
in diverse engineering fields such as the applications of
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nanomaterials in ultra-high concrete with excellent
toughness, high tensile strength, and high resistance to
cracking [6], applications of magnetic Fe;O, nanomater-
ials in magnetic resonance imaging for high penetration-
depth, high sensitivity, and accurate tissue resolution in
clinical imaging [7], polymer nanocomposite sunlight
spectrum down-converters made by open pulsed laser
deposition [8], materials advancement in the technolo-
gical development for 5G wireless communications [9],
and nanomaterial applications in the construction of
biologically inspired physico-antimicrobial surfaces that
will kill microbes landing on such surfaces [10].

Among the magnetic nanoparticles, nickel nanopar-
ticles (NiNPs) have been widely studied for their nanoscale
properties and applications in various fields. This includes
its use in supercapacitors with high specific capacitance
[11], where the NiNPs are deposited on nickel foams.
The electrocatalytic activity of NiNPs was used in the
oxidation of methanol and water. In this reaction, nickel
phosphate nanoparticles showed high catalytic activity
compared to platinum counter electrodes [12]. Superca-
pacitors have been fabricated from diverse materials
depending on the type of energy storage and the capaci-
tance required. Small bimetallic CoNiS, nanocrystallites
embedded in N-doped carbon were grown on graphene
oxide. Due to synergistic effects by the multiple structural
morphology and composition, the nanocrystallites displayed
significantly enhanced electrochemical performance as
an advanced electrode material for supercapacitors.
Nickel oxide nanomaterials are used as supercapacitors
in energy storage [13]. Nickel selenide nanoparticles are
used as a cheap alternative for the platinum counter elec-
trode in dye-sensitized solar cells. The nickel selenide
nanocrystals exhibited electrochemical activity in redu-
cing triiodide to iodide and are therefore employed as the
counter electrode in solar cells [14]. Nickel oxide nano-
particles serve as new hardware for neuromorphic com-
puting. The electrospun nanofiber of nickel oxide enables
data storage as well as data transfer in neuromorphic com-
puting [15]. In catalytic applications, magnetic zeolite—
palladium-nickel ferrite is a suitable catalyst for the
Suzuki-Miyaura cross-coupling reaction. This catalyst
has the advantage of high yield, easy reusability, and
short reaction time [16].

Small-sized nanoparticles are widely used in applica-
tions such as hydrogen storage, catalysis, and nanoelec-
tronics. The high stability of nickel nanoparticles was
found to have high hydrogen storage capacity [17]. Nickel-
doped nanocomposite with hollow nanoparticles when
used as an anode shows enhanced electrical conductivity

One-pot solvothermal synthesis of highly stable NiNPs = 319

and large pseudocapacitive effect, leading to fast kinetics.
Nickel-doped cobalt-sulfur nanocomposite exhibits excel-
lent sodium storage when used as an anode [18]. Cellu-
lose-coated nickel-chitosan composite filter paper was
used as a dip catalyst for the conversion of toxic com-
pounds. The nanocomposite displayed excellent activity
and reusability in the degradation of 4-nitrophenol and
2-nitrophenol and reduction of methyl orange dye [19].
The metallization of textile with NiNPs greatly enhanced
its electrical properties when used in smart textile and
wearable electronics. NiNPs on the surface of fabric serve
as conducting textile as well as electromagnetic shielding
material [20].

A variety of techniques for the synthesis of NiNPs
were reported in our recent work such as top-down
synthesis routes including laser ablation, mechanical
milling, nanolithography, thermal decomposition, and
sputtering. Similarly, reported are bottom-up techniques
essentially involving coprecipitation, sol-gel techniques,
and plant-mediated synthesis [21]. These techniques are
often associated with challenges and impediments. Sev-
eral such techniques are critically discussed as follows:
First, the synthesis of NiNPs via the solvothermal oleyl-
amine route requires standard air-free procedures coupled
with space and time-consuming experimental setup [22].
Second, traditional wet methods require several stages in
the synthetic protocol. This technique was employed in
the synthesis of metastable superparamagnetic hexa-
gonal-packed NiNPs in different ionic liquids. The soft,
wet-chemical synthesis produced the nickel hexagonal
close-packed (hcp) phase, rather than the stable nickel
face-centered cubic (fcc) phase after several stages as
reported by Wegner et al. [23]. Third, in the hydrothermal
synthesis of NiNPs, highly reactive and flammable sodium
phosphide, sodium hypophosphite, and red phosphorus
have often been used, making the synthesis potentially
explosive [24]. These problems and drawbacks have been
minimized by the application of a one-pot synthetic route in
the current project.

