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Abstract:

Metal phosphates are broadly applied in electrochemical energy storage applications because of their
abundance in nature, cost-effectiveness, and excellent electrochemical performance. Herein, we
compare the performance of nickel phosphate (Ni3(POa4)2) prepared through sonochemical and
microwave-assisted hydrothermal reaction (MW) synthesis routes for supercapattery. These methods
are efficient, rapid, and facile, yielding a high quantity of nanoparticles. Field Emission Scanning
Electron Microscopy reveals that Niz(PO4)2 nanoparticles synthesized via the MW method are smaller
than those produced via the sonochemical method. X-ray diffraction analysis confirmed that the MW
method, followed by calcination at 200°C for 3 hours (NiPOs-MWB sample), produces amorphous

nanoparticles, providing more exposure to redox-active sites. This work demonstrates that the NiPOs-



MWB sample exhibits the highest specific capacity of 256.54 C g at a current density of 1 A g’
compared to its counterpart electrode prepared via the sonochemical. A device fabricated using
NiPO4-MWB//activated carbon (AC) delivered an energy density of 10.33 Wh kg* at a power density
of 750 W kg, retaining 99.42% of its capacity after 5000 cycles. The notable capacity retention
makes it an attractive candidate for supercapattery electrodes. These findings suggest that MW
synthesis can be used for the rapid production of tailored nanoparticles for electrochemical energy

storage applications.
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1. Introduction

A continuous energy source is required to support the rapid advancement of technology in the
industrial sector. Non-renewable energy sources, specifically fossil fuels, have been the predominant
energy source for several decades. However, their usage has resulted in the emission of excessive
amounts of greenhouse gases, thereby contributing to global warming. As a result, researchers have
started shifting towards renewable energy sources like solar, wind, and hydropower as the primary
sources of electricity. Nevertheless, the efficacy of these sources is constrained by the absence of an
effective energy storage system with low internal resistance, which is crucial for energy buffering
and storage[1]. Lithium-lon Batteries (LIBs) have gained primary importance because they can store
more charges and have a high specific energy of 75 — 200 Wh kg. LIBs have several shortcomings
despite widespread use, including prolonged charging periods, limited long-term stability, and
susceptibility to catastrophic failure upon overcharging [2,3]. These limitations have prompted
researchers to explore alternative battery chemistries that can mitigate these drawbacks while

maintaining the impressive performance of LIBs.

Another promising energy storage system that has emerged is supercapacitors, classified into

pseudocapacitors and electric double-layer capacitors (EDLCs) [4—6]. They have long-term stability



due to their high specific power density of 1-10 kW kg*. However, they also have flaws where they
cannot store more energy due to low specific energy density of 0.1-10 Wh kg™. Based on the literature,
it is evident that LIBs and supercapacitors exhibit unique strengths and weaknesses. While the former
experiences a deficiency in specific power density, the latter confronts challenges with low specific
energy density. To address these limitations, researchers have proposed a novel approach by
synergistically leveraging the properties of electrode materials in a single device. This new device
coined the "supercapattery,” represents a promising advancement in energy storage technology [7].
Supercapattery, also known as an asymmetric electrochemical capacitor, combines the advantages of

capacitors and batteries, making it a promising energy storage device.

Supercapattery offers higher energy storage capabilities than traditional supercapacitors but is lower
than batteries [8,9]. It bridges the gap between supercapacitors' high power density and batteries' high
energy density. This speciality allows them to store more energy per unit of volume or weight,
providing a good balance between power and energy storage.

Supercapatteries can retain stored energy for longer periods than traditional capacitors, where
capacitors discharge quickly when not in use due to their inherent leakage [8]. Moreover,
supercapatteries offer a higher power density than batteries, meaning they can deliver and absorb
energy quickly [10]. They can provide bursts of power, making them useful in applications that
demand high-power bursts. Compared to batteries, supercapatteries generally have a much longer
cycle life [10]. They can withstand many charge and discharge cycles without significant degradation,
making them more durable and cost-effective in the long run. Supercapatteries are more
environmentally friendly than certain types of batteries, such as those containing heavy metals or
toxic chemicals [11,12]. They are often made using more sustainable materials and can be recycled
more easily. It's worth noting that the specific advantages of supercapatteries can vary depending on
the materials of the electrodes used.

Supercapattery can be assembled by combining a battery-type electrode as a positive and a capacitive-

type electrode as a negative electrode. Carbonaceous materials are often chosen as capacitive-type



electrodes due to their large surface area and high conductivity [13]. Meanwhile, metal oxides [14—
16], metal hydroxides [17-19], metal sulfides [20,21] and metal phosphates [22—24] are widely used
as battery-type electrode materials. Amongst all, metal phosphate has garnered attention in energy
storage applications due to its two-dimensional framework built from the strong coordinate bond
between transition metals and phosphate [25]. This structure can impressively contribute to the active
material's high specific capacity and excellent structural stability. Furthermore, it has good
mechanical properties as it can resist deformation and stabilize ions in transition metals [23]. The
performance of a supercapattery mainly depends on the properties of active materials. These
properties also can be controlled through a synthesis method [26]. Co-precipitation [27,28],
sonochemical [29-32], conventional hydrothermal [33,34], and microwave-assisted hydrothermal
[35] are common methods for synthesizing metal phosphates. Different synthesis methods could
produce different structural, morphologies and shapes, affecting the device's electrochemical
performance. Nonetheless, it is essential to acknowledge the best synthesis techniques as they control

the electrodes' morphology, particle size and crystallinity.

