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nickel hydroxide derived from
a spent electroless nickel plating bath for energy
storage applications

Aasiya Shaikh, *a Balwant Kr Singh,b Kartikay Purnendu, c Prapunj Kumari,a

P. Ram Sankar,a Girdhar Mundraa and Sivasambu Bohmd

In this study, a simple one-step approach has been proposed to treat a spent electroless nickel plating bath

by precipitating nickel metal as nickel hydroxide. Beta phase nickel hydroxide b-Ni(OH)2 generated after the

treatment of an electroless nickel plating bath was characterized by material characterization techniques

including X-ray diffraction (XRD), scanning electron microscopy (SEM), FT-IR and X-ray photoelectron

spectroscopy (XPS). The electrochemical performance of b-Ni(OH)2 was evaluated using cyclic

voltammetry (CV) and galvanostatic charge–discharge (GCD) techniques. A specific capacitance of 332 F

g−1@5 mV s−1 is obtained from the CV data with an energy density of 11.5 W h kg−1 and power density of

207.5 W kg−1. The GCD results show a specific capacitance of 330 F g−1, which is in close agreement

with the value obtained from the CV data. This work represents a scalable approach for the synthesis of

b-Ni(OH)2 from plating waste and converting it into a value-added product. The b-Ni(OH)2 powder

obtained from plating waste has comparable electrochemical properties to that of pristine b-Ni(OH)2 and

other transition metal hydroxides produced by other chemical methods.
Sustainability spotlight

The current electroless nickel plating industry practice is to remove the plating bath from the production line aer multiple usage. The treatment of this spent
bath is a great concern for the plating industry. The normal procedure for the treatment of waste electroless nickel plating baths is hydroxide precipitation,
which generates a large amount of solid nickel hydroxide waste. This solid waste is used in landll, adding extra costs for handling and storage, making the
treatment procedure exorbitant. This study proposes circular material economy for generated nickel hydroxide waste which has potential application in
supercapacitors and battery applications. This work represents a sustainable approach for the synthesis of b-Ni(OH)2 from plating waste and converting it into
a value-added product.
Introduction

Protective metallic coatings are coatings consisting of metallic
elements or metal alloys. These protective coatings are normally
applied to substrates by using spray paint, electrochemical or
chemical methods. They are commonly used in several indus-
trial applications for different purposes, including technolog-
ical aspects like corrosion protection to decorative
applications.1 Nickel plating is one such plating technology,
which adds durability, hardness, conductivity and heat resis-
tance in addition to corrosion resistance and an enhanced
sion, Raja Ramanna Centre for Advanced

ya Pradesh, India. E-mail: aasiya@rrcat.

iversity of Texas El Paso, TX 79968, USA

nd Materials Science, Indian Institute of

arashtra, India

iences Research Hub, Imperial College

ndon W12 0BZ, UK

–302
aesthetic look to the underlying metallic substrates.1,2 It is one
of the most commonly used protective coating procedures and
has been practiced in the metal nishing industry for the past
few decades. Nickel plating has applications in all major
industrial sectors, such as aerospace and aviation, automobiles,
petrochemicals and telecommunications.3 There are different
types of nickel plating which give different desired properties to
the substrate, including bright nickel plating, sulphamate or
dull nickel plating4 and electroless nickel plating.3 Both bright
nickel and dull nickel plating are electroplating technologies
involving different metallic precursors of nickel–metal (nickel
sulphate and nickel sulphamate), which result in different
appearances and properties of the nal electroplating prod-
ucts.5 Bright nickel plating results in a smooth and ductile
coating that seals off the surface of the component and protects
it from a corrosive environment by enhancing the corrosion
resistance properties. It is also used as a base coating for other
metallic coatings like chrome and gold.6,7 Nickel sulphamate or
dull nickel plating offers a much denser coating compared to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bright nickel coating with high tensile strength, excellent
corrosion resistance, high-temperature tolerance and ease of
machinability.8

