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Abstract

Present investigation deals with synthesis of micro-belts-like Ni(OH), thin film by the hydrothermal method. Ni(OH), thin films are
characterized by the X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR)
and surface wettability techniques. The XRD and FTIR analyses confirm the formation of B-Ni(OH), thin films. SEM analysis reveals
the development of three dimensional growths of randomly distributed interconnected micro-belts. The electrochemical properties of
B-Ni(OH), in 2M KOH electrolyte shows the pseudocapacitive behavior with the specific capacitance of 324 F g~! and capacitive
retention of 78% after 500 cycles. The values of specific energy and power are found to be 1.36 Wh kg ™" and 50 W kg™, respectively.
Additionally, impedance analysis reveals that micro-belt like Ni(OH), provides less electrochemical series resistance.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, the material scientists have been mostly
focused on the synthesis of different nanostructured metal
oxides/hydroxides because of their prospectus applications
in diverse areas. Furthermore, the metal hydroxides have
layered structure, complex forming behavior, multivalent
nature, high thermal stability and ease of preparation. In
metal hydroxides and oxides brucite-like structured mate-
rials have excellent applications in different fields, which
mostly depend on structural features [1]. Nickel hydroxide
(Ni(OH),) is one of the super-prospective material
having four polymorphs namely: o-Ni(OH),, B-Ni(OH),,
B-NiOOH and y-NiOOH [2]. Out of these o and
B polymorphs are mostly and easily obtained forms.
a-Ni(OH), consists of a stacked Ni(OH),_, layer inter-
calated with different anions or water molecules and is iso-
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structural with hydrotalcite-like material while anhydrous
B-Ni(OH), has a brucite-like structure [3]. The o and B
polymorphs of Ni(OH), have different properties such as
chemical structure, degree of hydration and morphology.

Based on the charge storage mechanism, there are two
major categories of supercapacitors: (1) electric double-
layer capacitors (EDLC) which store energy by utilizing
the double-layer capacitance arising from the charge
separation at the electrode—electrolyte interface and (2)
pseudocapacitors which store energy by utilizing the
pseudocapacitance arising from fast and reversible faradic
reactions [4]. Recently, the main materials that have been
studied for the supercapacitor electrode are (i) carbon
polymorphs (ii) transition metal oxides and (iii) conducting
polymers. Transition metal oxides/hydroxides have
received increasing interest as an alternative to carbons
and conducting polymers for supercapacitors as well as for
battery applications. Among them, nickel hydroxide is a
most promising electrode material for supercapacitors due
to its low cost, natural abundance, low toxicity and high
theoretical specific capacitance [5].

Prior to this, Ni(OH), has been prepared by various
chemical methods viz., microwave irradiation [6], solvothermal
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[5], reflux [7], chemical bath deposition [8], spin coating [9],
successive ionic layer adsorption, the reaction method [3] etc.
Direct preparation of Ni(OH), in thin film form by the
hydrothermal method is less investigated. Usually the hydro-
thermal method results into powdered form and further by
using binder and different additives this powder is pressed on
the current collector in order to make electrode [9].

In the present work, we have synthesized micro-belts like
Ni(OH), thin film using the single step hydrothermal
method. This avoids the steps like powder dispersion in
solvent and use of binders, additives etc. for better
adhesion. The hydrothermal method is the most attractive
method due to its simplicity, reproducibility and environ-
mental friendly nature etc. It is well suited for large-area
deposition at low temperature ( <473 K), as it avoids the
oxidation/corrosion of metallic substrates. The electrochemical
supercapacitive behavior and long-term operation stability of
micro-belts like Ni(OH), thin films were evaluated using the
cyclic voltammetry, galvanostatic charge—discharge and elec-
trochemical impedance spectroscopy.

