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H)2 grown in situ on Ni foam for
high-performance supercapacitor electrode
materials†

Xuerui Yi, Huapeng Sun, Neil Robertson * and Caroline Kirk*

Supercapacitors hold huge potential to bridge the gap between conventional capacitors and secondary

batteries in terms of high-power density, long cycle lifetime and fast charge/discharge rate. Research in

the area of transition metal compounds as supercapacitor electrode materials has attracted increasing

attention due to the high energy density that can be achieved by these devices compared to electric

double-layer capacitors and the long cycle stability when compared to batteries. In this work, we report

the one-step synthesis of nickel hydroxide powder and nickel hydroxide directly grown on nickel foam

under varying experimental conditions. The formation of flower-like nanostructured a- and b-Ni(OH)2,

assembled from nanosheets, was observed and a suggestion for the formation process is proposed. The

a-Ni(OH)2 electrode obtained has a high specific surface area of 164 m2 g�1 and a significantly enhanced

specific capacitance (2814 F g�1 at 3 A g�1), both higher than previously reported a-Ni(OH)2. Information

obtained through characterisation of alpha and beta phases by PXRD, SEM, BET, FTIR and TGA were

used in combination with electrochemical studies to rationalise the different electrochemical

performance of these 2 phases in terms of their cycle stability and capacitance. This provides guidance

for further development and future commercial applications of nickel hydroxide materials for energy

storage systems.
1 Introduction

Owing to environmental concerns and a huge market demand
in electronic devices, electric vehicles, and smart grids, it is vital
to develop high-performance energy storage to efficiently store
intermittent and renewable sources, such as wind and solar.1–4

Supercapacitors, also known as electrochemical capacitors, are
considered one of the most sustainable and efficient electro-
chemical energy storage methods/devices, complementing
batteries, in term of their high-power density.5,6 According to
their charge-storage mechanism, they can be classied into
electric double-layer capacitors (EDLCs) and pseudocapacitors
(PSCs). EDLCs store charge in an electric double layer formed
on the surface of the electrode through physisorption.4,7 As
a large surface area can signicantly improve the performance
of EDLCs, carbon materials with a large specic surface area,
such as activated carbon,8 nanotubes9,10 and graphene-based
carbons,11 are some of the most widely researched materials
for EDLCs. On the other hand, PSCs store charge mainly by
Faradaic electron transfer processes involving reversible redox
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reactions at or near the surface of the electrode material.12,13

Various redox-active materials have been studied in PSCs to
enhance their specic capacitance, e.g., RuO2,14 MnO2,12

Co3O4,15 Ni(OH)2 (ref. 16–19) and polyaniline.20 Among these
materials, nickel hydroxide is one of the most promising and
attractive pseudocapacitive materials.16,17,21–24 This is due to its
high specic capacitance, low cost when compared to precious
metal compounds, and good stability.25–27 However, commercial
nickel hydroxide has a small specic surface area and poor
conductivity, which hinders its further development in practical
applications. It is therefore vital to develop synthesis of nickel
hydroxide which has high specic surface area and may exhibit
better electrochemical performance.

Nickel hydroxide exists as two types (sometimes termed
polymorphs), known as a-Ni(OH)2 and b-Ni(OH)2 and both
structures consist of layers of edge-sharing Ni(OH)6 octahedra.
The main difference between these two types is the distance
between the Ni(OH)6 octahedral layers and whether any ions/
water molecules are inserted/present between these layers25

(Fig. S1†). The interlayer distance of b-Ni(OH)2 is about 0.46 nm
and there is no intercalation of water molecules between the
octahedral layers.24,28,29 The interlayer distance of a-Ni(OH)2 is
around 0.8 nm, with intercalation of water molecules and
possibly oxyanions between the layers.24,28,29 The divalent a-
Ni(OH)2 and b-Ni(OH)2 polymorphs are oxidized to the trivalent
g-and b-NiOOH forms respectively during the charging process.
This journal is © The Royal Society of Chemistry 2021
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This forms two reversible couples a-Ni(OH)2/g-NiOOH and b-
Ni(OH)2/b-NiOOH. Based on the different unit cell volumes of
these four compounds, the electrodes experience different
volume changes during the charge and discharge processes
leading to different electrochemical performance and cycle
stabilities.17,21,30–32 It is proposed that the intercalated ions in a-
Ni(OH)2, such as water molecules, play an important role during
the discharge process of Nin+OOH, as they can facilitate the
mobility of protons and quickly replenish protons at the reac-
tion interface.25,33–35 Additionally, a-Ni(OH)2/g-NiOOH generally
shows superior capacity compared with the b-couple. According
to previous work,28,36,37 the oxidised forms, with the proposed
formula, NiOOH, are in reality stated to have different average
oxidation states of Ni. For instance, g-NiOOH is stated to
contain some Ni with an oxidation state Ni4+ leading to an
average oxidation state of 3.3 to 3.7, i.e.