Electroless nickel plating (ENP) or autocatalytic nickel
plating deposits a nickel–phosphorus (NiP) or nickel boron
(NiB) alloy instead of pure metallic nickel on the substrate. The
properties of electroless nickel plating vary with the percentage
of alloying elements like phosphorous and boron. Unlike the
conventional electroplating process, the electroless nickel
plating process involves the deposition of a nickel alloy from an
aqueous plating bath without passing an electric current
through the system.9 It utilizes chemical reducing agents like
sodium hypophosphite, sodium borohydride and dimethyl-
amine borane to reduce nickel metal ions on the substrate.10

This plating technique offers uniform thickness, corrosion and
wear resistance, lubricity, solderability and magnetic proper-
ties.9 However, the conundrum associated with this feasible
plating technology is the limited lifespan of the electroless
nickel plating bath. Additional replenishment of the nickel
source and the reducing agent is required to maintain the
optimum concentration levels for the autoreduction process.
Multiple usages of electroless nickel plating baths over a long
period of time cause accumulation of byproducts, contaminant
build-up, an increase in phosphorous content resulting in poor
deposition rates, alteration in the characteristics of the deposit
like internal stress, pitting, blistering, roughness and porosity.
By normal industrial practices, once the electroless nickel bath
is no longer productive, it is discarded and removed from the
production line.11 The treatment of this spent bath solution is
a great concern for the electroplating industry.12 The normal
procedures adopted by the industries for the regeneration and
treatment of waste electroless nickel plating baths include
regeneration by ion exchange resin, photoelectrocatalytic
treatment,13 chemical precipitation or hydroxide precipita-
tion,14 and electrochemical methods like electrowinning,15

electrocoagulation,16 electrodialysis,17 and
electrodeionization.18

The ion exchange procedure is based on a reversible inter-
change of ions between solid and liquid phases with resins
removing ions from the spent plating solution and releasing
other ions of the same chemical charge into the spent bath. The
ion exchange resin becomes exhausted and needs regeneration
using the concentrated electrolyte.18 Electrodialysis is a contin-
uous electrically driven separation process that utilizes ion-
selective membranes to carry out the separation of ions.
During this process, ions are transported from a low concen-
tration chamber to a high concentration chamber. This method
requires regeneration of the dialysis membrane and frequent
membrane replacement making it economically inviable.19 An
electrodeionization process is a combination of electrodialysis
and an ion exchange resin method. In the electrocoagulation
treatment method, the spent plating bath is electrocoagulated
using aluminum electrodes to produce sludge containing nickel
hydroxide and aluminum hydroxide. This sludge is digested in
acid to produce a nickel-rich concentrated solution which is
utilized for electrowinning to recover pure nickel metal.16 In the
electrowinning process, nickel metal ions are extracted as nickel
© 2023 The Author(s). Published by the Royal Society of Chemistry
metal by electrodeposition at the cathode using suitable reac-
tion conditions. This process involves three steps: precipitation,
leaching and electrodeposition.15 Chemical precipitation or
a hydroxide precipitation method is based on the low solubility
of metal hydroxides at higher pH values. It is followed by
physical separation like sedimentation, otation and ltration
to separate the nickel hydroxide precipitate.16 As the name
suggests, the hydroxide precipitation treatment method
involves the precipitation of nickel metal ions from the elec-
troless nickel bath as nickel hydroxide Ni(OH)2 at an elevated
pH value using sodium/potassium hydroxide. The process is
simple and effective but generates a large amount of solid waste
mainly consisting of nickel hydroxide Ni(OH)2, which is then
used in landlls or dumped into the ground, adding extra costs
for handling and storage and making the treatment procedure
exorbitant.

Hydroxides and oxides of nickel–metal have been used by
researchers since the rst half of the twentieth century for
battery applications, however with recent advances in nano-
technology their usage is no longer limited to batteries and they
have found diverse applications in various advanced technolo-
gies such as electrocatalysis,20,21 photocatalysis,22,23 electro-
chromic devices,24 electrochemical sensors,25 batteries26 and
supercapacitors.27

