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We report the facile preparation of β-Ni(OH)2 particles by etching a NiAl-layered double
hydroxides (NiAl-LDHs) precursor with KOH solution. The amphoteric Al3+ ions in LDHs
crystal were selectively dissolved out by KOH solution and LDHs crystals were proposed to
be in situ topologically transformed to form β-Ni(OH)2. Alkaline concentration has a great
influence on the structure, morphology, specific surface area, and porous structure of the
resulting samples. Compared to LDHs precursor and β-Ni(OH)2 prepared by a
precipitation reaction, the sample etched in 10 M KOH solution has enhanced specific
capacitance (829 F/g at 1 A/g), high rate capability (capacitance retention 57.3% with
current density 8 A/g), and good charge/discharge stability. We suggested that the high
accessible specific surface area and appropriate porous structure, which is conducive to
full contact between active material and electrolyte, can improve the utilization rate of the
active material to increase the rate capacity of the 10M KOH-etched sample.
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INTRODUCTION

In the 21st century, environmental pollution and energy problems have become the focus of
attention. Coal, oil, and other energy sources that cause pollution irrefutably need to have their usage
reduced. It is, therefore, urgent to look for clean, non-polluting, sustainable energy technologies, and
in recent years electrochemical energy storage systems, especially the popular lithium-ion batteries,
have been used as fast and efficient energy storage/release devices (Zhang et al., 2021).

In the battery, the number of transported ions is large, which is conducive to the improvement of
performance. Some researchers have studied the storage mechanism of potassium ion batteries and
other potassium-based storage systems that may be applied (Zhang et al., 2020; Zhou et al., 2020).
Moreover, it has been found that the supercapacitor has some excellent characteristics: the charging
and discharging rate is fast, it possesses a high energy density, has good cycle stability, and it is
suitable for energy storage devices—it has great potential (Simon and Gogotsi, 2008; Zhang et al.,
2017; Šekularac et al., 2017).

There are two types of supercapacitors. Electric double-layer capacitors, that store energy by
absorbing charge on the electrode surface, have the advantages of good power density and stability
but have the disadvantage of low specific capacitance. The second type is pseudocapacitors that store
energy through the redox reaction of active electrode materials, the advantages are high capacitance
and energy density, but the disadvantages are very poor stability (Yu et al., 2015). Among the
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pseudocapacitive materials of transition metal hydroxides,
Ni(OH)2 has a clear redox transition, and its theoretical ratio
is higher than its capacitance, while the material cost is low.
Therefore, Ni(OH)2 is recognized by researchers as an excellent
material for supercapacitors (Wang et al., 2010; Yu et al., 2015).
There are two kinds of Ni(OH)2, α-Ni(OH)2 and β-Ni(OH)2,
their crystal forms being different. The former is composed of
stacked nickel hydroxide lamellar plates, inserted anions, and
water molecules, while the latter is similar to hexagonal magnesite
structure, without anionic and water molecular intercalation. In a
strong alkaline environment, β-Ni(OH)2 has good reversibility
and structural stability (Oliva et al., 1982; Bernard et al., 1996;
Neiva et al., 2016). Therefore, it is believed that it may show
excellent electrochemical performance, but the results of the tests
show that β-Ni(OH)2 based electrodes have poor rate
performance and stability, which is not conducive to its
practical application (Wang et al., 2010). For improving the
rate of performance and stability of β-Ni(OH)2, many
researchers have tried to improve the specific surface area,
which is beneficial for the electrolyte solution to contact the
electrode material more effectively. Zhou et al. prepared
β-Ni(OH)2 by adjusting anions in nickel salt. The results show
that the materials prepared with NiSO4 are the best, its specific
surface area reached 94.8 m2/g, and 1,025.3 F/g at 1 A/g (Zhou
et al., 2014). Another example introduced the synthesis of
nanorod by a surfactant-free water precipitation method with
surface area 91 m2/g, showing 1,150 F/g at 1 mV/s, after 5,000
cycles, the capacitance retention is more than 99% (Lakshmi et al.,
2014). Moreover, controlling the assembly of crystal sheets to
generate various assemblies is also a great method. Several
assembly forms are possible: snow spheres (Tian et al., 2013),
coin-like nanoplates (Li et al., 2011), flower-like nanostructures
(Tang et al., 2014), pompon-like microspheres with hollow
interiors (Wang et al., 2013), microspheres with cracks (Yan
et al., 2013), andmicrospheres composed of nanowires (Luo et al.,
2011). According to various literature, several fabrication
strategies, such as gas-liquid co-deposition method (Tian et al.,
2013), coordination homogeneous precipitation method (Li et al.,
2011), hydrothermal synthesis (Wang et al., 2013; Yan et al., 2013;
Tang et al., 2014; Boychuk et al., 2019), electrodeposition method
(Tizfahm et al., 2014), chemical precipitation (Xiao-yan and Jian-
Cheng, 2007), solvothermal (Kalam et al., 2013), and
sonochemical (Vidotti et al., 2006), have been used to prepare
the β-Ni(OH)2 assembly materials with high pseudocapacitive
characteristics. In addition, the introduction of divalent and
trivalent cations, such as Co2+ (Wang et al., 2019a), Zn2+ (Li
et al., 2013), Co2+ and Zn2+ (Park et al., 2006), Al3+ (Huang et al.,
2013), and La3+ (Shao et al., 2009; Chakrabarty and Chakraborty,
2019) into the β-Ni(OH)2 lattice is a good strategy for enhancing
discharge capacity and utilization of active substances, whichmay
be related to stable layered structure and the increase of anion
transfer rate. How to fabricate facilely a new β-Ni(OH)2-based
electrode material with high accessible surface area to obtain
excellent performance, however, is still worth exploring.

