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ABSTRACT: The spike-piece-structured Ni(OH)2 multilayer nanoplate
arrays on nickel foams are directly synthesized by a facile hydrothermal
method at 160 °C for 4 h. A possible mechanism for the growth of those
nanostructures is proposed based on the experimental results. It is discovered
that the surface of nickel foams could affect the orientation of the Ni(OH)2
nanoplates. This unique multilayer nanoplate array structure significantly
enhances the electroactive surface areas of Ni(OH)2, leading to shorter ion-
diffusion paths, and displays a capacity of 2.83 F/cm2 at a current density of 6
mA/cm2 in 0−0.48 V versus the saturated calomel electrode. It also exhibits a
good cycling performance, with 51.5% of its initial capacity after about 3000
cycles at a large current density of 24 mA/cm2. The present results may provide a new strategy for the synthesis and application
of nickel-foam-based composites for energy storage.
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1. INTRODUCTION

Supercapacitors as high-performance devices for energy storage
have attracted great interest because of their high power
density, long cycle life, and low maintenance cost.1−4 The
mechanisms of supercapacitors include two types: ion
adsorption (electrochemical double-layer capacitors, EDLCs)
and fast surface redox reactions (pseudocapacitors).5−7 Limited
by the specific surface area of the electrode materials, EDLCs
cannot meet the ever-growing demand for peak power density
in electric vehicles. Thus, great attention in supercapacitors has
been paid to pseudocapacitors because their specific capacity is
substantially larger than that of EDLCs.8,9 Traditionally, the
most notable pseudocapacitive material is RuO2.

10,11 However,
the very high cost and rareness of the Ru element greatly hinder
its application at large scale. Nowadays, lots of alternative
materials have been studied as pseudocapacitor electrodes, such
as transition-metal oxides, metal hydroxides, and polymeric
materials.12−14 Among them, Ni(OH)2 is a particularly
promising material because of its well-defined electrochemical
redox activity, high capacitance, and low cost.15−19

In recent years, a large number of studies have been launched
on Ni(OH)2 nanomaterials because of their high surface-to-
volume ratio and convenient transport channels for electrolyte
ions.20−22 To achieve the high power density and energy
density of Ni(OH)2-based supercapacitors, a compromise
between the volume density of Ni(OH)2 (to achieve a high
specific volume capacitance) and their specific surface area as
well as porosity (to ensure high capacitance and easy access to
the electrolyte) should be reached to realize the fast storage of
energy in a relatively small volume. According to this strategy,
much attention has been devoted to preparing Ni(OH)2/nickel

foam (NF) composites.8,23,24 For example, Ni(OH)2 with
porous and 3D nanostructure was electrodeposited on NFs to
synthesize the composites.23 In another study, a hydrothermal
route was employed to deposit ultrathin primary nanowalls of
Ni(OH)2 on NFs, and the composites showed a capacitance
higher than the theoretical value.8 Chemical bath deposition
also could be used to prepare the Ni(OH)2/NF composites.24

Various kinds of Ni(OH)2 nanostructures, including hollow
spheres, nanofibers, nanotubes, nanoflakes, and nanosheets,
have been achieved.12,25−29 In spite of this, few researchers have
investigated the relationship between the NFs and Ni(OH)2
and the effects of the area density of Ni(OH)2 in the Ni(OH)2/
NFs on their performances.
In this paper, multilayer Ni(OH)2 nanoplate arrays on NFs

with some interspace among them were prepared by a facile
hydrothermal route. The effects of the surface of NFs on the
morphology of Ni(OH)2 nanoplate arrays were investigated in
detail. A possible mechanism for the synthesis of Ni(OH)2
nanoplate arrays was proposed based on the time-dependent
experiments. This unique and novel nanoarchitecture displays a
capacitance of 2.83 F/cm2 at a current density of 6 mA/cm2.
Also, it remained about 51.5% of its initial capacity after 3000
cycles at a large current density of 24 mA/cm2. Compared with
the arrays composed of single layer Ni(OH)2, the multilayer
nanoplate arrays in this study significantly enhanced the
electroactive surface areas, leading to effective interfacial/
chemical distributions at nanoscale and fast ion and electron
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transfer. The electrolyte could easily contact with the Ni(OH)2
surface throughout the NF network and then access the inner
region of Ni(OH)2 nanoplates. Furthermore, the interspaces
between the nanoplate arrays contributed to facile strain
relaxation, alleviating the structure or phase damage caused by
redox reaction during the charge/discharge cycles. All of these
characteristics reveal that these multilayer-structured Ni(OH)2
arrays are promising candidates for electrochemical energy
storage.