Nin+OOH + H+ + (n � 2)e� ¼ Ni(OH)2 (3 < n < 4)

These differences for a-Ni(OH)2 and b-Ni(OH)2 will affect the
electrochemical performance of a-Ni(OH)2 and b-Ni(OH)2
electrodes.17,30,38

Wang et al.23 studied a-Ni(OH)2 with a nanowire structure
and reported a specic capacitance of 833 F g�1 at a constant
current of 5 mA cm�1. To improve the electrochemical perfor-
mance of a-Ni(OH)2, Zheng et al. subsequently prepared Zn-
doped a-Ni(OH)2 with ower-like nanostructure by electrode-
position. The specic capacitance of their work reached 860 F
g�1 at a current density of 10 mA cm�1.22 Aghazadeh et al. also
used electrochemical preparation to grow a-Ni(OH)2 nanowires
on a steel cathode. The electrode has a specic surface area of
145 m2 g�1 and capacitance of 2301 F g�1 at 1 A g�1.24 According
to Yan et al., a-Ni(OH)2, prepared by microwave heating with
graphene, gave a specic capacitance of 1735 F g�1 at 1 mV
s�1.16 Compared with a-Ni(OH)2, much research focuses on b-
Ni(OH)2 because this phase is more stable and easier to syn-
thesise. For example, Yuksel et al.39 synthesised silver nanowire
network core and b-Ni(OH)2 shell composites of one-
dimensional coaxial architecture for supercapacitors exhibit-
ing a specic capacitance of 1165 F g�1 at 3 A g�1. Wei et al.
reported a hierarchical three-dimensional interspersed ower-
like b-Ni(OH)2 with carbon tubes.32 The electrode shows
a specic capacitance of 2225 F g�1 at 0.5 A g�1. However, there
are few studies on the preparation of a-Ni(OH)2 with high
specic surface area and capacitance in supercapacitors.
Therefore, investigation into preparation of alpha using
a simple, one-step method with no additives is required, to
determine whether improvements in its electrochemical
performance can be made.

In this work, we designed a one-step approach to synthesise
the two different types of nickel hydroxide grown in situ onto
a Ni foam substrate via a hydrothermal process and studied the
formation of ower-like nanostructures. The phase identica-
tion and electrochemical performance of a-Ni(OH)2 and b-
Ni(OH)2 were investigated and evaluated. Compared with the
aforesaid literature, the as-fabricated a-Ni(OH)2 nanosheets in
This journal is © The Royal Society of Chemistry 2021
this study were intertwined as 3D ower-like structures exhib-
iting a relatively high specic surface area of 164 m2 g�1. This
novel 3D structure of a-Ni(OH)2 can provide rich electroactive
sites and increase contact area with the electrolyte, improving
the utilization efficiency of the active material. The a-Ni(OH)2
nanosheets, in situ deposited onto Ni foam substrate, have an
open structure shortening diffusion paths for electrons and
ions thus enhancing the electrochemical reaction to achieve
a high specic capacitance (2814 F g�1 at 3 A g�1). Additionally,
the Ni foam covered nickel hydroxide nanosheets can be used as
electrodes without any other binders or additives to the benet
of their conductivity. The capacitance retention of the a-Ni(OH)2
electrode is 57% aer 2000 continuous charge–discharge cycles
at a high current density of 10 A g�1 in alkaline electrolyte. To
compare, the b-Ni(OH)2 with a ower-like structure was also
prepared by a hydrothermal process using NH4F as an additive.
The b-Ni(OH)2 electrode has a specic capacitance of 1011 F g�1

at 3 A g�1 and the capacitance retention of the b-Ni(OH)2 elec-
trode is 47.6% at 10 A g�1 for 2000 cycles. The foreign ions
incorporated into the a-Ni(OH)2 structure and the different
volume changes for the reversible couples a-Ni(OH)2/g-NiOOH
and b-Ni(OH)2/b-NiOOH both result in different electro-
chemical performance.
2 Experimental section
2.1 Synthesis of nickel hydroxide