LDHs are a kind of anionic hydrotalcite-like functional
material (Yu et al., 2017; Wang et al., 2019b). LDHs structure
is similar to the β-Ni(OH)2, and the main laminar plates are

formed by the edges of MO6 octahedrons. Because of the crystal
structure characteristics of LDHs materials, the structure and
composition can be designed by adjusting the main laminates and
guest molecules, so as to greatly improve the functional
combination performance, and they can be applied to many
fields of the national economy (Li et al., 2014; Kang et al.,
2017; Mishra et al., 2018). Also, Ni-containing LDHs materials
have been reported as energy storage materials (Yin and Tang,
2016; Gao et al., 2020). However, LDHs materials have a strong
superposition tendency, resulting in poor conductivity and slow
ion transfer speed, which seriously limits their application in
supercapacitors (Zhao et al., 2017).

Herein, NiAl-LDHs were adopted as a precursor for
fabrication of β-Ni(OH)2 particles with enhanced specific
surface area through KOH alkaline etching. The amphoteric
Al3+ ions in the LDHs crystal were selectively dissolved out by
the KOH solution. The alkaline concentration greatly affects the
structure, morphology, and specific surface area of the resulting
samples. On the basis of sample characterization results, we
suggested an in situ topological transformation mechanism of
β-Ni(OH)2 from NiAl-LDHs precursor by alkaline etching.
Finally, the electrochemical performance was tested, exhibiting
excellent pseudocapacitor performance. We proposed that the
high accessible surface area and appropriate porous structure,
which can make the electrode material contact with the
electrolyte solution more fully, can improve the utilization rate
of the active material to increase its rate capacity. The preparation
method we presented is simple and easy and has a prominent
capacitive performance. It has certain application prospects.

EXPERIMENTAL

Materials Preparation
Preparation of NiAl-LDHs Precursor
NiAl-LDHs precursor sample was synthesized by hydrothermal
method. Firstly, 0.818 g Ni(NO3)2·6H2O, 0.352 g
Al(NO3)3·9H2O, and 0.496 g urea were mixed in a beaker,
then add 50 ml deionized water, and the total metal ion
content was 1.875 mmol. Afterward, it was crystallized at
120°C for 24 h. Finally, the samples were cooled to room
temperature, centrifuged and washed to pH 7.0, and vacuum-
dried overnight at 50°C.

The β-Ni(OH)2 comparison sample was synthesized by
precipitation reaction. A measure of 3.837 g Ni(NO3)2_6H2O
and 2.191 g NaOH, were dissolved in 20 and 50 ml deionized
water, respectively. Then, the Ni(NO3)2_6H2O solution was
dropped into the NaOH solution by single drop method under
agitation conditions, and the pH was kept at 10.0. Afterward, it
was crystallized at 120°C for 6 h. Finally, the reaction was
centrifuged and washed to pH 7.0 and dried at 70°C overnight.