2. EXPERIMENTAL SECTION
Preparation of Ni(OH)2 Arrays. The Ni(OH)2 nanoplate arrays

were prepared by a hydrothermal synthesis technique. All of the
chemicals were of analytical grade and were used without further
purification. In a typical procedure, 1 mmol of Ni(NO3)2·6H2O (0.291
g), 4 mmol of carbamide (0.240 g), and 2 mmol of NH4F (0.074 g)
were dissolved in 40 mL of deionized water and stirred in a magnetic
stirring apparatus to form a clear solution. All of the NFs in this study
were cut from a large piece of NF with a thickness of 1 mm. Pieces of
NF with the size of 2 × 2 cm2 were carefully cleaned using a 2 M HCl
solution in an ultrasonic bath for 30 min in order to remove the
surface oxide layer,8 and then they were cleaned in deionized water,
absolute ethanol, and acetone for 15 min in sequence by ultra-
sonication. Drying and weighing of the NFs were performed after all of
these cleaning processes were completed. The mixed solution and the
clean NFs were transferred to four sealed 50 mL Teflon-lined stainless
steel autoclaves and maintained at 160 °C for 4 h. Then they were
cooled to room temperature by cooling water. Ni(OH)2 on the NFs
was swilled for 10 min by both distilled water and ethanol assisted by
ultrasonication, dried at 60 °C, and then weighed again. For
exploration of the effects of the surface of NFs on the product
morphology, several NF pieces were also cleaned using 0, 0.2, and 0.8
M HCl with the help of an ultrasonic bath for 30 min and then reacted
at 160 °C for 0.5 h with the mixed solution. To investigate the growth
process, products were also collected at reaction times of 0.5, 1, and 6
h, respectively, and other conditions were the same as those of the
product at 4 h.
Characterization of Ni(OH)2 Arrays. Powder X-ray diffraction

(XRD) patterns were recorded on an X-ray diffractometer [Siemens
D-5000 diffractometer with Cu Kα irradiation (λ = 1.5406 Å)]. The
morphology of the samples was investigated by scanning electron
microscopy (SEM; Hitachi S4800) and high-resolution transmission
electron microscopy (TEM; JEOL 2010 system operated) at 200 kV.
Electrochemical Measurements of Ni(OH)2 Arrays. The

electrochemical measurements were carried out at 298 K in a three-
electrode system connected to an electrochemical workstation.
Ni(OH)2 on the NFs (1 × 1 cm2) was used as a working electrode.
A platinum foil and a saturated calomel electrode were used as the
counter and reference electrodes, respectively. Also, the fresh 2 M
KOH aqueous solution was used as the electrolyte. Cyclic voltammetry
(CV) measurements were performed on a CHI660d electrochemical
workstation (Chenhua, Shanghai).
The specific capacitance (C), energy density (E), and power density

(P) were calculated according to the equations

= Δ ΔC I t s V/ (1)

= ΔE C V /22 (2)

= ΔP E t/ (3)

where I (A) represents the discharge current and s (cm2), ΔV (V), and
Δt (s) designate the surface area of active materials, potential drop
during discharge, and total discharge time, respectively.

3. RESULTS AND DISCUSSION
The phase identification and morphology of the synthesized
samples were examined by SEM and XRD. The SEM images of
the Ni(OH)2 arrays at 4 h at different magnifications are shown

in Figure 1. Figure 1a reveals that each plate is composed of a
stack of thinner slices with small gaps between them. Figure 1b

shows that the Ni(OH)2 sample is a spike-piece-structured
nanoplate with a width of 70−100 nm. It seems that the
nanoplates were assembled from very thin nanoplates. Figure
1c is the cross-sectional view of the Ni(OH)2 arrays, in which
the thickness of the sample is estimated to be 1 μm. The dense
Ni(OH)2 nanoplates on NFs after ultrasonic treatment show
that they are firmly fixed on the NFs. As shown in Figure 1d,
the XRD pattern can be indexed to Ni(OH)2 (JCPDS no. 14-
117), and the peaks marked as ‘‘○’’ come from the NF
substrate. The relatively high peaks of Ni(OH)2 are intense,
indicating that the samples are of high crystallinity, which is
consistent with the TEM results below.2,30

After the green films were scraped from the NFs and
dispersed in ethanol under ultrasound, the Ni(OH)2 nanoplates
(4 h) were examined by TEM, as shown in Figure 2. The high-
magnification TEM images show that the nanoplates exhibit

Figure 1. (a) Low-magnification and (b) high-magnification SEM
images of Ni(OH)2 nanoplate arrays grown in 4 h. (c) Cross-sectional
view of the Ni(OH)2 arrays (4 h). (d) XRD patterns of the Ni(OH)2
nanoplate arrays (4 h) before cycling testing.