The one-pot synthetic approach is simple and rapid
in comparison to traditional wet-chemical methods, which
require long synthetic regimes [23]. Wet chemical methods
are costly, involving the use of metal catalyst and toxic
precursors such as nickel carbonyl and sodium hypopho-
sphite [25]. This includes sol-gel techniques in which the
products are associated with high carbon content [26].
Although solvothermal methods have the combined chal-
lenges of technical processability and economic feasi-
bility [27], the introduction of one-pot synthesis to obtain
monodispersed nanoparticles with the mean size and the
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narrow average size distribution remains a challenge in
applications of NiNPs [28]. Unprotected NiNPs with large
surface areas readily undergo oxidation; hence, conven-
tional synthetic techniques of NiNPs are not suitable
options [21]. The synthesis of NiNPs stabilized in poly-
ethylene glycol (PEG) is a promising solution to overcome
the instability of NiNPs [29]. It is evident from the litera-
ture search that the modifier materials in this study have
not been employed for NiNPs synthesis elsewhere. More-
over, nontoxic precursor and modifier materials were
employed in the synthesis. Consequently, the selected
materials are compatible with green chemistry.

In this study, we successfully synthesized NiNPs,
protected by PEG. The one-pot solvothermal technique
was employed with the aid of environmentally friendly
chemicals. A systematic investigation of the reaction
parameters, namely, effects of reaction temperature, pH
of the precursor solution, the concentration of reactants,
and reaction time on the formation of NiNPs, was carried
out to obtain the optimal values for the synthesis. The
optimum reaction temperature, pH, NiCl,-6H,0 concen-
tration, and reaction time are 190°C, pH 9, 0.1 M, and
24 h, respectively. The as-synthesized NiNPs were effec-
tively characterized. Furthermore, to address the challenges
and disadvantages associated with synthesis techniques,
a simple, rapid, and moderately low-temperature proce-
dure was employed. Crystalline nanoparticles were
obtained using a cost-effective precursor, stabilizing agent,
and capping agent. The NiNPs were directly fabricated by
heating the mixture of nickel chloride, sodium acetate
(NaAc), and PEG in ethylene glycol (EG) as the solvent
under solvothermal conditions.

2 Experimental

2.1 Materials

Nickel chloride hexahydrate (NiCl,-6H,0) (purity, 98.5%)
and PEG (HOCH,CH,OH),, (M, = 10,000) were purchased
from Sigma-Aldrich (M) Sdn Bhd. EG (HOCH,CH,OH)
(99.5%), sodium acetate (CH;COONa) (NaAc) (purity, 99.5%),
and ethanol (CH5CH,OH) (99.9%) were purchased from
QReC (M) Sdn Bhd. Ammonium hydroxide (NH,OH) (25%)
was supplied by Merck Darmstadt, Germany. All chemicals
in this study were of analytical grade, and no further purifi-
cation was required.
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2.2 Synthesis of nickel nanoparticles

The synthesis of NiNPs was carried out by a one-pot solvo-
thermal route. In a typical procedure, 50 mL of 0.1 M of
NiCl,-6H,0 was added to 160 mL of EG, followed by 18 g of
NaAc in a 500 mL three-neck flask to form a colloidal
solution under vigorous stirring at room temperature
for 60 min until a homogenous light green solution was
obtained. Thereafter, 2.5g of PEG (M,, = 10,000) was
added to the mixture, followed by another intensive stir-
ring for 2 h at 60°C. The pH of the mixture was adjusted to
9 with the help of 25% NH,OH. Subsequently, the mixture
was sealed in a Teflon-lined stainless-steel autoclave.
The autoclave was inserted into an oven and heated at
190°C for 24 h. The oven was cooled down naturally to
room temperature. The solution obtained was centrifuged
at 10,000 rpm for 10 min. Then, the black powder was
washed three times with ethanol, followed by distilled
water. The final products were dried in a vacuum oven
at 90°C for 12 h. The flow chart for the synthesis is shown
in Figure 1.