Preparation of Alkaline-Etched Samples
NiAl-LDHs were immersed in 5, 10, and 15 M KOH solution
for stirring 3 h continuously at 60°C. After that, they were
centrifuged and washed to pH 7.0. The washed samples
were dried.
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Sample Characterization
The X-ray diffraction (XRD) pattern was recorded on a Shimadzu
XRD-6000 diffractometer using Cu Kα radiation (λ � 1.5406 Å),
10° min−1 at 3–80°. A scanning electron microscope (SEM) was
carried out on a Zeiss Supra 55. Fourier transform infrared
spectroscopy (FT-IR) was tested on Bruker Vector-22 and the
range is 400–4,000 cm−1. Elemental analysis was tested on
Shimadzu IPCPS-7500. High-resolution transmission electron
microscopy (HRTEM) was conducted on a JEOL JEM-2100F
instrument, point resolution is 0.19 nm. X-ray photoelectron
spectroscopy (XPS) was measured by using an
ESCALAB250 X-ray photoelectron spectrometer equipped with
monochromatized Mg Kα X-ray radiation (1,253.6 eV photons).
BET and BJH methods were used to measure specific surface area
and analyze pore volume and size, using a Quantachrome
Autosorb-1C-VP Analyzer.

Electrochemical Measurement
Electrochemical tests were carried out on an electrochemical
workstation (CHI 618E, Shanghai ChenHua Corporation,
China), in a 2 M KOH solution. Active material: acetylene
black: polyvinylidene fluoride at 8:1:1, then dissolved with an
appropriate amount of ethanol and dropped onto 1 cm × 1 cm
nickel foam. Dried at 60°C for 30 min and pressed by roller press
with proper pressure. The sample loaded onto each working
electrode was about 2 mg. The cyclic voltammetry (CVs) curves
were recorded within 0.0–0.6 V at 5 mV/s. Galvanostatic charge-
discharge (GCD) measurements were tested at 0.0–0.45 V from 1
to 8 A/g. Electrochemical impedance spectroscopy (EIS)
measurements were performed under an AC voltage of 5 mV
and the frequency was 0.01–100 kHz. Specific capacitance was
calculated by using the equation below, where I represents
the discharge current; t represents time; ΔV represents the
voltage drop upon discharging; m represents the mass of the
sample.

C � It/ΔVm

RESULTS AND DISCUSSION

NiAl-LDHs precursor was synthesized by a hydrothermal
method. The XRD pattern demonstrates that the precursor
sample has the characteristic feature of layered material
(Figure 1). The (003) peak appears at 11.53°, which is
consistent with JCPDS No.15-0087, indicating that carbonate
anions are intercalated in the LDHs gallery (Li et al., 2019). SEM
image of LDHs precursor shows the irregular morphology of
nanosheets with a length of about 200–400 nm and thickness
about 20 nm (Figure 2A). Subsequently, the LDHs precursor
sample was immersed in different concentrations of KOH
solution for dealumination. The characteristic XRD peaks of
LDHs in the 5 M KOH alkaline-etched sample are slightly
enhanced (Figure 1), demonstrating that after etching, the
crystallinity of the crystal is improved, which may be due to
the change of coordination environment of metal elements in the

lamella. Partial dealumination by 5 M KOH alkaline may form
α-Ni(OH)2/NiAl-LDHs compound. The α-Ni(OH)2 phase has
the same crystal structure and characteristic XRD peaks as LDHs
(Gong et al., 2013). The α-Ni(OH)2 can also be proved by the fact
that there are two pairs of redox peaks in the CV curve and two
pairs of platforms in the GCD curve in the subsequent
electrochemical performance test (Figure 7A). SEM image of
the 5 M alkaline-etched sample shows that the morphology of the
nanosheet becomes more regular, with a length of about
150–200 nm and thickness about 40 nm (Figure 2B). After
10 M alkaline treatment, the characteristic XRD reflections of
LDHs vanish and several new peaks appear, indicating that the
collapse and crystal transformation of LDHs laminates occur
simultaneously (Figure 1). The newly main diffraction peaks at
19.9°, 33.4°, 38.8°, 52.45°, 59.8°, and 63.4° 2θ could be indexed to
the (001), (100), (101), (102), (110), and (111) facets of
β-Ni(OH)2, these peak positions are consistent with the
standard cards (JCPDS No.14–0117) (Wang et al., 2012).
Further investigation by SEM image shows that the crystal
sheets of the 10 M alkaline-etched sample become thinner and
larger compared to those of LDHs precursor, the length is about
400–500 nm and thickness about 10 nm (Figures 2C,D). It is
known that the positive charge of the LDHs laminates and the
negative ions between layers keep the charge in balance; while
there is no intercalation of anions and water molecules in
β-Ni(OH)2. The decrease in thickness of the sheets because of
the dehydration and deionization between the LDHs layers after
the strong alkaline treatment, which can be identified by the
following FT-IR result (Figure 3). XRD pattern of the 15 M
alkaline-etched sample is similar to that of the 10 M alkaline-
etched one (Figure 1). However, the nanosheets are broken and
the particle thickness is increased in the 15 M alkaline solution
(Figure 2E), which may be due to the structural cracking and