The most straightforward technique is co-precipitation, involving only a solution and stirring on a
hotplate magnetic stirrer. However, this method yields larger particles (in the micrometre range),
which detrimentally impacts device performance. This size limitation reduces the availability of
electrochemically active sites for facilitating redox reactions at the electrodeelectrolyte interface [36].
These redox-active sites play a critical role, acting as catalysts to enhance electrode reaction kinetics
[37] and offering alternate pathways for charge transfer at the electrode-electrolyte interface. Thus,
achieving a smaller particle size becomes a crucial criterion for better active material as it can increase
redox-active sites within the electrode, subsequently enhancing overall performance. One approach
to producing smaller particle sizes is through sonochemical synthesis. Ultrasonic waves applied
during the sonochemical process would produce a finer particle (i.e., nano-sized) [38]. Omar et al.
synthesized small-size nickel phosphate nanoparticles of 70 nm using the sonochemical method [39].

Their work's highest energy and power densities are 76 Wh kg and 559 W kg%, respectively. Another



synthesis method that can produce smaller particle sizes is conventional hydrothermal and
microwaveassisted hydrothermal. These methods used high sealed pressure and high temperature
during the process. The only thing that matters to them is that conventional hydrothermal uses outer
stainless steel, and the inner Teflon tube leads to slow conduction of heat and takes a long time for
this process. On the other hand, microwave-assisted hydrothermal is less time-consuming as it uses
outer ceramic and inner Teflon tube, which helps rapid heating and shortens reaction time. Ong et al.
reported on the binder-free nickel-copper phosphate [7] and nickel-manganese phosphate [40] using
a microwave-assisted hydrothermal technique. Their work showed outstanding performance with the
maximum specific capacity of 1500 C g* achieved at 3 A g* for the nickel-manganese phosphate

electrode materials.

Herein, we synthesized nickel phosphate (Niz(PO4)2) nanoparticles by using two different synthesis
routes (i) sonochemical method (NiPO4-SA) and (ii) microwave-assisted hydrothermal method
(NiPOs-MWA). Samples prepared by both synthesis techniques were also calcined at 200 °C for three
hours. The performance of all the electrode materials was tested through a string of cyclic
voltammetry cycle (CV), galvanometric charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) studies. Besides, the best electrode material was tested in a two-electrode cell
configuration to investigate its real-time performance. Our results imply that a microwave-assisted
hydrothermal method can broadly impact the properties of nickel phosphate particles, including their
morphology and structural and electrical properties.

2. Experimental

2.1 Materials
Nickel (II) chloride hexahydrate (NiCl2.6H20), Di-sodium hydrogen orthophosphate anhydrous
(NazHPOQO4), N-Methyl-2-pyrrolidone (NMP), acetone (C3HeO), ethanol (C2HeO), and hydrochloric

acid (HCI ~ 37 %) were used as received from Fisher Scientific, Malaysia.



Polyvinylidene fluoride (PVDF) and carbon black were used as received from Alfa Aesar. Activated
carbon (AC) was obtained from Acros Organic, and potassium hydroxide (KOH) pallets were
purchased from Merck. All these materials were used without further purification. Deionized water
was used throughout the experiments. Nickel foam (Goodfellow, UK) was cut into 2 x 1 cm sheets
and used as a substrate throughout the experiment. The substrates were prewashed using an
ultrasonicate bath for 10 minutes in the presence of 0.5 M hydrochloric acid, deionized (DI) water

and ethanol subsequently. The washed substrates were dried in a vacuum oven at 60 °C for 12 hours.

2.2 Synthesis of Ni3(POa4)2 nanoparticle via the sonochemical method

The synthesis of Ni3(POs). nanoparticles started by preparing two precursor solutions. A metal
precursor solution was prepared by dissolving 0.1 M nickel (11) chloride hexahydrate (NiCl2.6H.0)
in 40 mL of DI water. Then, the second solution containing 0.2 M anhydrous sodium hydrogen
phosphate (Na2HPO4) was prepared separately in 40 mL of DI water and added dropwise (at 2
mL/min rate) in NiCl2.6H20 solution under constant stirring. The mixture was kept under continuous
stirring for another 30 minutes before being subjected to ultrasonication using a horn sonicator for 40
min at a pulse amplitude of 60 watts, pulse on-time 2 s, and off time 1 s. A light green precipitate was
formed, washed with deionized water and ethanol, and dried in a hot air oven at 90 °C for 12 hours.
The dried sample was grounded using an agate mortar pestle and designated NiPOs-SA. For
comparison, NiPOs-SB was prepared with a similar synthesis process followed by calcination in a

muffle furnace at 200 °C for three hours.