All chemicals were commercially purchased (Sigma Aldrich,
Acros Organics) and were used without further purication. Ni
foam (from Li Yuan Company) with a size of 2 cm � 1 cm was
pre-treated successively with acetone, 1 M HCl solution,
deionized water (DI water) and absolute ethanol, each for
25 min to ensure a clean surface. A hydrothermal method was
used for the one-step synthesis of nickel hydroxide powder and
nickel hydroxide directly grown on nickel foam. Nickel nitrate
(Ni(NO3)2$6H2O, 0.8724 g, 3 mmol) and urea (0.360 g, 6 mmol)
were dissolved in 60 ml DI water by ultra-sonication for 30 min.
The mixed solution, along with the pre-treated nickel foam
(2 cm � 1 cm), were transferred into a 100 ml Teon-lined
autoclave. The autoclave was heated in an oven at 200 �C for
12 h to allow the growth of nickel hydroxide nanosheets on the
nickel foam. Aer the reaction, the nickel foam substrate
covered with nickel hydroxide was washed with DI water and
absolute ethanol several times. It was dried at 60 �C overnight to
remove the absorbed solvent. The nickel hydroxide grown on
the nickel foam can be directly used as the working electrode. In
order to investigate the electrochemical performance of nickel
hydroxide materials prepared under different experimental
conditions, different starting reagents (Ni(NO3)2$6H2O,
NiCl$6H2O), ratios of nickel salts to urea, additives (NH4F),
times and temperatures were used (details are shown in Table
S1†).
2.2 Materials characterization

Powder X-ray diffraction (PXRD) data were collected using
a Bruker (D2 PHASER) in reection geometry, with CuKa
Sustainable Energy Fuels, 2021, 5, 5236–5246 | 5237
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radiation (l ¼ 1.5418 Å), a scanning speed of 0.2 steps per
second and step size of 0.0365� 2q over the two-theta range 5 to
60/65� 2q. Scanning Electron Microscopy (SEM) images were
collected using a ZEISS SIGMA Field Emission SEM, operated in
SE2 mode with 10 kV accelerating voltage. Nitrogen adsorption
was used to determine the specic surface area and pore size
distribution of the materials. The samples were placed in
a vacuum of 2.7 torr at 100 �C for 14 hours before testing. Then,
the samples were cooled to liquid nitrogen temperature and
tested using a Micrometrics ASAP 2020 instrument. Thermog-
ravimetric analysis (TGA) was used to measure weight loss as
a function of temperature, to monitor any decomposition/
dehydration processes and phase changes. Data were
collected using a Netzsch STA 449 F1 thermal analyser, from
room temperature to 600 �C with a ramp rate of 5 �C min�1

under a N2 ow. Fourier Transform Infrared spectroscopy
(FTIR) was used to investigate the presence of anions, which
may be incorporated in interlayers of Ni(OH)2. An attenuated
total reection attachment was used, and data were collected
over the range of 500 to 4000 cm�1 using a PerkinElmer FT-IR
spectrometer.

2.3 Electrochemical measurements

Electrodes were investigated in three-electrode congurations
with 1 M KOH solution. Platinum foil and Ag/AgCl electrodes
(3 M KCl) were used as counter and reference electrodes,
respectively. Cyclic voltammetry (CV), galvanostatic charge/
discharge measurements and electrochemical impedance
spectroscopy (EIS) in this work were carried out using an
Autolab PGSTAT30 with General purpose electrochemical
system (GPES) and frequency response analyser soware.

The specic capacitance and areal capacitance of the
working electrode were calculated from galvanostatic charge–
discharge curves as follows:

Cs ¼ I � Dt/(DV � m) (1)

where Cs (F g�1), is the specic capacitance Ca is the areal
capacitance (F cm�2), I (A) is the discharge current, Dt (s) is the
discharge time, DV(V) is discharge potential window,m (g) is the
mass of the active material in the electrode, and S (cm2) is the
area of the electrode.

The specic capacitance can also be estimated by integration
of the CV curves applying the equation:

Cs ¼
ð
IdV=2vDVm (2)

where I is the measured current (A), n is the scan rate (V s�1), m
is the active material mass, DV (V) is the potential range.