2. Experimental details

Nickel nitrate (Ni(NO3),.6H,0) and ammonium hydro-
xide (NH4OH) (AR grade) were used as precursors.
Synthesis of micro-belts like Ni(OH), thin film by the
hydrothermal method is based on heating in an alka-
line bath of 0.1 M Ni(NOj), containing the substrates
immersed vertically in the solution under the closed
system. Briefly, Ni(NOs3), solution was complexed with
ammonium hydroxide and pH of the solution was main-
tained at ~12. The well-cleaned stainless steel/glass sub-
strates were dipped in the prepared solution bath and kept
in hydrothermal autoclave. When the temperature of the
system was reached to 353 K, the system pressure rose
above 1 atm and the precipitation (greenish in color) was
started in the bath. During the precipitation, deposition of
nickel hydroxide took place on the substrate. The tem-
perature of the system was maintained at 353 K for 12 h.
After 12 h, stainless steel substrates coated with Ni(OH),
thin films were taken out, dried in air and used for further
characterizations [10].

The Ni(OH), thin films were deposited by using the
Equitron autoclave-pad (port/mini). For the structural
elucidation of the film, X-ray diffraction analysis was
performed using Bruker axs D8 Advance Model with K,
radiations (A=1.54 A). The FTIR spectrum of the sample
was collected using a ‘PerkinElmer, FTIR Spectrum one’
unit. The surface morphology of the film was visualized
using scanning electron microscopy (SEM JEOL-JAPAN
6360). The cyclic voltammetry and galvanostatic charge—
discharge measurements were performed with Automatic
Battery Cycler (WBCS3000). An electrochemical impe-
dance measurement was carried out using the electroche-
mical workstation (ZIVE SPY).

3. Results and discussion
3.1. Film formation and reaction mechanism

Synthesis of micro-belts like Ni(OH), thin film by the
hydrothermal method is based on the heating of an
alkaline bath of nickel nitrate containing substrates under
controlled pressure (> 1 atm) and temperature (353 K).
The pressure together with temperature advances the
arrangement of molecules, since all liquids have assured
vapor pressure and it increases with temperature for the
closed system. So, better adhesion with improved crystal-
line structure and morphology of the film can be obtained.
In thin film formation, nucleation on the substrate takes
place and further growth on nucleation sites creates
clusters, this may be due to the hasty decomposition of
metal complex molecules. Consequently the film grows to a
certain thickness on the substrate surface by the coales-
cence of particles [11]. For deposition of Ni(OH), films,
0.1 M Ni(NO3), was used as a source of nickel. The
process of film formation is discussed as follows: Initially,
Ni(NOs), salt is dissolved in water so nickel hydrated ions
are produced in the bath as shown in Fig. 1(a) and
explained with the following reaction [3]:

Ni(NO3), - 6H20+ (n+x)H,0 - [Ni(H,0) , o'+
+2[NO5(H,0),,,]~ (1)

Addition of ammonium hydroxide replaces the H,O
ligands by OH~ around the Ni** species because of its
high reactivity and greenish murky Ni(OH), precipitation
is formed at pH ~ 10 which is shown in Fig. 1(b) and can
be explained with the following reaction:

m[Ni(H,0), , ¢ ] +2m(NH4OH) > m[Ni(OH),] |
+2m(NH;" )+ m(x+6)(H,0) 2)

Further addition of ammonium hydroxide dissolves
precipitate and forms Ni(NH3)f,+ complex ion by repla-
cing OH ™ ligands around Ni*", where g=1-4 in which 4
is the most stable coordination number. However, clear
blue solution is obtained at pH value close to 12 as shown
in Fig. 1(c) and explained with the following reaction:

m[Ni(OH),]+¢(NH; ) +¢(OH™) > m[Ni(NH;); "]
+¢(H,0)+¢(OH") (€)

The stainless steel/glass substrates were dipped vertically in
the solution kept in an autoclave and temperature is main-
tained at 353 K for 12 h. When bath attains the temperature
of 353 K, NH; molecules are liberated from the solution. The
release of NH3 molecules disturbs the stability and pH of the
solution. Thus, the decomposition of Ni(NHz)¢** complex
takes place by releasing NH; gas as shown in Fig. 1(d) and
described with the following equation:

m[Ni(NH3); " ]+ 2m(OH ") - m[Ni(OH),]+¢(NH); T (4)