2.3 Synthesis of Ni3(POa4)2 nanoparticle via the microwave-assisted hydrothermal method

0.2 M NazHPO4 solution was dropwise added into the 0.1 M NiCl2.6H20 solution at a 2 mL/min rate
under constant stirring. The mixture was stirred for another 30 minutes and then transferred into a
Teflon tube. It was then placed in a microwave reactor (flexiwAVE, Milestone Inc.) for microwave-

assisted hydrothermal reaction at 200 °C for 10 minutes under the heating rate of 5 °C per minute.



The precipitates are collected, washed, and dried in a hot air oven at 90 °C for 12 hours. The dried
sample was designated as NiPOs-MWA. Similarly, the same procedure was repeated, followed by
calcination at 200 °C for 3 hours in a muffle furnace. The sample is labelled as NiPOs-MWB. The

synthesis processes for both methods are illustrated in Figure 1.
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Figure 1. lllustration of the synthesis process (Ni3(POas)2) nanoparticles via a sonochemical and
microwave-assisted hydrothermal method.

2.4 Characterization of the materials

Structural studies of the synthesized materials were performed using Fourier-transform infrared
spectroscopy (FTIR) and X-Ray Diffraction (XRD) analysis. The presence of the functional groups
in the synthesized materials was determined using FTIR (PerkinElmer Spectrum 400). The materials
were scanned from 500 to 4000 cm™! with a resolution of 1 cm™" in transmittance mode. Meanwhile,
the crystallinity of the synthesized materials was characterized using Rigaku

SMartLab X-ray diffractometer with Cu Ka radiation (A = 1.5418 A) in the 20 range between 5° and
80° at ambient temperature. The sample's morphology was characterized using a Field Emission
Scanning Electron Microscope (FEI Quanta 400F). The elemental analysis was performed using an
energy-dispersive X-ray spectrometer (Oxford-instruments INCA 400) with X-Max Detector. Raman

spectra were recorded using a Micro-Raman spectrometer (WITec Alpha300) under 532 nm green



laser diode excitation in 400-800 cm™!. The data obtained from all the characterizations were plotted

into their respective spectra using Origin 2017.

2.5 Electrode fabrication and evaluation of the electrode

A cleaned nickel foam was coated with a slurry consisting of 75:15:10 wt% of active materials: carbon
black: binder (PVdF in NMP), respectively, and dried in a vacuum oven at 60 °C for 12 hours. The
electrochemical studies were performed using a three-electrode system; coated nickel foam, platinum
wire, and potassium chloride (KCI) saturated silver-silver chloride (Ag/AgCl) as the working, counter,
and reference electrodes. Meanwhile, a standard twoelectrode system was assembled by combining
the positive electrode (optimized Ni3(PO4)2 nanoparticle electrode) and the negative electrode
(activated charcoal electrode) to investigate the performance device. These electrodes were separated
with filter paper. A concentrated potassium hydroxide (KOH) solution at a molarity of 1 M served as
the electrolyte for the two electrode configurations under investigation. Cyclic voltammetry (CV),
galvanometric chargedischarge (GCD), and electrochemical impedance spectroscopy (EIS) with a
frequency range from 0.01Hz to 100 kHz were conducted using Gamry Instrument Interface 1010E

potentiostatgalvanostat.

3. Results and discussion

The self-nucleation and material growth initiated the formation of Ni3z(PO4). nanoparticles. Upon the
dissolution of NiCl,.6H20 and Na,HPO4 in DI water, the precursors start to dissociate, forming ions,
as explained through the following equations:

NiCl..6H,0 - Ni#* + 2CI° + 6H.0 (1)
NasHPOs > 2Na* + HPO4? ()
A transparent light green solution of NiCl2.6H20 turned into a cloudy light green colloid solution
after adding Na,HPOs. The nucleation and growth of the nanoparticles happen once the mixture is

subjected to sonochemical and microwave-assisted hydrothermal syntheses. In sonochemical



synthesis, the ultrasonic waves are absorbed by the dissociated ions and water molecules. This
phenomenon then induced the acoustic cavitation phenomena in which nucleation and growth of
nanoparticles happened under ultrasonic waves. Meanwhile, microwave-assisted hydrothermal uses
rapid microwave heating. During the synthesis, microwave energy penetrates through the dissociated
ions. These ions absorbed the microwave energy and converted it into heat energy, initiating the
process of nucleation and growth of the Ni3(POas)2 nanoparticles[41,42]. The formation of Ni3(POa)2
nanoparticles in both methods is as follows:

3NiCl2.6H,0 + 6NazHPO4 > Nis(PO4)2 + 6NaCl +18H20 + HsPO4 + 6NaHPO, (excess) (3)