3 Result and discussion
3.1 Characterization of a-Ni(OH)2 and b-Ni(OH)2

Nickel hydroxide electrode materials prepared under different
synthetic conditions (details are shown in Table S1†) were
investigated. All samples were characterized by PXRD to identify
the polymorph(s) of nickel hydroxide present and their
5238 | Sustainable Energy Fuels, 2021, 5, 5236–5246
electrochemical performance was then measured using Cyclic
Voltammetry (CV) and galvanostatic charge–discharge, as
shown in Fig. S2 and S3.† Following this, the samples of the a-
Ni(OH)2 and b-Ni(OH)2 of the highest specic capacitance
among all samples (abbreviated as alpha-2 and beta-3) were
selected for further analysis, in terms of morphology and elec-
trochemical performance. The powder X-ray diffraction data of
alpha-2 and beta-3 (Fig. 1(a)) are in good agreement with the
standard PXRD data of a-Ni(OH)2 (ICDD-38-715) and b-Ni(OH)2
(ICDD-14-117). The main observed two theta positions and their
assigned hkl indices for these two samples are shown in Table
S2.† It is noted that the observed (003) and (006) reections of a-
Ni(OH)2 in this work are shied to higher two-theta values than
the standard pattern ICDD-38-715 (Fig. 1(a)). This indicates
a decrease in the c-unit cell parameter of this sample compared
to that published in ICDD 38-715.40 The lattice parameters of
alpha-2 in this work were rened using a least squares proce-
dure in the rhombohedral crystal system, as a ¼ 3.098(5) Å, c ¼
21.60(6) Å. There is a signicant decrease in comparison to the
ICDD data, a ¼ 3.08 Å, c ¼ 23.41 Å. This can be attributed to
different types and/or amounts of planar polyanions or water
molecules between the Ni(OH)6 octahedral sheets, which
inuence the c parameter and for our material we observe
a contraction in c. A similar shi for a-Ni(OH)2 was also pub-
lished for hydrothermally synthesized a-Ni(OH)2 hollow
spheres,41 a microwave synthesis for a-Ni(OH)2,16 and a sono-
chemical synthesis a-Ni(OH)2 nanoakes.42 An asymmetry and
broadening of the reections over the two-theta range 30–40�,
where the 101 and 012 reections are observed, suggest the
formation of the a-Ni(OH)2; whereby, the octahedral sheets
become very disordered along the c axis. This hydrotalcite-like
random layered structure of a-Ni(OH)2 is also known as a tur-
bostratic phase.25 The crystal structure of a-Ni(OH)2 and b-
Ni(OH)2 are shown in Fig. S1.† Fig. 1(b) shows the PXRD data
collected on the alpha and beta samples directly grown on
nickel foam. The observed reections match well with the
standard ICDD pattern for a-Ni(OH)2 and b-Ni(OH)2. Intense
reections associated with Ni, from the nickel foam substrate,
are also observed (ICDD 4-850). This means that the as-prepared
Ni(OH)2–Ni foam can be directly used as a supercapacitor
electrode without any additional binder or conductive agent. In
general, the traditional slurry approach to fabricate Ni(OH)2
electrodes, involves mixing the active material, binder and
conduction material thoroughly to form a slurry and then
coating it onto a current collector. This process is more
complicated and expensive. In contrast, the approach in this
work enables the active material, Ni(OH)2, to adhere on the
current collector (Ni foam), with no additional binder that
would reduce the conductivity of electrodes.

Infrared spectroscopy was used to further characterise the
two samples, to investigate the presence of anions. For a-
Ni(OH)2 (black line in Fig. 2), the broad and weak peak at
3426 cm�1 is attributed to the O–H vibration of nickel hydroxide
and intercalated water in the interlayer spacing of the turbos-
tratic structure of a-Ni(OH)2.16,17 The peaks at 829 cm�1 and
1071 cm�1 are likely due to absorption of CO2 during synthesis,
released from the urea hydrolysis. The peak at 651 cm�1 is
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) PXRD patterns of nickel hydroxide powder compared to standard patterns from ICDD (b) PXRD patterns of nickel hydroxide grown on
nickel foam compared to standard patterns from ICDD.

Fig. 2 Infrared spectra of a-Ni(OH)2 and b-Ni(OH)2.
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assigned to the lattice O–H bend.25 For b-Ni(OH)2 (red line in
Fig. 2), the peaks at 3629 cm�1 and 542 cm�1 are associated with
the lattice O–H stretch and bend, respectively.25 The weak bands
around 2203 cm�1 can be assigned to the typical vibration of the
triple bond between C and N in the OCN� ions, which can be
produced by the hydrolysis of urea.43 The peaks at 1375 cm�1
Fig. 3 (a) TGA curves of a-Ni(OH)2 and b-Ni(OH)2. (b) PXRD pattern of

This journal is © The Royal Society of Chemistry 2021
suggest the presence of interlayer nitrate anions.43 Overall, the
FTIR is suggesting the presence of anions and water molecules
within the alpha structure. For beta, it may have a presence of
a trace amount of nickel hydroxy nitrate-type phases, not in
quantities detectable by PXRD techniques, but observable by
FTIR.44