A supercapacitor or electrochemical capacitor is an energy
storage device that stores electrical charges between electrode–
electrolyte interfaces.28 Supercapacitors have gained much
attention recently due to their unique characteristics including
a high power density, long cycle life, fast charge/discharge
process and low cost. Due to these unique features, super-
capacitors have potential applications in transport, renewable
energy systems like solar and wind, pulsed laser technology and
mobile phones.29 Depending upon the charge storage mecha-
nism, supercapacitors are classied as two types: electro-
chemical double-layer capacitors (EDLCs) and
pseudocapacitors.30 EDLCs involve charge storage at an elec-
trode–electrolyte interface by reversible ion adsorption, while
pseudocapacitors store chemical charge liberated in the redox
reaction at the electrode surface.31 Carbonaceous materials
(carbon blacks, activated carbon, graphene, and carbon
nanotubes)32–36 are normally used as EDLC electrodes. Transi-
tion metal hydroxides/oxide including RuO2, IrO2, MnO2,
Co3O4, NiO, Fe2O3, Fe3O4, Co(OH)2 and Ni(OH)2 etc. give rise to
the phenomenon of pseudocapacitance.37–39 Among these
materials, oxide and hydroxides of nickel have drawn great
interest as active electrode materials for supercapacitors due to
their high theoretical capacitance (2358 F g−1), excellent elec-
trochemical properties, stability in alkaline medium and lower
toxicity compared to other metal hydroxide and oxides.27,40

Different nickel hydroxide synthesis procedures have been re-
ported in the literature however most of them require special
reaction conditions, costly equipment and chemicals.41–43

Electroless nickel plating is a routine plating activity at the
chemical treatment lab (CTL) of Raja Ramanna Centre for
Advanced Technology (RRCAT), which mainly deals with
research and development activities in lasers and particle
accelerators. In this article, we are reporting the effective
RSC Sustainability, 2023, 1, 294–302 | 295
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chemical treatment of spent electroless nickel baths and utili-
zation of the generated plating waste as an active electrode
material for supercapacitors. A similar approach to utilizing
waste materials for energy storage applications has been re-
ported in the literature, but it is mostly limited to the produc-
tion of carbon and its different allotropes.44–46 There are no
previous literature reports on the utilization of solid waste
nickel hydroxide obtained from spent electroless nickel baths
for energy storage applications. This research provides a scaled-
up approach for the production of nickel hydroxide from nickel
plating waste with comparable electrochemical performances
as that of pristine nickel hydroxide and other transition metal
hydroxides produced by different synthesis methods. The
ndings of this research increase awareness towards the
conversion of waste to wealth and the utilization of waste
material for a sustainable future.
Experimental details
Chemicals and reagents

Sodium hydroxide NaOH (98%) was obtained from high purity
laboratory chemicals (HPLC) private limited. An electroless
nickel plating bath (medium phosphorus∼6–8%) was procured
from Growel or Grauer and Weil India Limited and was utilized
for 8 metal turnovers (MTOs) to obtain a spent electroless nickel
bath. Isopropanol and ethanol were purchased from Advent
Chem Bio Private Limited and Ultrapure US. 5 wt% Naon
peruorinated resin solution (Sigma-Aldrich) was used as
a binder for electrode preparation. Battery grade conducting
carbon black (99%) was used as the conducting ller in elec-
trode preparation. The potassium hydroxide (KOH) used as an
electrolyte for the electrochemical study was supplied by Merck.
The nickel standard solution for atomic absorption spectros-
copy was obtained from Certipur Merck and it contained
Ni(NO3)2 in HNO3 0.5 mol L−1 (1000 mg L−1). Ultrapure water
was used throughout the experimentation. An ECT electroless
nickel plating bath containing a high phosphorus content of
∼10–13% was supplied by Komal Agency.
Instrumentation

Fourier-transform infrared spectroscopy (FTIR) analysis of
nickel hydroxide was carried out using the Jasco FT/IR-660 plus
spectrometer. All electrochemical experiments were performed
at room temperature using an Autolab PGSTAT302 (AUT73043)
electrochemical working station. Atomic absorption spectros-
copy (AAS) of the supernatant liquid le aer settling of the
nickel hydroxide precipitate was performed using a novAA 300
Analytik Jena spectrometer. The AAS calibration analysis was
carried out using the nickel standard supplied by Certipur
Merck using a 50 mm burner setup and air acetylene ame. The
XRD spectrum of nickel hydroxide powder was determined by
using a PANalytical X-ray diffractometer (1.54 Å Cu Ka) in the
range of 2q = 10–90°. The morphology of the nanoparticles was
analyzed using a scanning electron microscope (FIB-FEG-SEM)
of Carl Zeiss Auriga Compact-4558. The XPS analysis was done
using Kratos Analytical (AXIS Supra) with an analysis pressure
296 | RSC Sustainability, 2023, 1, 294–302
of <2 × 10−9 Torr and tted with a monochromatic Al K-alpha
(75 W) as the X-ray source. Spectral analysis was performed
using the peak tting soware (XPSPEAK version 4.1). X-ray
uorescence analysis (XRF) analysis was carried out using
Bruker S1-Titan 600.