3.1 Structural studies

Figure 2(a) shows the XRD patterns of the Ni3(PO4)2 nanoparticles synthesized via sonochemical and
microwave-assisted hydrothermal methods. The NiPOs-SA and NiPOs-SB showed similar sets of
diffraction peaks located at 11.60°, 12.64°, 18.65°, 22.42°, 23.64°, 28.48°, 30.76°, 34.79°, 39.67°,
41.42°, 56.68°, and 71.59° that indicate to the (110), (020), (200), (130), (101), (031), (301), (330),
(112), (341), (332) and (442) crystal planes of nickel phosphate hydrate [Ni3(PO4)2.8H20], in
agreement with standard (JCPDS no. 00-033-0951) values (Figure 2a) [43]. Comparing the XRD
pattern of the NiPOs-SA and NiPO4-SB samples, it can be seen that the latter possesses less intense
diffraction peaks, which denotes that the degree of crystallinity was reduced after the calcination. In
the case of NiPOs-SA, the asprepared sample, it initially existed as a hydrated form containing water
molecules. Heat application leads to removing these water molecules, subsequently disrupting the
crystal structure [44]. Consequently, the atomic arrangement within the crystal lattice of NiPO4-SB
undergoes rearrangement, decreasing its degree of crystallinity [45]. This phenomenon is also
reflected in the colour change of the nanoparticles, whereby the light green colour of NiPO4SA and
NiPO4s-MWA indicates of hydrate nanoparticle has changed to dark off-white after calcination
(NiPO4-SB and NiPO4-MWB). As depicted in Figure 2b, the XRD pattern of the NiPOs-MWA
sample did not show any diffraction peaks; instead, it only showed two broad peaks at 26=25° and

35°. These broad peaks confirmed the amorphous nature of NiPO4-MWA samples produced through



the microwave-assisted hydrothermal method. Meanwhile, only a broad peak between 20° to 40° is
observed in the XRD spectra of NiPO4-MWAB, corresponding to the overlapping of two peaks shown
in the XRD spectra of NiPOs-MWA. This is similar to NiPOs-SB, where calcination removed the
water molecules, reducing its degree of crystallinity (in this case, it increased the amorphous nature
of the NiPOs-MWB). The disordered atomic arrangement of materials provides a continuous
electronic channel for charge transfer within the device and further enhances electrochemical

performance during the charge/discharge process [46].
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Figure 2. (a) XRD patterns of all the synthesized nickel phosphate, (b) Comparison of XRD patterns
between NiPOs-MWA and NiPOs-MWB, (c) Raman spectra (d) FTIR of all the synthesized nickel
phosphate; NiPOs-SA, NiPO4-SB, NiPOs-MWA and NiPO4-MWB, and (e-h) XPS spectra of NiPOa-
MWB.

The vibrational activity of chemical bonding of NiPO4-SA, NiPO4-SB, NiPOs-MWA and NiPOs-
MWB samples were analyzed by Raman spectra, as shown in Figure 2c. The NiPO4SA and NiPOs-
SB depicted three strong peaks at 1041, 962 and 922 cm™, corresponding to the vs asymmetric
stretching mode of phosphate ligands (PO.), vi mode of orthophosphate (PO4%), and vi symmetric
stretching mode of POs, respectively [47,48]. In addition, another three characteristic peaks
representing the asymmetric bending vibration of phosphate are found at 690 cm™ (v2), 472 cm™ (v2)
and 389 cm™ [47,49]. The peak found at 572 cm™ corresponds to the Ni-O stretching mode, indicating

that the synthesized nanoparticles are a nickel-containing compound. Certain phosphate peaks,

specifically those at 472 and 690 cm™ for NiPO,-MWA, and 389, 472, 690, and 922 cm™* for NiPOu-



MWAB, did not exhibit clear visibility in the respective spectra. This lack of distinctness is presumed
to stem from alterations induced by disorder in intermolecular interactions, as noted in XRD [24].
The disordered structure of amorphous NiPOs-MWA and NiPOs-MWB gives rise to varying bond
angles and lengths in chemical interactions with neighbouring molecules [50]. Consequently, it is

difficult to detect some peaks due to the inherent insensitivity to Raman spectroscopy.