Asmentioned above, different forms of nickel hydroxide may
include different types of water such as surface water, incor-
porated water and structural or intercalated water.25 According
to the review by D. S. Hall et al., the number of water molecules
will signicantly inuence the electrochemical performance of
nickel hydroxide.25 Thermogravimetric analysis (TGA) was used
to measure the number of water molecules in the alpha-2 and
beta-3 nickel hydroxide samples and determine the dehydration
pathways (Fig. 3). The TGA trace for a-Ni(OH)2 shows that
surface adsorbed water can be removed over the temperature
range from 25 �C to 250 �C, with an observed mass change of
7.94 wt%. For beta-3, the weight loss is 1.45 wt% between 25 �C
and 250 �C, which indicates the mass of surface water in b-
Ni(OH)2 is signicantly lower than a-Ni(OH)2. The TGA results
show that alpha-2 nickel hydroxide has absorbed or intercalated
water molecules in agreement with the results of FTIR as dis-
cussed above. Above 250 �C, both b-Ni(OH)2 and a-Ni(OH)2 start
to decompose to NiO. The residues aer the TGAmeasurements
b-Ni(OH)2 and a-Ni(OH)2 were analysed by PXRD which further
the NiO residue after TGA.

Sustainable Energy Fuels, 2021, 5, 5236–5246 | 5239
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conrmed that they transformed to NiO, as illustrated in
Fig. 3(b).

Scanning electron microscopy (SEM) was used to investigate
the morphology and microstructure of the selected as-prepared
samples, which had shown promising results from the electro-
chemical analysis. Fig. S4(e),† shows a digital photograph of Ni
foam before and aer the hydrothermal treatment to form
Ni(OH)2 and there is a signicant colour change between the two
from the greymetallic lustre to green, indicating the formation of
a new substance on the Ni foam surface as conrmed by PXRD
(Fig. 1). Fig. 4(a–f) show images from the sample of alpha-2
which was conrmed to be a-Ni(OH)2 by PXRD (Fig. 1). The
size of the spheres varies from approximately 800 nm to 8 mm. As
shown in the high-resolution image of Fig. 4(e), ower-like
spheres are densely composed of agglomerated nanometre-
scale two-dimensional sheets. It is noted that these ower-like
spheres, agglomerations of thin and thick nanosheets, lead to
an open and porous three-dimensional structure. This structure
can provide a large surface area for electrolyte access and diffu-
sion of ions. Fig. 4(g–l) shows the sample of beta-3 which is
conrmed to be b-Ni(OH)2 by PXRD. Compared with a-Ni(OH)2,
the size of the aggregated units in this sample is more uniform
with a diameter of around 4 mm. As shown in the high-resolution
image of Fig. 4(j–l), these ower-like microspheres are also con-
structed from nanosheets to form an open and three-
dimensional structure. This might be attributed to the impact
of ammonium uoride (NH4F) in the morphological control of
samples.45 Shown in Fig. S4(a and b, c and d)† are a-Ni(OH)2 and
b-Ni(OH)2 directly grown on the Ni foam respectively. Regular
nanosheets are grown vertically onto the Ni foam grid at high
density (Fig. S4(b)†), connecting with each other and covering the
whole surface of the Ni foam. The arrangement of nanosheets on
the Ni foam effectively prevents further agglomeration of parti-
cles and facilitates the penetration of electrolyte.
Fig. 4 (a–f) SEM images of a-Ni(OH)2; (g–l) SEM images of b-Ni(OH)2.

5240 | Sustainable Energy Fuels, 2021, 5, 5236–5246
Based on SEM results, nitrogen adsorption and desorption
measurements were also used to investigate the surface area
and pore size distribution of alpha-2 and beta-3 as shown in
Fig. 5. The adsorption–desorption isotherm of alpha-2 shows
a hysteresis loop in the range of ca. 0.5–1.0 P/P0, further indi-
cating the existence of a richer mesoporous structure than beta-
3. Based on the Brunauer–Emmett–Teller (BET) analysis, the
alpha-2 has a relatively high specic surface area of 164 m2 g�1,
higher than previously reported for a-Ni(OH)2.31,41,46 This high
specic surface area is consistent with porous microstructures
assembled from nanosheets, as shown by the SEM results. The
Barrett–Joyner–Halenda (BJH) model was used to calculate the
pore size distribution of a-Ni(OH)2 and b-Ni(OH)2. From
Fig. 5(b), the pore size of alpha-2 is around 14 nm which is in
the range of 2–50 nm, considered as an ideal structure for
electrode materials.13 The high specic surface area and an
appropriate porous structure of alpha-2 will effectively increase
the contact area between the electrolyte and the active material
and therefore shorten the migration path of the ions leading to
good rate capability.