Synthesis of nickel hydroxide from the spent electroless nickel
bath

The chemical synthesis of nickel hydroxide from the spent
electroless plating bath was carried out using a simple precip-
itation reaction. 100 mL solution of the spent electroless nickel
bath was moved to a clean and dry glass beaker, to this solution,
10 wt% sodium hydroxide solution was added slowly while
continuously stirring the resultant reaction mixture.

The starting pH of the spent electroless nickel bath is 5 with
a light green color which changes to a greenish-blue color (pH
9–10), the solution remains transparent and clear as shown in
stage II of Fig. 1. Further addition of 10 wt% solution of sodium
hydroxide changes the reaction mixture color to dark blue with
a strong evolution of ammonia gas and takes the reaction to
stage III at pH of 12. This dark blue colored slightly turbid
solution is converted to a lime green precipitate of nickel
hydroxide as the pH of the reactionmixture is increased from 12
to 14 by the addition of 10 wt% sodium hydroxide solution, as
depicted in stages IV and V in Fig. 1. The precipitate of nickel
hydroxide is allowed to settle (stage VI) in the glass beaker and
the resultant supernatant solution is decanted and tested for
traces of metallic nickel remaining in the supernatant solution,
which will provide the efficiency of the nickel removal as nickel
hydroxide using sodium hydroxide. The nickel hydroxide
precipitate is then washed with copious amounts of water, fol-
lowed by drying in a hot air oven at 70 °C for 8–10 h. The nal
dried nickel hydroxide precipitate is then converted into a ne
green powder, which is used for further analysis. A similar
procedure is repeated with 5 L of the spent electroless nickel
bath to obtain ∼35 g of dried nickel hydroxide powder. The
reproducibility and selectivity of the adopted synthesis method
were checked by repeating the synthesis procedure three times
with spent electroless nickel plating baths procured from
different suppliers with different chemical compositions.

Electrode fabrication for supercapacitor application

The electrodes of the supercapacitor were fabricated by
following this procedure. The as-synthesized nickel hydroxide is
mixed with conducting carbon black in the ratio of 80 : 15. The
mixture is ground in a mortar and pestle for 30 min to obtain
the uniformly mixed active electrode material. 20 mg of this
mixture is suspended in ultrapure ethanol and sonicated for
30 min to get a uniform suspension of metal hydroxide and
conducting carbon particles. 20 mL of 5 wt% Naon per-
uorinated resin binder was added to this suspension and
sonicated/mixed for another 10 min. The slurry of active elec-
trode material and Naon binder was coated on graphite paper
using the layer-by-layer brush coating technique. The coated
graphite paper is heated in a hot air oven at 80 °C overnight. The
process was repeated to make other electrodes. For the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different stages of treatment of the spent electroless nickel bath using 10 wt% sodium hydroxide solution and generation of plating waste
rich in nickel hydroxide content.

Fig. 2 The atomic absorption spectroscopy calibration curve using
different nickel standard solutions.
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asymmetric supercapacitor conguration, a negative electrode
was made by using only conducting carbon black and Naon
binder (carbon black: 20 mg and 5 mL Naon binder). 3 M
potassium hydroxide (KOH) was used as an aqueous electrolyte
in atmospheric conditions.

Results and discussion
Characterization of the supernatant effluent

Atomic absorption spectroscopy (AAS) is used to quantify the
nickel removal efficiency of the sodium hydroxide from the
spent electroless nickel plating bath. Calibration for this anal-
ysis was carried out using a nickel standard solution obtained
from Certipur Merck. The concentration of the nickel metal in
the supernatant solution (6 ppm) is calculated using the cali-
bration plot, as shown in Fig. 2.