Figure 2d shows the FTIR spectra of all the synthesized samples. The analysis confirms the presence
of phosphate-based nanoparticles in all the synthesized samples. Notably, distinct phosphate
vibrational bands are observed in each spectrum, indicating unique chemical bonding characteristics
among the synthesized samples. Among them, the characteristic peaks at 562 cm™ (NiPOs-SA), 569
cm? (NiPO4-SB), 568 cm™ (NiPOs-MWA), 562 cm™ (NiPOsMWB) assigned to fingerprints of
asymmetric deformation vibration of PO4 in phosphate group (POs*") [51] or triply degenerate
bending mode (vs) of the O—P-O bond [39]. The other characteristic peaks at around ~740 cm™
correspond to the P-O bond's symmetric stretching mode (vsym). Meanwhile, the peaks in the range
880 — 1032 cm are assigned to the asymmetric stretching mode (vas) of the P-O bond in the PO~
[45]. The peaks attributed to phosphate bonds, specifically those around ~740 cm™ and 880-1000 cm
! were not distinctly discernible in the spectra of NiPOs~-MWA and NiPOs,-MWB. These spectra
exhibit analogous characteristics to their respective Raman spectra. The diminishment of these peak
intensities can be attributed to the overlap of bands and the broadening typical of their amorphous
structure, which are in agreement with XRD findings [52][39]. In addition, the peaks at wavenumber
around 1600 cm™ in all the spectra represent the adsorption of -OH bending. The "OH stretching is
also seen at wavenumber in the 3000 — 3600 cm™ range. The intensity of these peaks is gradually
reduced after exposure to the calcination, as shown in the NiPOz-SB and NiPO4-MWB spectra (Figure
2d). This is because of the removal of water molecules from the crystal structure of NiPOs-SB and
NiPOs-MWB upon calcination, which caused the formation of an amorphous structure. X-ray
photoelectron spectroscopy (XPS) provides critical insights into the chemical composition and

oxidation states in the microwave-synthesized NiPOs-MWB sample. The XPS survey spectra,



depicted in Figure 2e, reveal distinct peaks corresponding to the presence of nickel (Ni), phosphate
(P), and oxygen (O) elements. Further insights into the chemical bonding were obtained through high-
resolution spectra, as shown in Figures 2f-h. In Figure 2f, the P2p spectrum displays discernible
binding energies at 131 eV and 133 eV, corresponding to Ni-P and P-O bonds, respectively [53].
Detailed examination of the O1s spectrum in Figure 2g uncovers three distinct fitted peaks at 529 eV,
531 eV, and 534 eV, corresponding respectively to Ni-O, P-O [54], and gas phase water (H20)
interactions [7]. The Ni2p spectrum in Figure 2h presents a prominent peak centred at 854 eV,
accompanied by a satellite peak at 859 eV, attributed to Ni2ps/2, while an additional peak centred at
872 eV, along with its satellite peak at 877 eV, corresponds to Ni2p12. These well-defined XPS peaks
provide compelling evidence for the presence of Ni?* species within the synthesized NiPOsMWB
material [55,56]. Therefore, the XPS results conclusively confirm the successful formation of nickel

(Ni), phosphate (P), and oxygen (O) constituents within the NiPOs-MWB structure.

3.2 Morphology studies

The morphologies of NiPOs-SA, NiPOs-SB, NiPOs-MWA and NiPO4-MWB samples were revealed
by employing Field Emission Scanning Electron Microscope (FESEM). Generally, sonochemical
synthesis is a process that applies the concept of sonochemistry. During the sonochemical process,
the molecule in the solution experience acoustic cavitation involving the bubbles' formation, growth
and implosive collapse. The collapse of the bubbles creates a short-lived localized hot spot with
extremely high temperature and pressure [57], which is responsible for producing the flakes-like
shape of NiPO4-SA and NiPOs-SB samples, as shown in Figures 3a and 3b. On the other hand, the
microwave-assisted hydrothermal process is a method that utilizes high temperature and sealed
pressure during the process. Microwave heating creates a uniform size of NiPOs-MWA and NiPOs-
MWAB samples because it has no thermal gradients throughout the bulk solution [35]. Meanwhile,
high temperature and pressure during the process create a smaller particle (as shown in Figures 3c

and 3d) than the sonochemical method. Small particles allow for more electrolyte ions penetration



through the material, thus improving the electrochemical performance of the electrode. The energy
dispersive X-Ray (EDX) analysis displayed in Figure 3 (e-h) confirms the presence of nickel

(Ni), phosphate (P) and oxygen (O) without any other impurity in all NiPO4-SA, NiPO4-SB, NiPOs-
MWA and NiPO4-MWB samples. The presence of carbon (C) element in the EDX result corresponds

to the carbon tape used during the characterization. The particle produced from both methods is nickel

phosphate.
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Figure 3. FESEM images of (a) NiPOs-SA, (b) NiPO4-SB, (¢) NiPOs»-MWA, and (d) NiPOsMWB.
(e-h) EDX analysis for all the synthesis nickel phosphate particles.