Based on the above discussion, a possible process for the
formation of nickel hydroxide nanoowers is proposed, as
shown in Fig. 6. In this work, when the reaction was heated to
100 �C, CO2 and NH3 gas is released from the hydrolysis of urea
which can generate gas bubble templates.30,47 The basic condi-
tions also generate OH� and CO3

2�. According to literature48

from Tong et al., the by-product OCN� can be generated by the
hydrolysis of urea. The existence of carbonate ions and OCN� in
the products was conrmed by the FTIR results above (Fig. 2).

According to a classical nucleation and growth process,49–52 the
ower-like a-Ni(OH)2 growth can proceed in three stages.22,30,32 In
this rst stage (step1 in Fig. 6), Ni2+ reacts with OH� anions,
slowly released from hydrolysis of urea, to form Ni(OH)2 mono-
mers, which coalesce to form nanoparticles that aggregate
around gas bubbles and grow into the initial nano-occules,
which are thermodynamically unstable due to the high surface
energy. In the second stage (step 2 in Fig. 6), nano-occule chains
can be formed due to dipolar interactions between nanoparticles,
which will allow the subsequent adsorption of newly formed
nuclei and the growth of primary particles. In the nal stage
(steps 3–4 in Fig. 6), the Ni(OH)2 primary particles continue to
aggregate and start to crystallize and grow along the c-axis grad-
ually leading to the formation of nanosheets. Owing to the large
surface area fraction and high surface energy, the nanosheets can
aggregate forming ower-like spheres.

For the b-Ni(OH)2 in this work, the growth process is more
complicated than a-Ni(OH)2 due to the addition of ammonium
uoride in the system. Nickel ions can react with F� to form
NiFx(x�2)� coordination complexes in the hydrothermal
system.45,53,54 Nucleation and growth rates of products may be
affected by different dissociation constants (Kd).55,56,57 In this
case, coordination of Ni2+ with F� leads to slower Ni2+ release
than found in the preparation of a-Ni(OH)2, with no additives in
the system. Meanwhile, NH4

+ ions from the NH4F additive will
reduce the amount of OH� in the reaction system based on the
reversible reaction forming NH3 and H2O. Thus, the reaction
rate to form b-Ni(OH)2 is slower than a-Ni(OH)2 in the
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Nitrogen adsorption–desorption isotherm of a-Ni(OH)2 and b-Ni(OH)2 (b) pore size distribution of a-Ni(OH)2 (c) pore size distribution
of b-Ni(OH)2.

Fig. 6 Schematic illustration for the formation process of flower-like nickel hydroxide.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
35

:1
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrothermal process. Zhu et al. revealed that the slow reaction
rate of Ni2+ with OH�, benets the separation of nucleation and
growth processes resulting in outstanding crystallinity.58 This is
consistent with highly crystalline b-Ni(OH)2 forming with the
additive NH4F, compared to the turbostratic structure of a-
Ni(OH)2, as conrmed by the XRD results (Fig. S2†).
3.2 Electrochemical performance of a-Ni(OH)2 and b-
Ni(OH)2

A three-electrode conguration in 1.0 M KOH aqueous solution
was rst used to evaluate the electrochemical performance of
the as-prepared a-Ni(OH)2 electrode (alpha-2) and b-Ni(OH)2
electrode (beta-3) as a supercapacitor electrodes. Fig. 7(c)
exhibits typical CV curves of the alpha-2 electrode at different
scan rates. The oxidation peaks and reduction peaks are
observed at around 0.40 V and 0.15 V respectively. The corre-
sponding reversible reaction is:16,38