NiCl,.6H,0
EG ¢ NaAc
PEG —> Stirring1h  <«— NH40OH
Oven

Stainless steel autoclave
190°C 24 HpH9

Centrifuge
10000rpm 10 min

l

Washing
distilled water and ethanol

|

Vacuum drying
90°C,12 h

'

NiNPs

Figure 1: Flow chart of the one-pot solvothermal synthesis of NiNPs.
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2.3 Characterizations

Ultraviolet-visible (UV-Vis) spectrophotometry was used
to determine the characteristic maximum wavelength
(Amax) surface plasmon resonance (SPR) of the bulk nickel
chloride and NiNPs. The UV-Vis spectra were recorded
on a Shimadzu (Model UV-2600) spectrophotometer
from 200 to 800 nm. Fourier transform infrared spectra
(FT-IR) was recorded on PerkinElmer spotlight (ATR-
FTIR) 2000 FT-NIR spectrometer operating in a diffuse
reflectance mode. Samples were exposed to 32 scans,
and the spectra were acquired at a resolution of 4 cm™
in the range of 4,000-600 cm™. X-ray powder diffraction
(XRD) was used to determine the structure and phase
composition of the synthesized NiNPs using the advanced
X-ray diffractometer (Germany) with Cu Ka (A = 1.54178 A)
X-ray radiation source and a sodium iodide scintillation
type detector at <10°C > 80°C. The average particle size of
the NiNPs was estimated in accordance with the Scherrer
equation. Transmission electron microscopy (TEM) images
of the NiNPs were acquired using model Philips CM 12
with DOCU version 3.280 kV TEM. The sample prepara-
tion was carried out by dispersing a drop of the synthe-
sized NiNPs suspension after 15 min sonication onto a Cu
grid stabilized in carbon and maintained at room tem-
perature. After 5 min, the Cu grid was washed with ethanol
to remove PEG and allowed to dry for 10 min. Selected
areas of the grid were subjected to the TEM analysis.
Thermogravimetric analysis (TGA) was carried out to deter-
mine the material decomposition and thermal stability
through mass change as a function of temperature. It was
performed using an STA 6000 Thermogravimetric Analyser
(Perkin Elmer). The samples were tested under an N, gas
flow with a heating rate of 20°Cmin" in the temperature
range of 30-800°C.

3 Results and discussion

3.1 Effect of reaction parameters

Optimization in chemical reactions is the process that
seeks to solve the problems of minimizing or maximizing
the values of the chosen reaction parameters. It serves as
a strategy for improving the efficiency of a parameter by
observing how the system responds to changes when a
parameter's level is increased or decreased. Optimization
techniques are implemented to find the best parameter
combination or optimal values of a parameter property [30].
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The effect of four synthesis influencing reaction para-
meters, namely, reaction temperature, pH of reactants,
the concentration of the reactants, and time of reaction,
was investigated with the aid of UV-Vis spectroscopy to
obtain the specific value of a parameter that yielded the
optimal results for the formation of NiNPs in the one-pot
solvothermal synthesis. The optimization is time con-
suming, and therefore, it is not economically viable.
However, it is necessary to conduct optimization to deter-
mine reaction parameters’ optimal values. The synthesis
technology is relatively fast and economical.

3.1.1 Effect of reaction temperature on the formation of
nickel nanoparticles

The effect of reaction temperature on the formation of
NiNPs at 100, 150, and 190°C was investigated at a reac-
tant concentration of 0.1M, pH 9, and reaction time of
24 h. The UV-Vis spectra are shown in Figure 2.