Figure 2. (a and b) Low-magnification and (c and d) high-
magnification TEM images of Ni(OH)2 nanoplate arrays (4 h).
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irregular shapes (Figure 2a,b) and distribute nonuniformly. The
obvious and regular dots in Figure 2c indicate that Ni(OH)2
nanoplates are well-crystallized. The distance between the
lattice fringes is approximately 0.27 nm (Figure 2d),
corresponding to the (100) plane of Ni(OH)2 and matching
well with the XRD results.
SEM images of products grown on NFs treated by different

concentrations of HCl are presented in Figure 3. Parts a−d of

Figure 3 correspond to the conditions of 0, 0.2, 0.8, and 2 M
HCl, respectively. No obvious platelike Ni(OH)2 was generated
on the NFs without the HCl treatment in Figure 3a. When the
concentration of HCl was increased to 0.2 M, a platelike
structure absolutely formed and parts of the plates were parallel
to each other (Figure 3b). With the concentration of HCl was
adjusted to 0.8 M, the parallel plates decreased and began to
mutually cross (Figure 3c). As the concentration of HCl was
further increased to 2 M, the plates became fully interlaced with
each other (Figure 3d). Thereby, the product morphology can
be effected by the surface of the NFs corroded by different
concentrations of HCl, which may produce lots of active sites
for growing Ni(OH)2 nanoplates. The above phenomenon may
be explained as follows. There were some impurities on the
NFs. The Ni(OH)2 nanoplates would not be fixed on the NFs
if the impurities on the surface were not cleared up. After the
impurities were removed by a HCl solution (0.2−0.8 M), the
Ni(OH)2 nanoplates could be deposited on NiO on the surface
of the NFs. Because the d value (0.241 nm) of the (111) plane
of NiO (JCPDS no. 47-1049) is very close to that (0.233 nm)
of the (101) plane of Ni(OH)2 (JCPDS no. 14-117), NiO on
the surface of the NFs may affect the morphology of the
Ni(OH)2 nanoplates. When NiO was completely removed by a
HCl solution (2 M), the Ni(OH)2 nanoplates were directly
fixed onto the Ni. Because none of the main d value of Ni
(JCPDS no. 4-850) is close to those of Ni(OH)2 (JCPDS no.
14-117), the growth of Ni(OH)2 nanoplates on NFs could not
be affected by the Ni. So, the Ni(OH)2 nanoplates on NFs were
irregular. Besides, electron transfer between the Ni(OH)2
nanoplates and NFs would become more favorable without
transportation of NiO.
To explain the forming process of spike-piece-structured

Ni(OH)2 interlayer nanoplate arrays on NFs, the time-

dependent reaction was terminated at 0.5, 1, 4, and 6 h. The
mass loading of Ni(OH)2 was 1, 1.4, 2, and 2.2 mg on the NFs
(1 × 1 cm2) grown in 0.5, 1, 4, and 6 h, respectively. SEM
images of the samples are shown in Figure 4a−d, and the

corresponding schematic illustration for the Ni(OH)2 array
growing process on the NFs is also displayed in Figure 4e−h,
which is speculated to follow an anisotropic growth self-
assembly mechanism. After treatment by a hydrothermal route
for 0.5 h, the very thin plates were deposited on the NFs. When
the reaction reached 1 h, the interlaced Ni(OH)2 became
thicker and larger. When the reaction time was increased to 4 h,
those single plates spontaneously evolved into spike-piece
Ni(OH)2 architecture. After reaction for 6 h, the spike-piece
Ni(OH)2 nanoplates moved closer to each other with
decreasing interspace, accompanied by spare slices between
spike-piece plates. On the basis of the experimental results, a
possible morphological evolution mechanism of the Ni(OH)2
nanoplate arrays was proposed. It can be explained that the
surface energy of an individual nanoplate is extraordinarily high.
In order to minimize the overall surface energy, the single plate
tends to self-assemble spontaneously to form spike-piece-
structured Ni(OH)2 interlayer nanoplate arrays on the NFs as
the reaction continues further.28

The electrochemical properties of the Ni(OH)2 nanoplate
arrays (obtained at 4 h) were characterized by CV. The CV
curves recorded at different scan rates in a 2 M KOH aqueous
solution are shown in Figure 5a. A pair of strong redox peaks
can be found in each CV curve, indicating that the capacitance

Figure 3. Ni(OH)2 nanoplate arrays (0.5 h) made on various NFs
cleaned by different concentrations of a HCl solution: (a) 0 M; (b) 0.2
M; (c) 0.8 M; (d) 2 M.