Ni(OH)2 + OH� # NiOOH + H2O + e� (3)
This journal is © The Royal Society of Chemistry 2021
As the scan rate increases from 5 mV s�1 to 100 mV s�1, the
oxidation peak moves to a more positive potential and the
reduction peak moves to a more negative potential which
indicates the electrochemical irreversibility of the active mate-
rial. The specic capacitance of the alpha-2 electrode, calcu-
lated from the integral area of the CV results, plotted in Fig. 7(e).
Fig. 7(d), shows the charge–discharge curves of the alpha-2
electrode at different current densities. All samples exhibit
a stable discharge plateau in the voltage range 0.2–0.3 V corre-
sponding to the reduction process of the active material,
showing that the energy storage of Ni(OH)2 is a type of pseu-
docapacitive behaviour dominated by the faradaic process. The
specic capacitance of alpha-2 electrode is calculated from
charge–discharge curves, plotted in Fig. 7(f). It is noted that the
specic capacitance of 2814 F g�1 at 3 A g�1, is higher than
many transition metal oxides and higher than previous reports
of Ni(OH)2.16,17,21–24 The remarkable electrochemical perfor-
mance might be attributed to its unique nanoower structure
shown in the SEM results. It suggests that the accumulated
nanosheets, form nanoower particles with a high surface area
which is benecial to the contact of the electrode/electrolyte
Sustainable Energy Fuels, 2021, 5, 5236–5246 | 5241
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Fig. 7 (a) Cycle performance of a-Ni(OH)2 measured at current density of 10 A g�1 for 2000 cycles. (b) Nyquist plot, inset shows the corre-
sponding equivalent circuit. (c) CV curves of a-Ni(OH)2 at various scan rates. (d) Galvanostatic charge–discharge curves of the a-Ni(OH)2 at
various current densities. (e) Specific capacitance of a-Ni(OH)2 from the results of CV curves. (f) Specific capacitance of a-Ni(OH)2 from the
results of galvanostatic curves.
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interface and increases the active sites for electrochemical
reactions. As shown in Fig. 7(f), the specic capacitance
decreases from 2814 F g�1 to 1096 F g�1 with increasing current
density. It is noted that the alpha-2 electrode retains 1096 F g�1

even at a high current density of 20 A g�1. This good rate
capability can be attributed to intercalated water molecules in
the large interlayer spacing. The water molecules in the larger
spacing of a-Ni(OH)2 enable quick replenishment of protons at
the reaction interface showing better rate performance.28

According to literature from Oshitani M. et al., the theoretical
bulk density of alpha phase is 2.82 g cm�3 due to its large
interlayer spacing, which is lower than 3.97 g cm�3 of beta
phase.59 To evaluate the overall electrochemical performance,
the specic capacitance and capacity are calculated shown in
Table S3.† With the increase of current densities, the capaci-
tance of the a-Ni(OH)2 electrode decreases. This is typical
behaviour and may be attributed to some active chemical sites
5242 | Sustainable Energy Fuels, 2021, 5, 5236–5246
becoming inaccessible for the redox reaction due to limitations
of electrolyte ion diffusion and electron transport at shorter
timescales. The cycle stability is an important parameter to
evaluate for the potential practical performance of electrode
materials. From Fig. 7(a), it is observed that there is an increase
of capacitance aer nearly 100 cycles attributed to better
penetration of electrolyte into active electrode material. The
capacitance retention ratio of the a-2 electrode is 57% aer 2000
continuous charge–discharge cycles at 10 A g�1.

The electrochemical performance of the beta-3 electrode is
given in Fig. 8(a–f). The CV curves of the beta-3 electrode were
measured at different scan rates from 5 to 100 mV s�1 (Fig. 8(c)).
It is observed that the pair of redox peaks are asymmetric
indicating poorer reversibility of beta-3 than alpha-2. However,
the shapes of the CV curves with an increase of scan rate, does
not obviously change, suggesting good electron conductivity of
beta-3. The calculated capacitance values of beta-3 from CV and
This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (a) Cycle performance of b-Ni(OH)2 measured at current density of 10 A g�1 for 2000 cycles. (b) Nyquist plot, inset shows the corre-
sponding equivalent circuit. (c) CV curves of b-Ni(OH)2 at various scan rates. (d) Galvanostatic charge–discharge curves of the b-Ni(OH)2 at
various current densities. (e) Specific capacitance of b-Ni(OH)2 from the results of CV curves. (f) Specific capacitance of b-Ni(OH)2 from the
results of galvanostatic curves.
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charge–discharge results are plotted in Fig. 8(e and f). Based on
calculated results, the alpha-2 electrode has higher capacitance
than the beta-3 electrode. As mentioned before, this might be
attributed to the higher number of exchange electrons between
a-Ni(OH)2 and g-NiOOH.28,36,37 Additionally, the better electro-
chemical performance of a-Ni(OH)2 also might be due to the
interaction of the structurally incorporated water in the lattice
of a-Ni(OH)2 which leads to this large difference of capaci-
tance.28 According to Lukovtsev et al.60 the Ni(OH)2 electrode is
rst reduced at the surface layer during the discharge process
and then a proton can diffuse from the surface into the elec-
trode as the reaction continues while accompanied by electron
transfer. The rate of the entire reaction is determined by proton
diffusion. In the a-Ni(OH)2/g-NiOOH system, the structural
water can facilitate diffusion of the proton which can be bene-
cial to the transmission of electrons and accelerate the speed
This journal is © The Royal Society of Chemistry 2021
of the entire electrochemical reaction. Fig. 8(a) shows the cyclic
performance of the beta-3 electrode. The capacitance retention
of the beta-3 electrode is 47% at 10 A g�1 for 2000 cycles.
However, it is noted that the beta-3 electrode exhibits nearly
100% specic capacitance retention up to around 400 cycles.
The reason for the different cycle performances of the two
nickel hydroxides might relate to the different phases formed
on oxidation. The a-Ni(OH)2 and b-Ni(OH)2 are oxidised to g-
NiOOH and b-NiOOH in the separate charging process. This
means that the change in a- and b-Ni(OH)2 electrode volume is
also different. The a-Ni(OH)2/g-NiOOH couple experiences
around 47% volume change, which is larger than b-Ni(OH)2/b-
NiOOH couple (5.6% volume change).25,40,61