At 100°C, the absorbance maximum (A,,x) for nickel
chloride was at 394 nm and 265 nm for NiNPs. The band
at 394 nm corresponds to the unreacted nickel chloride.
While the band at 265 nm shows the formation of NiNPs.
We suggest that nickel chloride did not dissociate entirely
into its component ions; hence, the peaks at 394 and
265nm for nickel chloride and NiNPs, respectively.
Increasing the temperature to 150°C leads to a NiNP
peak that appears at 265 nm, indicating a significantly
accelerated reduction of the precursor nickel chloride.
In the case of further increase of the temperature to
190°C, the nickel chloride peak disappears, and NiNP
peak appears. We postulate that a higher frequency of
ions with effective collisions in the solution leads to
more products with a consequent increase in the inten-
sity of the absorbance peak in agreement with the inten-
sities reported by Xu et al. [31].
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Figure 2: UV-Vis spectra of NiNPs at 100, 150, and 190°C.
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3.1.2 Effect of reaction pH on the formation of nickel
nanoparticles

The effect of pH on the formation of NiNPs was investigated
at pH 9, 10, and 11. The following reaction parameters were
kept constant, i.e., temperature at 190°C, the concentration
of precursor of 0.1 M, and reaction time at 24 h. The UV-Vis
spectra obtained at these conditions are shown in Figure 3.

At pH 9, a single peak was centered at 265 nm for
the formation of NiNPs. When the pH was increased
to 10, the SPR of absorbance maximum was detected at
208 nm. However, at pH 11, the absorbance maximum
shifted to 204 nm. There is a blue shift from 265 nm through
208-204 nm as the pH was increased from 9 to 11. Habte et al.
[32] noted a similar blue shift and concluded that the blue
shift might be due to the quantum confinement effect. Simi-
larly, Abdullah et al. [33] reported that as the pH increases
from 8 to 9, the absorption peak shifts slightly to a shorter
wavelength (blue shift) ascribed to the formation of smaller
nanoparticles. Nouri et al. [34] noted that the slight blue shift
in the SPR band peak could be attributed to the formation of
nanoparticles with smaller size and increased monodisper-
sity. Algadi et al. [35] have also reported that the increase in
the pH will result in the wavelength shifting to shorter wave-
lengths because of a decrease in the size of the nanoparticles.
Therefore, the shift in the SPR band peak from 265 to 204 nm
is attributed to the formation of small-sized NiNPs.

3.1.3 Effect of reactant concentration on the formation of
nickel nanoparticles

The effect of NiCl,-6H,0 concentration as a reactant on
the formation of NiNPs was investigated at 0.01, 0.05,
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and 0.1 M. The parameters kept constant were tempera-
ture at 190°C, pH 9, and reaction time at 24 h. The results
obtained are presented in Figure 4.

At a low concentration, no significant peak appeared
in the UV-Vis spectrum due to the little precursor quan-
tity needed to start the nucleation of NiNPs. When the
concentration was increased to 0.05 M, the peak at 265 nm
appeared, and at 0.1 M, the peak became significant.
When the precursor concentration increased, a greater
number of nuclei will form due to an increase in the
reaction rate as more Ni’" nuclei are formed. The peak
at a wavelength of 265nm signifies the formation of
NiNPs for the solvothermal synthesis. The intensity of
absorbance peaks increased with an increase in the reac-
tants’ concentration due to the formation of more NiNPs
[36].

3.1.4 Effect of reaction time on the formation of nickel
nanoparticles

The effect of reaction time on the solvothermal synthesis
of NiNPs was investigated at various reaction times of 10,
16, and 24 h while maintaining a constant reaction tem-
perature of 190°C and pH 9. The results obtained with
UV-Vis spectroscopy are shown in Figure 5.

The UV-Vis spectra clearly show that at a reaction
time of 10 h, products were not formed because only a
single peak corresponds to the SPR of nickel chloride.
Observation of the UV-Vis spectrum at 16 h show two
peaks centered at 394 and 265 nm. Therefore, at 16 h,
some reactants were converted to products. However, at
24 h, only the peak at 265 nm was observed as all the
reactants were converted to products, i.e., NiNPs. Hence,
a longer reaction time of 24h favors the formation of
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Figure 3: UV-Vis spectra of NiNPs at pH 9, 10, and 11.
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Figure 4: UV-Vis spectra of NiNPs at 0.01, 0.05, and 0.1 M.
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Figure 5: UV-Vis spectra of NiNPs at a reaction time of 10, 16,
and 24 h.