3.3 Electrochemical performance of the electrode (three-electrode studies)

The CV curves for all the samples displayed well-defined redox peaks revealing the domination of

diffusion-control kinetics in the electrode material (Figure 4a-d). The inherent electrochemical

properties of NiPO4-SA, NiPO4-SB, NiPOs-MWA and NiPOs-MWB electrodes were analyzed in a

three-electrode system using 1 M of KOH electrolyte. Figure 4ad represents the CV curves of the

electrodes obtained from different scan rates from 3 to 50 mV s, All the samples were tested at the

potential range of 0 to 0.5V vs. Ag/AgCI. A pair of redox peaks (0.34 V for the oxidation peak and

0.24 V for the reduction peak) can be seen at the lowest scan rate (3 mV s*) of NiPO4-SA and NiPO4-



SB electrodes. Similarly, the CV curves of the NiPOs-MWA and NiPO4-MWB electrodes synthesized
via microwave-assisted hydrothermal method showed a pair of redox peaks (Figures 4c and d). The
redox peaks confirmed the battery-type behaviour of the electrodes, which store charge via reversible
Faradaic reactions between Ni?* and Ni** at the electrode/electrolyte interface [58]. Unlike the other
electrodes, the CV of a NiPOs-SB electrode shows prominent oxidation peaks splitting as the scan
rate increases. The split of two oxidation peaks can be associated with chemical state changes of Ni%*/
Ni®*/Ni** [59,60]. This splitting also can be due to the development of highly resistant passivation
layers or known as solid electrolyte interphase (SEI), affected by calcination of sonochemical NiPOs-
SB electrode causing high overpotentials for the oxidation of Ni?* to Ni** and Ni®** to Ni** [61]. It can
be noticed that, as the scan rate increased, the redox peaks of all electrodes shifted to a higher potential
for oxidation peaks while the lower potential for the reduction peaks. This phenomenon was due to
the asynchronous movement of electrolyte ions with increasing scan rates. To further support the
characteristics of the NiPO4SA, NiPOs-SB, NiPOs-MWA and NiPOs-MWB electrodes, a
comparative CV curve at 3 mV/s has been shown in Figure 4e. The CV curves show different redox
peaks of NiPOs-MWA and NiPOs-MWB electrodes compared to NiPO4-SA and NiPOs-SB
electrodes. Electrode materials synthesized via microwave-assisted hydrothermal show a more
positive oxidation peak potential; 0.43 V for NiPOs-MWA and 0.45 V for NiPO4-MWB. Meanwhile,
the reduction peak is shown at a more negative potential of 0.22 and 0.18 V for NiPOs-MWA and
NiPOsMWSB, respectively. The change in the redox peaks NiPO4s-MWA and NiPO4s-MWB electrodes
compared to their counterpart electrodes is due to its amorphous structure (as evident from the XRD
result), which allows for rapid ions transportation [62] and deep intercalation of the ions in the
electrode material [63,64]. The possible redox equation in all four electrode materials is as follows:
Ni3(POa)2 + 30H" <> Ni3(OH)3(POa4)2 + 3¢ [39].

The comparison of the area of CV curves shows that the NiPOs-MWB electrode has exhibited the
highest peak current and largest area under the curve, indicating excellent electrode performance,

superior charge storage performance, and higher specific capacity.
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Figure 4. CV curves of (a) NiPOs-SA, (b) NiPO4-SB, (c) NiPOs-MWA and (d) NiPOs-MWB at
various scan rates. Comparison of (e) CV curves, (f) specific capacity of all electrodes at

the lowest scan rate of 3 mV s and capacity retention when the scan rates reach 50 mV s,

The specific capacity (Qs, cv) of the electrodes can be calculated using the following equation:
Qscv = ﬁf;iff X4V (4)

Where |1 dv represents an area under the CV curve, v is the scan rate (V s™), and m is the mass of the
active material coated on the substrate (g). The maximum specific capacity that was achieved for
NiPOs-SA, NiPO4-SB, NiPOs-MWA and NiPO4s-MWB electrodes at 3 mV s™ are 143.88, 13.63,
235.82 and 329.07 C g7, respectively. Amongst all the electrodes, the NiPOsMWB electrode
exhibited the highest specific capacity and good capacity retention of 95.5 %, as depicted in Figure
4f. The underlying mechanism for this performance enhancement can be attributed to the amorphous
structure, which offers more exposed redox active sites for faradaic reactions, leading to the material's
high performance. Meanwhile, sonochemical produced a higher degree of crystallinity of NiPOs-SA
and NiPO4-SB, limiting the redox active side for the reaction to occur. Thus, both NiPOs-SA and
NiPO4-SB electrodes exhibit lower specific capacity. The galvanometric charge-discharge (GCD)
curves of all the electrodes at different current densities ranging from 1 to 7 A g are depicted in
Figure 5 a-d. All the electrodes show non-linear charge-discharge curves corresponding to their

faradaic properties, which agrees with the CV curves. It can be noticed that the discharge time



becomes shorter as the current density increases. This trend explains the diffusion and intercalation
of the ions, where a high current density reduces the diffuse and intercalate time of the ions into the
active material. Meanwhile, lower current density gives the ions time to diffuse and intercalate into

the active material.
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Figure 5. Galvanostatic charge-discharge (GCD) curves of (a) NiPO4-SA, (b) NiPO4-SB, (c)
NiPOs-MWA and (d) NiPOs-MWB at various current densities. Comparison of (e) GCD curves, (f)
specific capacity of all electrodes at 1 A g™t and capacity retention when the current densities reach 5