Figure 4. Schematic illustration and corresponding SEM images for
the Ni(OH)2 nanoplate arrays growing on the NFs: (a and e) 0.5 h; (b
and f) 1 h; (c and g) 4 h; (d and h) 6 h.
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characteristic is mainly governed by Faradaic redox reactions,
which is obviously distinct from that of EDLCs whose CV
curve usually exhibits an ideal rectangular shape.24,25 The
anodic oxidation peak is attributed to the conversion of nickel
hydroxide to nickel oxyhydroxide, while the reduction peak is
associated with its reverse process. The electrochemical
reaction can be expressed as follows:31

+ ⇌ + +− −Ni(OH) OH NiOOH H O e2 2 (4)

The area included in the CV curve can be used to estimate
the capacitance of the system.27,32 The current increases with
the scan rate, while the specific capacitance decreases gradually
with an increase in the scan rate, which can be ascribed to the
diffusion effect. At high scan rates, diffusion and migration of
the electrolyte ions within the electrode are limited, resulting in
low electrochemical utilization of the Ni(OH)2 material. With
increasing scan rates, the potential of the oxidation peak shifts
in the positive direction and that of the reduction peak shifts in
the negative direction, which is mainly associated with the
internal resistance of the electrode.33 A linear relationship

between the current of the redox peaks in the CV curves at
different scan rates and the square root of the corresponding
scan rate is shown in Figure 5b, indicating that the redox
reaction is a diffusion-controlled process.4 Therefore, the
irregular Ni(OH)2 nanoplate arrays are a benefit for the
diffusion of ions, maybe resulting in their improved electro-
chemical properties.
The discharge curves of the Ni(OH)2 electrode (grown for 4

h) at different current densities are shown in Figure 5c. Unlike
the linear characteristic of EDLCs, the discharge curves of the
Ni(OH)2 electrode exhibit typical pseudocapacitive behavior,
which agrees well with its CV result.32 As the discharge current
density increases, the specific capacitance decreases to a large
degree. This phenomenon is probably related to the diffusion
process of OH− ions during the charge−discharge cyclic
process of the electrode. The limited OH− ions cannot meet
well with the need of higher current densities, in which more
OH− ions are required to intercalate swiftly at the electrode−
electrolyte interface.34,35

Figure 5. Electrochemical characterizations of the Ni(OH)2 nanoplate arrays. (a) CV curves at different scan rates for the Ni(OH)2 nanoplate arrays
(4 h). (b) Relationship between the peak currents and the square root of the corresponding scan rates in CV curves (part a). (c) Discharge curves at
various current densities for the Ni(OH)2 nanoplate arrays (4 h). (d) Specific capacitance versus discharge current densities for Ni(OH)2 nanoplate
arrays obtained at different reaction times. (e) Cyclic performance of Ni(OH)2 nanoplate arrays obtained at different reaction times at 24 mA/cm2.
(f) Ragone plot of the energy density and power density at various charge/discharge rates.
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Figure 5d displays the specific capacitance of the Ni(OH)2
nanoplate arrays generated at various times at different current
densities. The specific capacitance of Ni(OH)2 formed in 4 h is
obviously higher than those of Ni(OH)2 obtained at other
times. It displays a maximum capacitance of 2.83 F/cm2 at a
current density of 6 mA/cm2. Although the specific capacitance
decreased with an increase in the discharge current density, the
specific capacitance still remains 1.82 F/cm2 at 24 mA/cm2,
64.3% of the maximum capacitance. The unique spike-piece
Ni(OH)2 structure (formed in 4 h), which is composed of a
stack of highly closed nanoflakes, endows the sample with large
specific surface area, resulting in a high specific capacitance.
The Ni(OH)2 nanoplates grown in 0.5 and 1 h are loose and
almost single. So, the specific capacitance of the Ni(OH)2
nanoplates increases along with the reaction time and mass
loading of Ni(OH)2. When the reaction time was extended to 6
h, the Ni(OH)2 nanoplates stacked together and the interspace
among the nanoplates were filled with Ni(OH)2 particles
(Figure 4d), leading to an increase in the diffusion distance and
a decrease in the diffusion rates of ions. Therefore, the specific
capacitance of the Ni(OH)2 nanoplates obtained at 6 h is much
lower than that of the samples obtained at 1 h, especially at a
large current density (Figure 5d).
The cycle characteristics of Ni(OH)2 were also examined,

and the results are shown in Figure 5e. The specific capacitance
of Ni(OH)2 formed in 4 h remains only 62.1% (1.1 F/cm2) of
its initial capacity after 1000 cycles at 24 mA/cm2. Obviously,
this value is always higher than that of other times during the
1000 cycles. After 3000 cycles, the Ni(OH)2 sample (4 h)
remains 51.5% (about 0.95 F/cm2) of the initial capacitance,
showing an improved specific capacitance and a superior cyclic
stability. Those areal capacitances are higher than those of
previous results about Ni(OH)2 on NFs, as shown in Table 1.