PEG-protected NiNPs as shown by the UV-Vis analysis
similarly reported by Magalhdes Sousa et al. [37].

3.2 The UV-visible spectroscopy of nickel
chloride and nickel nanoparticles

The wavelength of the SPR was recorded to verify the
absorbance maximum (Agna,) (NiCL,-6H,O and NiNPs)
and to determine the size of the nanoparticles, shape,
and the spectral width of the SPR of the nanoparticles
(Figure 6).

The UV-Vis showed that the absorption band A;ax
394 of NiCl,-6H,O shifted to Ay.x 265 is attributed to
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NiNPs SPR. The significant peak observed at Ajax
265 for NiNPs is due to the successful reduction of
NiCL,-6H,0 to NiNPs as the completion of reduction and
was observed by the change in color of the reaction mix-
ture from green to black. Although SPR of NiNPs was
observed at A, 265 nm in our one-pot solvothermal pro-
cess, the result is still considered as a characteristic
of NiNPs as Elango et al. [38] reported A.x at 252 nm,
while Kumar et al. [39] recorded the A, of NiNPs at
309-343 nm.

The blue shift in the SPR from Ag.x 394 to Apax
265 nm, indicating that the size of the NiNPs, has become
smaller. There is a blue shift as the pH was increased
from 9 to 11 due to a decrease in the size of NiNPs [40].
The results also indicate that the NiNPs are monodis-
persed in size distribution due to the symmetrical shape
of the SPR.

3.3 The FT-IR analysis of raw materials and
product

FT-IR spectroscopy was used to study the functional
groups present on the raw materials, namely, EG, PEG,
NiCl,, and the product NiNPs. The FT-IR of the raw mate-
rials and products are summarized in Figure 7.

The FT-IR analysis confirmed the presence of EG with
prominent peaks at 3,286cm™' corresponding to O-H
stretching, 2,870 cm™ corresponding to H-CH bond vibra-
tion, and 1,031 cm™! corresponding to C—O bond vibration.
The presence of PEG was confirmed by FT-IR peaks at
2,836, 1,468, and 1,093 cm™ corresponding to CH, bond,

Wavelength (nm)

Figure 6: Overlay of the A, .« SPR of NiNPs and bulk nickel solution.
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Figure 7: FT-IR spectra of EG, PEG, NiCl,, and NiNPs.
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C-C group, and C-O stretching, respectively [41]. In the
FT-IR spectrum of aqueous nickel chloride, there are char-
acteristic absorption bands at 3,388, 1,595, and 732 cm™
corresponding to O—H stretch from water due to its inter-
action with nickel, 1,595 cm™ is due to the interaction of
NiO + H,0, and 732 cm™ is the band of inorganic material
NiCl,. In the spectrum of NiNPs, the characteristic absorp-
tion peak observed at 3,593 cm ™ is assigned to the adsorbed
moisture by PEG with stretching vibration of the surface
hydroxyl group that corresponds to O—H stretch from Ni
(OH), [42]. The band at 2,866 cm™ is for CH,, while that
at 1,395cm™ is for C—C bond and 1,024 cm™ is for C-O
bond. The band at 850 cm™ corresponds to C—-Cl bond
and that at 630cm™ corresponds to the Ni-O stretching
mode. For most of the oxides, absorption bands are in
the low wavenumber fingerprint region, and hence, the
bands that occurred at 678, 624, and 552 cm™ are assigned
to the bonding between Ni and O. The Ni—-O phase forma-
tion, which is a broad absorption band in the region of
820-400 cm™, is assigned to Ni-O stretching vibration
mode [43]. Similarly, Gao et al. [42] noted that a peak
observed at 565cm ™ is due to the presence of the Ni-O
stretching mode.