When this solution along with the immersed substrates is
heated to 353 K, the solution once again becomes saturated;
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Fig. 1. Schematic representation for the reactions in solution bath: (a) Dissolution of (NO3),.6H,0 in double distilled water. (b) Addition of ammonium
hydroxide upto 10 pH causes greenish precipitate in bath. (c) Further addition of ammonium hydroxide dissolves precipitate (at ~12pH) and results into
clear solution. (d) Formation of Ni(OH), and release of NH3 from the solution due to the hydrothermal heating at 353K. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the ionic product exceeds the solubility product and precipita-
tion occurs via heterogeneous growth on the substrate. When
the ionic product starts to exceed the solubility product, nickel
hydroxide nuclei are produced both on the substrate and in
the solution. Thus, they serve as ideal building blocks and tend
to assemble into nanostructures. This is the start of the
nucleation of the Ni(OH), material, and consequently these
nuclei grow into micro-belts on the substrates. In the next
stage of the reaction, as the ionic product progressively
increases, nanoparticles are collected on these micro-belts and
collectively grow to form thick micro-belts.

3.2. X-ray diffraction

Fig. 2(a) shows the XRD pattern of Ni(OH), thin film
deposited on the glass substrate. The XRD pattern shows
the polycrystalline nature of Ni(OH), thin films having
brucite-like hexagonal crystal phase (JCPDS file no. 01-
1047) [12]. The crystallite size of B-Ni(OH), was calculated
on the basis of full width at half maxima intensity of most
intense XRD peak by using Scherrer’s formula,

094
" Pcos O

&)

where ‘D’ is the average crystallite size, ‘f’ is the full
width at half maxima, ‘A’ is the wavelength of X-ray used
and ‘0’ is the diffraction angle. The B-Ni(OH), has a
particle size ~52nm for the (001) plane. The crystallite
size of 29 nm was reported by Patil et al. for B-Ni(OH),
thin film deposited by the chemical bath deposition
method [8] and Kulkarni et al. estimated 41 nm crystallite
size for SILAR deposited thin film of B-Ni(OH), [3]. In the
present case, B-Ni(OH), is more crystalline due to suit-
ability of the hydrothermal method for improving crystal-
linity, which is in consistent with the literature [13-15].

3.3. FT-IR spectroscopy

Fig. 2(b) shows the FTIR spectrum that reveals the
chemical information and major functional groups present in
the B-Ni(OH),. The sharp peak at 3641 cm™' and a wide
band at 3445 cm ™! are headed for the non-hydrogen bounded
hydroxyl groups (yOH), symmetric stretching vibrational
mode and hydrogen bounded hydroxyl groups stretching
vibrational mode in the B-Ni(OH),, respectively [12]. The
peaks at 459 and 545cm~! are credited to the Ni-OH
stretching vibration for B-Ni(OH), [3,12]. Since metal hydro-
xides are basic in nature, there is adsorption of atmospheric
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Fig. 2. (a) X-ray diffraction pattern of B-Ni(OH), thin film on glass
substrate. (b) FTIR spectrum of Ni(OH), sample.

carbon dioxide on it and occurrence of carbonate anions on
B-Ni(OH), surface is confirmed by minor peak at 1441 cm ™'
[12]. The small absorption peaks at 1027, 1301, 1380, 1612 and
1660 cm ™" are ascribed to the vibrational mode of surface
adsorbed nitrate ions (NO3 ) which are from the preliminary
nickel nitrate solution [12,16]. These characteristic bonds
confirm the formation of Ni(OH), thin films.

3.4. Scanning electron microscopy

Fig. 3(a) and (b) shows the SEM images of Ni(OH), thin
films deposited at two different magnifications. At low
magnification, it is seen that Ni(OH), film surface is well
covered with smooth, irregular shaped micro-belts of
random size. While at high magnification, we found the
voids and pores between interconnected micro-belts and
approximate length of the micro-belts is about 1-2 um in
range. Using the hydrothermal method, different types of
surface morphologies of Ni(OH), have been reported [17].
Nano-particles have been synthesized by Jayalakshmi et al.