Material characterization of the nickel hydroxide

Nickel hydroxide exists in different polymorphic forms like a-
Ni(OH)2 and b-Ni(OH)2 and its crystal structure is made up of
edge-sharing Ni(OH)6 octahedron layers. The factors which
mainly distinguish a-Ni(OH)2 from b-Ni(OH)2 are the distance
between the Ni(OH)6 octahedral layers and the presence of ions/
water molecules intercalated between these octahedron layers.
The interlayer distance in b-Ni(OH)2 is ∼0.46 nm with no
intercalation of water molecules between the octahedral layers,
while for a-Ni(OH)2 it is ∼0.75 nm with intercalation of water
molecules and oxyanions between these layers.47–49 The rst
conrmation of the successful removal of nickel metal as
hydroxides from an electroless nickel bath is obtained from
XRD analysis. The XRD pattern of nickel hydroxide in Fig. 3(a)
shows major diffraction peaks at 2q = 19.70°, 33.22°, 38.36°,
51.49°, 59.09°, 62.49°, 69.43° and 72.76°, corresponding to the
(001), (100), (101), (102), (110), (111), (103) and (201) planes of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the b-Ni(OH)2 phase (JCPDS #14-0117).25 The average crystallite
size of nickel hydroxide was calculated using Scherrer's eqn (1):

d ¼ Kl

b cosðqÞ (1)

where d is the crystallite size of nickel hydroxide, K is the shape
factor, l is the wavelength of X-ray used (l = 1.54 Å), b is the full
width at half maximum and q is the Bragg angle.20 The average
crystallite size of nickel hydroxide calculated using the above
equation is 1.4 nm, which could be the reason for the signicant
peak broadening observed in the diffraction pattern of Ni(OH)2.
The FT-IR spectrum of nickel hydroxide powder in the range of
400–4000 cm−1 is represented in Fig. 3(b) and shows the char-
acteristic peaks of b-Ni(OH)2. The sharp narrow band at
3648 cm−1 arises from the n(OH) stretching vibration due to the
RSC Sustainability, 2023, 1, 294–302 | 297
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Fig. 3 (a) The X-ray diffraction pattern of nickel hydroxide powder and (b) the FT-IR spectrum of nickel hydroxide powder.
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presence of free hydroxyl groups in the b-Ni(OH)2 crystal
structure.50 The strong broad band at 3473 cm−1 arises due to
the O–H stretching vibration of the intercalated water mole-
cules in the b-Ni(OH)2 crystal lattice.51

The band around 554 cm−1 is due to the lattice vibrations of
d(OH) bending.49 The bands at 442 and 421 cm−1 arise due to
the lattice vibration of the Ni–O bond.51 The peak observed
around 1631 cm−1 is ascribed to the bending vibration of water
molecules.50 The band at 681 cm−1 corresponds to the d(O–H)
wagging vibration.42 The band at 1047 cm−1 shows the signal of
the metal–oxygen metal (M–O–M) bond between Ni and O. The
bands at 1420 cm−1 and 2034 cm−1 could arise from the –CH2

symmetric bending vibration and C–H stretching vibration of
carbon-based plating additives, which are normally incorpo-
rated in plating baths and might be adsorbed on the nickel
hydroxide surface.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) analysis were performed to study themicrostructure
and composition of the nickel hydroxide powder Ni(OH)2 ob-
tained from the spent electroless nickel plating bath. The SEM
micrograph of b-Ni(OH)2 in Fig. 4(a) and (b) shows the presence
of aky particles in agglomeration.

XPS analysis was performed to determine the surface
composition of nickel hydroxide powder. The XPS survey spec-
trum of nickel hydroxide in Fig. 5(a) shows peaks associated
with the presence of nickel and oxygen. The high-resolution Ni
2p XPS spectrum in Fig. 5(b) shows two major peaks at 856.1
and 873.8 eV, which can be identied as Ni 2p3/2 and Ni 2p1/2,
indicating the presence of nickel in the +2 oxidation state
(Ni2+).52 The spin energy separation observed between these two
peaks is about 17.6 eV, which is a typical characteristic of the b-
Ni(OH)2 phase.53 In addition to the peaks associated with Ni 2p3/
2 and Ni 2p1/2, two satellite peaks were observed at 861.8 and
880.1 eV, which signify the presence of nickel in the hydroxide
form.52 The high-resolution XPS spectrum of O 1s as depicted in
Fig. 5(c) has a peak at 531.8 eV, indicating oxygen in the Ni–OH
bond.54 The composition of b-Ni(OH)2 powder was also deter-
mined using XRF analysis. b-Ni(OH)2 powder contains Ni
(96.5%) and other impurities like Fe (0.6%), Si (0.6%), P (0.7%)
298 | RSC Sustainability, 2023, 1, 294–302
and S (0.9%). The presence of these impurities can also result in
peak broadening in XRD results.
Electrochemical characterization of nickel hydroxide