The formation of -COOH was predicted from the band
at 1,387 cm™, corresponding to the —-0-C-O stretching
vibration. Electrolytic oxidation studies of EG on nickel
in the presence of alkaline medium were reported to
show higher oxides such as NiOOH from Ni(OH), [44].
The sharp band at 894 cm™ also confirms the oxidation
of EG to form CO5%". The principal function of the capping
agent, PEG, is its ability to form functional groups on the
NiNPs surface, thereupon restricting the particle size and
improving the particle stability. The pure NiNPs spectrum
revealed the presence of O-H bond stretching in the
range of 3,000-3,500 cm™. Similarly, the peaks at 1,052
and 1,027 cm™ correspond to the EG functional groups.
These functional groups might influence the particle size.
NiNPs protected by such a robust capping agent is not an
active catalyst, and high-temperature treatments used to
activate NiNP catalyst often cause inevitable aggregation
and catalytic deterioration of the nanoparticles, similar to
that reported by Adam et al. [45].

The presence of EG and PEG peaks in the FT-IR spec-
trum of NiNPs confirms their use as a solvent and a cap-
ping agent, respectively. The synthesized NiNPs were
washed with ethanol to remove functional groups on the
surface of the NiNPs. However, removing the functional
groups from particle surfaces leads to NiNP agglomeration
via strong magnetic forces. The presence of Ni—(OH), and
NiO in the FT-IR spectra indirectly indicates the synthesis
of NiNPs [46].
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3.4 The XRD analysis of nickel nanoparticles
and nickel chloride

The XRD pattern was employed to characterize the struc-
tural features, crystalline information, and phase purity
of the precursor NiCl,-6H,0 (Figure 8a) and the synthe-
sized NiNPs (Figure 8b). The results match well with the
standard cards of pure NiCl,-6H,0 JCPDS card (No. 025-
10440) and pure powder NiNPs of JCPDS card (No. 04-
0850) [23].

Four characteristic diffraction peaks for pure nickel
were observed at 33.50°, 44.50°, 52.10°, and 76.40°. These
peaks correspond to the four indexed planes (100), (111),
(200), and (220), respectively. The XRD results show sig-
nificantly pure NiNPs. The results showed that pure nickel
in the face-centered cubic structure was produced without
oxidation. There are no peaks showing the incomplete
reduction of the precursor, nickel chloride. The size of
the crystallite was estimated from the most intense peak
(111) of the XRD diffraction pattern using the Scherrer for-
mula [47]. As the crystallite size decreased, the full width
at half maximum (FWHM) increased, and the reflection
intensities change accordingly. The crystallite size calcu-
lated from the most intense peak has a value of 24 nm, and
this confirmed the primary NiNPs. The two results were
compared to conclude the successful synthesis of NiNPs.

3.5 TEM of nickel nanoparticles

TEM analysis is one of the most powerful methods to
acquire the three-dimensional atomic arrangement
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Figure 8: (a): XRD pattern of NiCl,-6H,0 with the standard card (b):
XRD pattern of NiNPs with the standard card.
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directly. By taking electron diffraction patterns along sev-
eral crystal directions, fundamental structural informa-
tion such as lattice constants and crystal systems can
be obtained [48]. The particle size of the synthesized
NiNPs was analyzed by TEM, as shown in Figure 9(a).
The bright field and dark field images indicate that the
samples have a large polymer region surrounding the
NiNPs. The dark field images suggest the presence of
crystalline NiNPs. The images reveal that the NiNPs are
solid, spherical, and agglomerated. Large spherical nano-
particles of pure Ni are composed of smaller crystalline
NiNPs. Small particles tend to aggregate into large nano-
particles through van der Waals attraction during thermal
decomposition, as reported by Wu et al. [49].

The smaller crystalline NiNPs begin to aggregate in
the initial stages of the growth mechanism, leading to the
generation of large aggregates. The driving force for this
oriented aggregation is obtained from the minimization
of interfacial energy [50]. The morphology of NiNPs is
adequately modulated by the introduction of stabilizing
and capping agents into the reaction medium. Hence, the
selective interaction of the stabilizing and capping agents
on the facet of the first-formed NiNPs determines the
nanoparticles’ growth [21]. However, the stability of the
NiNPs was achieved by the presence of the capping agent
PEG, which binds to the surface of the nanoparticles to
prevent their aggregation. Due to the high kinetics of the
reaction, the occurrence of structural defects, such as
twins, during the nucleation and growth steps, producing
singly or multiply twinned nuclei is very common [51].