Contact angle=8

Fig. 3. (a),(b) Scanning electron micrographs of B-Ni(OH), thin film at
two different magnifications. Inset of (b) shows photograph of water
droplet on Ni(OH), film surface with contact angle 8°.

using hydrous nickel nitrate and urea bath at 403 K
temperature [18], Zhuo et al. obtained nanotubes by
utilizing solution of nickel nitrate, ammonia solution and
NaNOj; at 523 K [19]. Platelet-like nanoparticles have been
synthesized by Meyer et al. using solution bath of nickel
nitrate with different alkaline media (ammonia, methyla-
mine, trimethylammonium and potassium hydroxide) at
373 K [20]. In this work, the obtained micro-belts like
morphology implies good surface area with porous struc-
ture, which is beneficial for accessing the active material to
electrolyte ions and offers easy path for migration of ions
and faradic reaction.

Wettability is the ability of liquid to spread on the solid
material which can be calculated by determining contact
angle measurement. The wetting behavior of solid with
water is dependent on the properties of solid surface (like
surface energy, surface roughness etc.) and liquid used [21].
Wettability study is an important technique to examine the
interaction between aqueous clectrolyte and nickel hydro-
xide electrode. In the present case, water lies with contact
angle of 8° on the surface of B-Ni(OH), thin film forming a
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droplet as seen in the inset of Fig. 3(b), indicating super-
hydrophilic behavior which is helpful for good ion
exchange at interface [22]. This is useful for making the
intimate contact of aqueous electrolyte with Ni(OH), thin
film electrode. The SEM images reveal the presence of
voids and pores between interconnected micro-belts. So
water placed on the surface of film goes inside the voids
and pores around the micro-belts. Superhydrophilicity is
ascribed to the nanocrystalline nature of material and both
these properties are the prime requirements for good
supercapacitor electrode material [23].

3.5. Electrochemical supercapacitive study

3.5.1. Cyclic voltammetry

The cyclic voltammetry (CV) technique was employed
to evaluate the supercapacitive properties of B-Ni(OH),
electrode on stainless steel substrate. Fig. 4(a) displays a
typical CV curves of B-Ni(OH), electrode in 2 M KOH
electrolyte at different scan rates in the potential range
0—+0.45 V/SCE. The shape of the CV curves indicate that
the capacitive characteristics are mainly raised due to the
pseudo-capacitance based on the redox mechanism, and
not from electric double layer which has nearly rectangular
shape. The appearance of anodic and cathodic peaks
corresponds to the B-Ni(OH),/B-NiOOH redox reaction
in the CV according to the following electrochemical
reaction:

B-Ni(OH), + OH™ < B-NiOOH+H,0+e"
charging <> discharging (6)

The capacitance (C) was calculated using the following
relation:

I,
_ _fmax (7)
dV/dt
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Fig. 4. Cyclic voltammograms curves of micro-belts like Ni(OH),
electrode at different scanning rates. Inset shows variation of specific
capacitance with scan rates in 2 M KOH electrolyte.

The specific capacitance Cs (Fg ™) of Ni(OH), electrode
was evaluated using the following relation:

C
Cs= W ®)
where W is the deposited weight of Ni(OH), on thin film
for unit area (1 cm?) dipped in the electrolyte. In the
present study, specific capacitance for the micro-belt
structured B-Ni(OH), thin film electrode is found to be
324F g~ 'at 5m Vs~! scan rate.

The Ni(OH), material is attractive because of its well-
defined electrochemical redox activity and the possibility of
improved performance through different preparative meth-
ods [24]. Patil et al. synthesized B-Ni(OH), thin films by
CBD and reported the specific capacitance of 398 F g~ !
[8]. Kulkarni et al. obtained specific capacitance of 350
F ¢! for SILAR deposited Ni(OH), thin films [3]. Inset of
Fig. 4 shows the variation of specific capacitance with scan
rate. The specific capacitance values decreased from 324 to
32 F g~ ! as the scan rate increases from 5 to 100 m Vs~ .
The intercalation of OH™ ions from the solution to the
surface of active material of electrode takes adequate time
for charging and discharging. The OH™ ions take longer
time for intercalation/deintercalation at slow scan rate
and transfer more charges compare to higher scan rate,
which results into a higher specific capacitance at slow scan
rate [25].