The capacitive performance of nickel hydroxide obtained from
the spent electroless nickel plating bath was evaluated by elec-
trochemical methods like cyclic voltammetry (CV) and galva-
nostatic charge–discharge (GCD). Two different devices (a
symmetric supercapacitor and an asymmetric supercapacitor)
were fabricated to study the electrochemical properties. A two-
cell electrode conguration is used to evaluate electro-
chemical properties for both the symmetric supercapacitor and
asymmetric supercapacitor in 3 M KOH electrolyte.

The device capacitance (Cd), energy density (Ed) and power
density (Pd) for Ni(OH)2 electrode materials were calculated by
using eqn (2)–(4):39,55

Cd

�
F g�1

� ¼
Ð V
�V idV

V

�
dV

dt

�
m

(2)

Ed

�
W h kg�1

� ¼ 1

2� 3600
CdV

2 (3)

Pd

�
W kg�1

� ¼ Ed

V
�
�
dV

dt

�
� 3600 (4)

where Cd is device capacitance (F g−1), V is a potential window

(V),
dV
dt

is a scan rate (V s−1) and m is the mass of both elec-

trodes. The specic capacitance is calculated by using the
formula Cs = 4 × Cd. The mass loading of nickel hydroxide and
carbon black electrode on graphite paper (2 × 2 cm2) was
2.6 mg and 2 mg, respectively. The asymmetric supercapacitor
was made by using nickel hydroxides as a positive electrode and
carbon black as a negative electrode. The size of each graphite
paper was 2 × 2 cm2. To increase the potential window of the
supercapacitor, the weight of each positive and negative elec-
trode was obtained by using the charge balance eqn (5). The
voltammetric charge (q) of each electrode was calculated by eqn
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) SEM of Ni(OH)2 powder, (c) EDX spectrum of Ni(OH)2 powder and EDX elemental area mapping of nickel hydroxide powder: (d)
Ni(OH)2, (e) oxygen in Ni(OH)2 and (f) nickel in Ni(OH)2.

Fig. 5 (a) XPS survey spectrum of nickel hydroxide powder, (b) high-resolution Ni 2p spectrum of Ni(OH)2, and (c) high-resolution O 1s spectrum
of Ni(OH)2.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 294–302 | 299
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(6) where Cs, DV and m were the specic capacitance (F g−1),
potential window (V) andmass (mg) of each electrode. To secure
the charge balance, the mass ratio of the positive and negative
electrodes was calculated by eqn (6) and (7)56–58

q+ = q− (5)

q = CsDVm (6)

mþ

m� ¼ DV�C�

DVþC� (7)
Fig. 6 (a) The cyclic voltammogram (CV) of Ni(OH)2 (symmetric) at var
discharge curve (GCD) of Ni(OH)2 (symmetric) at different current densitie
scan rates. (d) The galvanostatic charge–discharge curve (GCD) of Ni(OH)
specific capacitance of the asymmetric supercapacitor at different scan ra
at different scan rates.

300 | RSC Sustainability, 2023, 1, 294–302
According to the specic capacitance and potential window, the
weight of nickel hydroxide of carbon black was 2.4 mg and
3.6 mg, respectively.