The polycrystalline structures were achievable due to
the lengthy polymer chain in the capping agent PEG,
predominantly leading to agglomeration of the NiNPs.

One-pot solvothermal synthesis of highly stable NiINPs = 325

Moreover, to decrease the high surface energy, the NiNPs
preferentially agglomerate during their formation in the
liquid phase. Conversely, Ni nuclei gathered the adjacent
magnetic dipole—dipole interaction with van der Waals
forces via self-assembly in a common crystallographic
orientation and joined the smaller nanoparticles at a
planar interface [52]. Hence, the magnetic properties of
NiNPs account for the agglomeration observed.

The particle size distribution of NiNPs from the histo-
gram gave an average diameter of 49.2 +1.3 nm. The mean
diameter of relatively small particles was 40.0 +1.3 nm,
and the mean particle diameter of large particles was
70.0 +1.3nm. The mechanism that affects the average
size and size distribution during the reaction has not
been completely understood. It could be that Ostwald
ripening takes place, where small particles are consumed
by the larger particles. In comparison, the particle size
derived from the TEM histogram (49 nm) is larger than
the particle size calculated from the XRD pattern using
the Scherrer equation with a value of 24 nm. The larger
TEM particle size distribution was attributed to agglom-
eration, the inhomogeneity in size, shape, composition,
and crystallinity of the sample. While the results obtained
by the Scherrer equation are strongly dependent on the
geometry of the nanoparticles as well as sensitivity to the
crystallite domain on each particle and subsequently by
the lattice defects. Therefore, the particle size calculated
by the Scherrer equation is smaller than the particle size
determined from the TEM-generated histogram. Moreover,
the difference in scattering due to the amorphous capping
agent PEG on the surface layer of the NiNPs dramatically
affects the results derived from the Scherrer equation in
agreement with Neiva et al. [51].
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Figure 9: (a) TEM image of NiNPs at mag. 200 nm. (b) Diameter distribution of 100 particles NiNPs using Image-|.
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3.6 Thermal characterization of nickel
nanoparticles

TGA [53] was conducted to determine the thermal decom-
position temperature and the heat resistance of the synthe-
sized NiNPs in N, atmosphere and compared to its precursor,
NiCl,,6H,0 (Figure 10).

The characteristics of NiCl,-6H,0 are indicated by the
major two stages of decomposition temperature. The first
stage of decomposition (T;) started at 100°C and came to
an end at 300°C, indicating the moisture removal of hexa-
hydrate molecules of NiCl,-6H,0, and the second stage of
decomposition (T,) occurred at >650°C, indicating the
breaking of the Ni—Cl bond. There was more than 55%
of residue once the degradation was completed at 800°C
due to the contribution of Ni constituents of NiCl,-6H,0.

As the NiCl,-6H,0 converted to NiNPs, the character-
istic of NiCl,-6H,0 thermogram significantly disappeared,
thus proving that NiNPs were successfully synthesized
through the solvothermal process. Once the degradation
was completed at 800°C, more than 97% of residues
are shown. These occurrences may be due to the removal
of moisture typically trapped inside NiNP particles or the
decomposition of the thin PEG coating around the NiNPs
or the removal of water molecules, which were attached
to PEG coating. Wang et al. [54] studied the effect of cross
cold rolling and annealing on microstructure and texture
in pure nickel. They obtained results comparable to this
TGA results in the annealing of commercially available
pure nickel at 550°C. The TGA results agree with the
decomposition of NiNPs reported by Bathla and Pal [44]
and De Jests et al. [55].
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Figure 10: TGA and DTGA of NiNPs and NiCl,-6H,0.
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3.7 Summary of the synthesis and proposed
reaction mechanism

A one-pot solvothermal dissociation of nickel chloride
occurs in oxygen-free, high boiling EG. The polarity of
the mixture acts as a reducing agent in the stainless-steel
autoclave at 190°C, leading to the formation of NiNPs.
Inorganic microstructures undergo fast nucleation and
growth in an aqueous medium with high temperature
and pressure. In the oven, NiNPs undergo rapid nuclea-
tion and growth due to the high temperature and high
pressure in the stainless-steel autoclave. The application
of PEG promotes the controlled surfactant-assisted reac-
tion, leading to a stepwise growth mechanism of the
NiNPs as a response, which was similarly reported by
Jaji et al. [21].