Agl

The GCD curves of NiPO4-SA, NiPO4-SB, NiPO4-MWA and NiPO4-MWB electrodes were collected
at 1 A g (Figure 5e). We note that the discharge time of NiPO4-MWB electrodes is the longest, 271.8
s, among their counterpart electrodes, implying superb electrochemical performance. The specific

capacity (Qs, ccp) of the electrodes can be calculated using the following equation:

I xAt

m ()

Qsccp =

Where | represent the discharge current (A), 4t is the discharging time (s), and m is the mass of the
active material coated on the substrate (g). The specific capacity NiPOs-MWB electrode is calculated
to be 256.54 C g at a current density of 1 A g%, which is superior to other electrodes NiPO4-SA
(153.83 C g*1), NiPOs-SB (7.39 C g1), and NiPO,-MWA (164.19 C g*). The outstanding

electrochemical performance of the NiPO4s-MWB electrode is because it has the largest area under



the CV curve and a longer discharge time. In summary, NiPO4s-MWB is considered an optimized
active material in this work due to the potential of the microwaveassisted hydrothermal approach used
to produce this material able to make (i) smaller size nanoparticles and (ii) a highly amorphous nature
compared to other electrode material. The small particle size of NiPOs-MWB improves the
electrochemical performance of the sample by providing more active sites for faradic redox reactions.
Besides, smaller particle size increases the specific surface area and reduces agglomeration tendency
even after calcination [38,65]. The removal of water contents from the crystal structure of NiPOa-
MWB led to the deformation of the crystal to form a highly amorphous nature which can also improve
the electrode's electrochemical performance [66,67]. Amorphous materials' unsaturated structure
provides abundant active sites for surface-based faradaic reactions [45]. At the same time, the
disordered atomic arrangement affords a continuous pathway for charge transportation during the

charge/discharge process [67].

3.4 Supercapattery assembly and electrochemical characterization (two-electrode studies)

Two-electrode studies were carried out on the optimized battery-type electrode (NiPOs-MWB) to
investigate its capability in supercapattery further. It was treated as positive, while the AC capacitive
electrode was negative. Before CV and GCD testing, charge balancing on both NiPOs-MWB and AC

electrodes was done by using the following equation:

Qs— _ my

Qsy M- (6)
where m+ and m- are the mass loading of NiPOs-MWB and AC electrodes, respectively. Qs+ and Qs-
are the specific capacities of NiPO4-MWB and AC electrodes, respectively. Figure 6a displayed the
CV patterns of the individual NiPO,-MWB and AC electrodes at a scan rate of 10 mV s and a
potential window range of 0 - 0.5and -1 - 0 V, respectively. It can be observed that the AC electrodes
behave as capacitive-type electrodes, as evidenced by the rectangular CV curve. The CV curves of
the full-cell (NiPO4-MWB//AC) were plotted in Figure 6b. It was tested at a potential window of 1.5

V with different scan rates ranging from 10 to 100 mV s. The CV curves showed that the assembled



NiPOs-MWB//AC displayed a combination of rectangular CV curves without a redox peak at the
lower potential window of 0-0.5V and a rectangular CV curve with a redox peak at a higher potential
window of 0.6-1.5V. This situation ascribed that the Faradaic reaction and the electric double-layer
formation contributed to the energy storage of the assembled NiPOs-MWB//AC. The symmetrical
nature of all GCD curves at different current densities of 1 to 5 A g is shown in Figure 6¢. The GCD
curves depicted the charge storage mechanisms of the supercapattery, which combined the capacitive-
type (electric double layer formation) and battery-type (faradaic reaction) electrodes. The GCD
results are in agreement with the CV results of the NiPOs~-MWB//AC. The curves reveal that the
NiPOs-MWB//AC has good electrochemical reversibility with a specific capacity of 49.6 C gt at 1
A gl It is noticeable that it can sustain up to 50.6 % capacity retention when the current density
reaches 5 A g with a specific capacity of 24.5 C g. The energy density and power density are
important indicators for the NiPOs-MWB//AC. It delivers a high energy density of 10.33 Wh kg™ at
a power density of 750 W kg™ upon being charged up to 1.5 V. The remarkable value of energy and
power densities of the assembled NiPO4s-MWB//AC is comparable with the literature on nickel-based
phosphate nanoparticles, as shown in the Ragone plot (Figure 6d) and summarised in Table 1. It is
acknowledged that other studies have reported even higher energy densities—such as NiCoP (42.25
Wh/kg) [68] and NiCo(PO4)s (32 Wh/kg) [69]. These superior energy densities are attributed to
incorporating bimetallic phosphate materials, combining nickel and cobalt, which inherently generate

more redox active sites, thereby augmenting electrical charge storage capacity.
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Figure 6. (@) CV curves of the activated charcoal and NiPOs-MWB electrodes tested in a three-
electrode system, (b) CV curves of the asymmetric supercapacitor of NiPO4s-MWB//AC at various
scan rates, (c) GCD curves of NiPOs-MWAB//AC at various current densities, (d) Ragone plot, (e)
cyclic performance and (f) Nyquist plots of the NiPO4-MWB//AC at 0" and after 5,000™" cycles.