Fig. 6(a) shows a cyclic voltammogram (CV) curve for
a symmetric supercapacitor at different scan rates ranging from
5–200 mV s−1 in 3 M KOH electrolyte and a potential window of
0–1 V. Unlike electric double-layer capacitors (EDLCs), which
normally produce rectangular CV curves, nickel hydroxide CV
curves show prominent redox reaction peaks, indicating
reversible faradaic reactions occurring at the surface of the
ious scan rates in 3 M KOH electrolyte, (b) the galvanostatic charge–
s. (c) The cyclic voltammogram (CV) of Ni(OH)2 (asymmetric) at various

2 (asymmetric) at different current densities. (e) Device capacitance and
tes and (f) a Ragone plot of Ni(OH)2 based on the asymmetric capacitor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrode. The nearly symmetric redox reaction peaks arise from
the pseudocapacitance behavior of Ni(OH)2 electrodes in the
3 M KOH electrolyte. The faradaic process occurring on the
electrode surface can be represented by eqn (8). The oxidation
of the Ni(OH)2 to NiOOH can be observed in the forward anodic
peak occurring at 0.56 V, while the cathodic peak representing
the reverse reaction occurs at 0.29 V.59

NiðOHÞ2 þOH� %
charge

discharge
NiOOHþH2Oþ e� (8)

The peak potentials for anodic peaks shi towards the right
side, while the cathodic peaks shi towards the le side with
increasing scan rates due to the mass transfer limitation of
diffusing electrolyte ions at fast scan rates.40,60 The specic
capacitance of 332 F g−1 is obtained at a scan rate of 5 mV s−1

from the CV data of a symmetric supercapacitor with the energy
density of 11.5 W h kg−1 and power density of 207.5 W kg−1. The
cyclic voltammogram (CV) curve for the asymmetric super-
capacitor device recorded in the potential range of 0–1.7 V at
scan rates of 5–100 mV s−1 is represented in Fig. 6(c). The CV
prole of asymmetric supercapacitor is quasi-rectangular due to
the contribution of electric double-layer capacitance arising
from conducting carbon and pseudocapacitance of Ni(OH)2.
The specic capacitance of 330 F g−1 at a scan rate of 5 mV s−1 is
obtained from the CV data of an asymmetric supercapacitor
device with the energy density of 33 W h kg−1 and power density
of 351 W kg−1. The higher energy density and power density of
the asymmetric supercapacitor are attributed to the wider
operating potential window of the asymmetric supercapacitor
due to the presence of conducting carbon black. The galvano-
static charge–discharge (GCD) proles for the symmetric and
asymmetric supercapacitors at various current densities are
illustrated in Fig. 6(b) and (d). The specic capacitances of 330 F
g−1 and 305 F g−1 are obtained for symmetric and asymmetric
supercapacitor devices which are in close agreement with the
value obtained from the CV data.

The device capacitance and specic capacitance of the
asymmetric supercapacitor at different scan rates are shown in
Fig. 6(e). The capacitance decreased with increasing scan rates
because at lower scan rates, electrolyte ions have more time to
diffuse into electrode materials, while at a higher scan rate the
movement of electrolyte ions is limited to the surface of elec-
trode materials. The value of energy density and power density
(11 W h kg−1 and 125 W kg−1) for the symmetric capacitor is
lower than that of the (33 W h kg−1 and 351 W kg−1) energy
density and power density of the asymmetric supercapacitor
due to dependence on the potential window, as shown in
Fig. 6(f). The capacitive performance of b-Ni(OH)2 reported in
this work is comparable to nickel hydroxide obtained by
precipitation and hydrothermal methods61,62 and other transi-
tion metal hydroxides of Mn and Cu.63,64
Conclusions

This work reports a simple method to treat a spent electroless
nickel plating bath using sodium hydroxide to form nickel
© 2023 The Author(s). Published by the Royal Society of Chemistry
hydroxide. The nickel hydroxide generated aer the treatment
of an electroless nickel plating bath was mainly composed of
the b-Ni(OH)2 phase and was characterized by different material
characterization techniques. The electrochemical performance
of b-Ni(OH)2 powder was evaluated using electrochemical
techniques like cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) in the symmetric and asymmetric
congurations in different potential windows. A specic
capacitance of 332 F g−1@5 mV s−1 is obtained for the
symmetric conguration which mainly arises from the pseu-
docapacitance behavior of b-Ni(OH)2. The GCD results show
a specic capacitance of 330 F g−1 which is close to the value
obtained from the CV data of the symmetric supercapacitor
conguration. The b-Ni(OH)2 powder obtained from the plating
waste has comparable electrochemical properties to those of
previously reported reports.
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