The properties of the present results also are better than those
of Ni(OH)2 on other substrates, such as graphene sheets.32,36

Besides, our results show improved properties compared with
NiOx/carbon nanotubes37 and Co3O4/MnO2/ITO electro-
des.14 Therefore, the Ni(OH)2 nanoplate arrays may be good
candidates for supercapacitors with superior properties.
Figure 5f shows the Ragone plot of the estimated specific

energy (E) and specific power (P) at various current densities.
The power density and energy density are generally used as
important parameters to characterize the electrochemical
performance. They can be calculated from the galvanostatic
discharge curves using the previous equations (2) and (3). It
can be seen that Ni(OH)2 (4 h) has much higher energy
densities compared with other Ni(OH)2. As the galvanostatic

charge−discharge current increased from 6 to 60 mA/cm2, the
energy densities were 0.906, 0.703, 0.582, and 0.348 Wh/m2,
while the power densities were 14.6, 28.9, 57.6, and 144 W/m2

at current densities of 6, 12, 24, and 60 mA/cm2, respectively.
The highest energy density (0.906 Wh/m2) and the highest
power density (144 W/m2) were achieved with slow and fast
charge−discharge rates, respectively.36,38

Clearly understanding the origin of the high capacitance and
stability is important and inspirational for the further
construction of practical devices. A schematic illustration of
the electrochemical process for the Ni(OH)2 nanoplate arrays
grown in 4 h on the NFs was proposed, as shown in Figure 6.

This unique interlayer architecture facilitates the soaking of
electrolytes into the electrode materials, creates many short-
distance paths for ion transportation, and provides more
electroactive sites for fast energy storage at large current
densities. Meanwhile, each nanoplate, acting as the cells of the
structure, contacts with the nickel substrate rather than nickel
oxide, avoiding the usage of binders and conducting additives
and providing an effective and stable pathway for charge
transfer. Finally, the interspaces between the nanoplate arrays
contribute to facile strain relaxation and diffusion of ions,
alleviating the structure or phase damage caused by the redox
reaction during the cycling procedure.

4. CONCLUSIONS
The spike-piece-structured Ni(OH)2 interlayer nanoplate arrays
are directly synthesized on a 3D NF by a facile hydrothermal
technique. The surface of the NFs, especially the oxide layer,
may affect the morphology of Ni(OH)2 nanoplates on the NFs.
The composites showed a capacity of 2.83 F/cm2 at a current
density of 6 mA/cm2. The materials exhibit good cycling
performance, with 62.1% and 51.5% of its initial capacity
remaining after about 1000 and 3000 charge−discharge cycles
at a large current density of 24 mA/cm2. The good
electrochemical properties of the Ni(OH)2 nanoplate arrays
(obtained at 4 h) can be attributed to the following aspects.
First, the Ni(OH)2 nanoplate arrays present spike-piece
structures with large specific surface area, resulting in high
specific capacitance. Second, the Ni(OH)2 nanostructure is
directly formed on the NFs, providing good electrical contact
between the active materials and the substrate. Third, the NFs
possess special 3D structure, leading to a large surface area for
the growth of abundant Ni(OH)2 and fast diffusion of ions for
energy storage at high power. Fourth, the irregular arrays of
Ni(OH)2 nanoplates are facile for the fast transfer of ions.
Therefore, the above results indicate that this material is an
attractive and promising candidate for supercapacitor electro-
des.

Table 1. Electrochemical Properties of Ni(OH)2 and Some
Other Materials on Various Substrates

material substrate capacitance (F/cm2) ref

Ni(OH)2 NFs 0.7 32
Ni(OH)2 NFs 0.7 38
Ni(OH)2 graphene 0.9 36
Ni(OH)2 graphene 0.003 10
Ni(OH)2/NiCo2O4 CFPa 5.2 7
Ni(OH)2/Co3O4 CFP 3.3 7
NiOx CNTs 0.16 31
Co3O4/MnO2 ITOb 0.75 14
Ni(OH)2 NFs 0.95 This work

aCFP: carbon fiber paper. bITO: indium−tin oxide.

Figure 6. Schematic illustration of the Ni(OH)2 nanoplate arrays (4 h)
for fast electron transfer and the diffusion of ions.
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