3.5.2. Stability study

The long-term operation stability of the micro-belts like
B-NiOH celectrode was investigated by the CV cycling as
shown in Fig. 5. There is slight increment in the capacity
retention up to 100 cycles then it starts to decrease. The
enhancement in capacitance and capacity retention up to
100 cycles may be attributed to the integration of voltam-
metric charges for the positive and negative sweeps of the
CVs [26]. Further, cycling results into decrement in the
specific capacitance, which may be due to the dissolution
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Fig. 5. Plots of variation of specific capacitance and capacity retention
with respect to cycle numbers. Inset shows the CV curves of Ni(OH),
electrode at different cycles at 100 mV s~ ! scan rate.
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and/or detachment of active material during the early
charging/discharging cycles in the electrolyte [27]. The
capacity retention of 78% is obtained after 500 cycles at
100 m Vs~ ' scan rate.

3.5.3. Galvanostatic charge—discharge study

Fig. 6(a) shows the charge—discharge curve of the
Ni(OH), thin film in 2M KOH electrolyte at current
density of 0.1 mA cm™>. The charge-discharge curve is
asymmetric in nature and reflects the pseudocapative
behavior of Ni(OH), thin film. In addition, there is an
initial drop in potential, which may be due to the internal
resistance of Ni(OH), electrode. The specific energy (S.E.)
and specific power (S.P.) were calculated from the dis-
charge curves:

VIgTq
S.E.= 9
7 ©)
a
o
Q
2
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Fig. 6. (a) Galvanostatic charge—discharge curve of B-Ni(OH), micro-
belts at current density 0.1 mA cm~2 (b) Nyquist plot of B-Ni(OH),
micro-belts at 0.1 V/SCE from 10° to 10~ ' Hz frequency range and the
inset shows enlarged view of the Nyquist plot in the high frequency
region.
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Vi
SP.=f (10)

where I is the constant discharge current, Ty is the discharge
time, W is the active mass and V' is the potential drop during
discharge. The values of specific energy and specific power
are found to be 1.36 Wh kg™ ' and 50 W kg™, respectively.
The highest specific energy of 77.8 Wh kg~ ' was obtained by
Yan et al. for the asymmetric supercapacitors based on
Ni(OH),/graphene and porous graphene [28]. Lang et al.
reported the maximum specific power of 1.1 kW kg~' for
asymmetric supercapacitors based on stabilized o-Ni(OH),
and activated carbon [29].

3.5.4. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) was
evaluated to measure the mechanistic aspects of Ni(OH),
electrode at 4+0.1 V/SCE and in the 10°-10~' Hz fre-
quency range. Fig. 6(b) shows the Nyquist plot of the
Ni(OH), electrode in the steady state. The equivalent series
resistance of a supercapacitor consists of electronic and
ionic contributions [30,31]. The electronic resistance is
related to intrinsic resistance of the material whereas
interfacial resistance corresponds to inter-particles resis-
tance and resistance between particles and current collec-
tor. The ionic resistance is associated with the electrolyte
resistances in the pores and the ionic (diffusion) resistance
of ions moving in small pores. The equivalent series
resistance (ESR) of electrode can be obtained from the
intercept of real impedance at high frequencies. The ESR
of Ni(OH), electrode is found to be 0.65 Q, which entails
the lower electronic and ionic resistance. The steeper
nature of the slope in the lower frequency region demon-
strates the better capacitive performance. Lang et al.
reported 1.58 Q of ESR for loose-packed Ni(OH), nano-
flakes [32]. This implies that the electrochemical reaction
on micro-belts structured electrode proceeds more easily.

4. Conclusions

In conclusion, we have synthesized micro-belts like
B-Ni(OH), thin films with hexagonal structure by the
single step hydrothermal method. The micro-belt struc-
tured Ni(OH), electrode demonstrated excellent super-
capacitive behavior with the specific capacitance of
324Fg~! at a scan rate of 5mVs~! and capacity
retention of 78% after 500 cycles. Also, the galvanostatic
charge—discharge study disclosed the effective electroche-
mical performance of microbelts-like Ni(OH), thin films.
The EIS measurement shows that micro-belts like -
Ni(OH), electrode offer very low impedance and causes
easy access to ions for intercalation and de-intercalation.
Thus, micro-belts like B-Ni(OH), electrode are promising
materials for supercapacitor application.
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