Nyquist plots of nickel hydroxide in the frequency range of
0.02–105 Hz are shown in Fig. 7(b) and Fig. 8(b). The equivalent
circuit used to t the impedance curves is also presented (insets
Sustainable Energy Fuels, 2021, 5, 5236–5246 | 5243
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Fig. 9 (a) PXRD pattern of b-Ni(OH)2 on Ni foam before and after electrochemical measurements. (b) PXRD pattern of a-Ni(OH)2 on Ni foam
before and after electrochemical measurements.
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in Fig. 7(b) and Fig. 8(b)). The Nyquist plot consists of an offset
along the real axis due to the effective series resistance,
a semicircle in the high-frequency region, and a straight line in
the low-frequency region. The equivalent circuit used to model
these features is shown as an inset. Rs of a-Ni(OH)2 and b-
Ni(OH)2 are 1.78 U and 2.35 U respectively, which indicates
higher conductivity of a-Ni(OH)2 than b-Ni(OH)2. The diameters
of the respective semicircles gave Rct of a-Ni(OH)2 as 0.94 U

which is smaller than b-Ni(OH)2 (3.8U), indicating faster charge
transport to form the double layer of a-Ni(OH)2. The straight
line at the low-frequency region describes the diffusion resis-
tance of ions from the electrolyte solution to the electrode
interface. Both the straight lines of a-Ni(OH)2 and b-Ni(OH)2 are
inclined at an angle of more than 45 degrees suggesting that the
ower-structure of nickel hydroxide can benet electrolyte ions
transport and more ideal capacitor behaviour.

Fig. 9 shows the PXRD data collected on the sample of alpha-
2 and beta-3 before and aer electrochemical testing. Aer the
electrochemical cycling, the peak widths of the beta-3 are
observed to broaden, suggesting a slight degradation in the
crystallinity of the phase. No other reections were observed to
indicate any degradation of the phase. For the sample of alpha-
2, analysis of these data shows that the sample has degraded
becoming mostly amorphous, with only one very broad and
weak reection at �11 degree observed, which may be associ-
ated with a-Ni(OH)2. Fig. S5(a–d)† shows the SEM images from
the sample of alpha-2 aer electrochemical testing. As shown in
Fig. S5(b),† the hollow structure of some ower-like spheres has
collapsed, which might relate the degradation shown in the
PXRD pattern.
4 Conclusions

In this work, we have designed and prepared ower-like nano-
structured a-Ni(OH)2 and b-Ni(OH)2 materials by a simple
hydrothermal method. The possible process for forming the
nano-ower structured material was discussed. The additive
NH4F appears to play a role in determining the phase of nickel
hydroxide obtained, although further exploration of this point is
needed. The effect of the different structures and morphologies
5244 | Sustainable Energy Fuels, 2021, 5, 5236–5246
of a-Ni(OH)2 and b-Ni(OH)2 on the performance andmechanism
of the electrodes during charge/discharge were investigated and
evaluated. Using nickel nitrate hexahydrate as a nickel source
and urea as a base, when reacted for 12 hours at 200 �C, the
resulting a-Ni(OH)2 has a high specic surface area of 164 m2

g�1. The nanoower-like microstructure and high specic
surface area of our a-Ni(OH)2 material, motived detailed study as
a supercapacitor electrode material. To enable this, we improved
the synthesis method for in situ formation of nanosheets of
nickel hydroxide on Ni foam, which can be directly used as an
electrode. From the above results, the alpha-2 electrode has good
electron transport and the open nanosheet microstructure
improves the penetration of electrolyte into the electrode mate-
rial and therefore exhibits a signicantly enhanced specic
capacitance of 2814 F g�1 at 3 A g�1, which is higher than
previously reported for a-Ni(OH)2 electrodes.16,17,21–24
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