Table 1. Comparison of the energy density, power density and stability of the assembled NiPOs-
MWB//AC with other reported nickel nanoparticle-based energy storage.

Material Energy density | Power  density | Stability Ref
(Wh/kg) (W/kg)

Ni3(POa)2 10.33 750 99.42% This
(5000 cycles) work

NiCoP 42.25 250 82.84% [68]
(8000 cycles)

NiCo(POa)3 32 320 89% [69]

NiMnO 10 700 - [70]

NisS 7.6 600 95.59% [71]
(2000 cycles)

NiP-600 52 434 71% (2000 | [72]
cycles)

NiCoP 10.88 750 70% (5000 | [73]
cycles)

ACG-N-P-Ni | 12.32 499.99 92.6% [56]
(3000 cycles)

In contrast, our study adopts a distinct approach by employing microwave-assisted hydrothermal

synthesis to produce nickel phosphate nanoparticles. This strategy accelerates reaction kinetics,



reduces synthesis time compared to sonochemical methods, and introduces an essential facet of
stability enhancement compared to other reported work. As indicated in Figure 6e, our device (NiPOs-
MWB//AC) exhibits remarkable stability even after undergoing 5000 cycles. It can be noticed that
the capacity retention increased to 1.9 % starting from cycle 0" to 1300™" due to the device being in
activation mode. Beyond that cycle, the device decayed gradually to 99.42 % after 5000 cycles.
Electrochemical impedance spectroscopy (EIS) ranging from 0.1 to 100 kHz was used to understand
the internal resistance of the NiPOs-MWB//AC. Figure 6f shows a Nyquist plot of NiPOs-MWB//AC,
taken before and after 5,000™" of the life cycle. The equivalent circuit model (inset Figure 6f) is used
to fit the EIS data composed of equivalent series resistance (Rs), which recognizes due to the internal
resistance of the device or circuit connections [74]. The diameter and shape of the semicircle of the
Nyquist plot are represented by charge transfer resistance (Rct) and constant phase angle (CPE),
respectively.

Rct explained the internal charge transfer resistance at the electrode and electrolyte interface. The
Nyquist plot of the Oth cycle shows the spike's semicircle and a steep slope at high and low frequencies,
respectively. The spike indicates the device's capacitive-like behaviour, represented by the Warburg
impedance (Zw). Cv is the limit capacitance in the circuit. After the 5,000™ cycle, a semicircle with
Rct value of 16.9 Q and a gradual slope of the spike was seen. The results from the decay of
electrochemical performance agree with the capacity retention of the device after the 5,000™" cycle

[75,76].
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The practical application of the optimized supercapattery was demonstrated through the lighting up
of green LED light, as illustrated in Figure 7a-d. Three sets of optimized supercapattery units (2.5 cm
x 2.5 cm), configured as NiPO4-MWB//AC, were fabricated. These electrode assemblies were
effectively separated by filter paper, connected in series, and placed in a container. Following the
cells' sequential assembly connection, a solution of KOH electrolyte was inserted into the container,
resulting in an initial stored voltage reading of 0 V (Figure 7a), indicating the uncharged state of the
device. Then, the device was charged up via an externally applied voltage source (Figure 7b) for 3
minutes. With the completion of the charging process, the external voltage source was removed, and
the charged voltage was recorded to be 2.9 V (Figure 7c¢). Then, the devices are connected with a
green light-emitting diode (LED). The device successfully to powered up the LED for approximately
2 minutes before gradually fading. The device's charging and discharge were repeated and showed

consistent performance.



4. Conclusion

In this study, we have successfully utilized two distinct methods to fabricate nickel phosphate
(Ni3(POs)2) nanoparticles with diverse structural and morphological properties. Sonochemical
approaches produced NiPO4-SA and NiPOs-SB electrode materials with flake-like and crystalline
structures, respectively. In contrast, microwave-assisted hydrothermal processes resulted in smaller-
sized NiPOs-MWA and NiPOs-MWB electrode materials with amorphous structures. Among all
samples, NiPO4s-MWB was selected as the optimized electrode material owing to its superior specific
capacity. This result is attributed to its small size, which permits increased ion penetration into the
interior surface of the electrode material. Additionally, the disordered arrangement of NiPO4s-MWB
facilitates deep intercalation of ions in the electrode material. It was then used as a positive electrode
in the supercapattery using a standard 1M KOH electrolyte. The assembled NiPOs-MWB//AC
delivers a maximum energy density of 10.33 Wh kg at a power density of 750 W kg. The capacity
retention is 99.42 % after the 5,000" cycle. The electrochemical studies of CV and GCD depicted the
charge storage mechanisms of the supercapattery, which combined the capacitive-type (electric

double layer formation) and battery-type (faradaic reaction) electrodes.
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