The NiNP formation process can be deduced from the
chemical reaction leading to the reduction of nickel ions
to NiNPs and is formulated based on the following pro-
cesses: first, the high temperature and high pressure
attainable in the stainless-steel autoclave during the
reaction enable the precursor NiCl,-6H,0 to dissociate
into its component ions. The initial process involves
Ni?* cation generation. Second, the solvent EG undergoes
oxidation under such conditions to yield nickel ions.
Finally, nickel ions are reduced to NiNPs in the liquid
polyol phase by duplicative oxidation of acetaldehyde,
produced by the dehydration of EG.

NiCl, - 6H,0 — Ni?* + 2Cl" + 6H" + 60H". 1)

Then, the solvent EG undergoes oxidation under
such conditions to yield the following:

HOCHchon — CH3CH07 + Hzo (2)

Finally, nickel ions are reduced to NiNPs in the liquid
polyol phase by duplicative oxidation of acetaldehyde,
produced by the dehydration of EG.

2CH;CHO™ + Ni2* — CH;COCOCH; + H,0 + Ni.  (3)

The mechanism of the reaction may be formulated
from equations (1)—(3), taking into consideration the sta-
bilizing agent NaAc as well as the capping agent PEG,
as shown in Figure 11. In line with the Ostwald ripening
mechanism, free Ni?* cations are nucleated in the solvent
[56]. The NiNPs are surrounded by the stabilizing agent
NaAc.

The Ni*" cations react with the stabilizing agent
sodium acetate to form a comparatively stable inter-
mediate of Ni**. Meanwhile, sodium acetate was used
as an electrostatic stabilizing agent to prevent nickel
cations from agglomeration. Hydrated sodium acetate
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Figure 11: Schematic representation of the solvothermal reaction mechanism.

plays a significant role in the formation of Ni** complexes
as metal precursors. The nickel complexes decompose
and release free Ni** ions to form nanocrystalline Ni by
its chemical reaction with EG.

4 Conclusions

A simple, one-pot solvothermal synthesis of self-protected
NiNPs was successfully carried out. In this method, nickel
chloride was used as the precursor, EG as the solvent,
sodium acetate as the stabilizing agent, and PEG as the
capping agent. A systematic investigation of the reaction
parameters, namely, effects of reaction temperature, pH
of precursor solution, the concentration of reactants, and
reaction time on the formation of NiNPs, was carried
out to obtain the optimal values for the synthesis. The
optimum reaction temperature, pH, NiCl,-6H,0 concen-
tration, and reaction time are 190°C, pH 9, 0.1 M, and
24h. The FT-IR results indicate the presence of —OH
stretching band at 3,593 cm™! due to its interaction with
Ni and NiO at 603 cm™, which are absent in the FT-IR
spectrum of nickel chloride solution, EG, and PEG, indi-
cating that NiNPs have been synthesized. The UV-Vis
analysis reveals a shift in the SPR of the aqueous nickel
solution from Ap.x 394 nm to Ay, 265 nm in the NiNPs,
indicating a blue shift. The XRD analysis confirms the
presence of the FCC phase with the calculated particle
size of 24 nm. However, the TEM image shows the mean
particle diameter (49 nm) of the nickel nanoparticle. TGA
showed that the degradation of NiNPs was completed at
800°C with more than 97% residue. Hence, the synthe-
sized NiNPs can be used as fillers to enhance thermal,
mechanical, and electrical properties of high-performance
polyamides. However, PEG-protected NiNPs are not active
catalysts. Their activation by high-temperature treatments
leads to nanoparticles aggregation as well as catalyst dete-
rioration. The optimization is time consuming, and there-
fore, it is not economically viable. However, it is necessary
to conduct optimization to determine optimal values of
reaction parameters. The synthesis technology is relatively

fast, economical, and in line with green chemistry. Further
studies are recommended to address these challenges.
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