FIGURE 1 | XRD patterns of NiAl-LDHs precursor, the alkaline-etched
samples in 5, 10, and 15 M KOH solution, and β-Ni(OH)2 sample synthesized
by precipitation reaction.
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continuous accumulation of nanosheets. The length and
thickness of β-Ni(OH)2 contrast sample is about 100 and
40 nm respectively (Figure 2F).

The identities of interlayer anions and water molecules of
NiAl-LDHs precursor, as well as the alkaline-etched samples in 5, 10,
and 15MKOH solution and β-Ni(OH)2 sample, were characterized
by FT-IR spectra in the range of 400–4,000 cm−1 (Figure 3). For
NiAl-LDHs precursor, the intense IR band at 3,475 cm−1 is
characteristic for the ν(OH) stretching vibration of the LDHs
laminate OH group and interlayer water molecules. The other
peaks observed at 1,640 and 1,360 cm−1 are assigned to δ(H2O)
and ν(CO3

2-) bending vibration, respectively (Hunter et al., 2016).
The 5M alkaline-etched sample shows a similar spectrum to that of
NiAl-LDHs precursor. For the 10 and 15M alkaline-etched samples,
the 1,640 and 1,360 cm−1 peaks vanish, demonstrating the complete
dehydration and deionization between the LDHs layers. Moreover,
the peak at 3,640 cm−1 represents the stretching vibration of ν(OH),
the peak positions of the two samples are consistent with that of the
synthesized β-Ni(OH)2 sample, confirming the formation of
β-Ni(OH)2 after 10 and 15M alkaline treatment (Aghazadeh
et al., 2011).

FIGURE 2 | SEM images of NiAl-LDHs precursor (A), the alkaline-etched samples in 5 (B), 10 (C,D), and 15 (E)MKOH solution, and β-Ni(OH)2 sample prepared by
precipitation reaction (F).

FIGURE 3 | FT-IR spectra of NiAl-LDHs precursor, the alkaline-etched
samples in 5, 10, and 15 M KOH solution, and β-Ni(OH)2 sample prepared by
precipitation reaction.
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ICP techniques were used to confirm the change of
composition during alkali etching. ICP analysis shows that the
Ni:Al molar ratio of LDHs precursor is about 3:1, which is similar
to that in the starting synthetic solution. After alkali treatment in
5, 10, and 15 M KOH solution, the Al contents are gradually
reduced from 24.1% in LDHs precursor to 22.8% in 5 M alkaline-
etched sample, 10.3% in 10 M alkaline-etched sample, and finally
to 8.5% in 15 M alkaline-etched sample, which demonstrates that
the Al3+ in LDHs crystal is successfully removed.

The HRTEM technique can analyze the structure and phase
distribution of the resulting samples (Figure 4). For NiAl-LDHs

precursor, the lattice spacings of 0.261 nm match well with the
(101) crystal facet of LDHs (Figure 4A). After 5 M alkaline
treatment, the crystal phase becomes ordered and the crystal
region expands, indicating that the lattice rearrangement occurs.
The measurements of 0.261 and 0.151 nm match well with the
(101) and (110) crystal facets of LDHs, respectively (Figure 4B).
For the 10 M alkaline-etched sample, the lattice fringes of
adjacent stripes are measured to be 0.260 and 0.175 nm which
can be allotted to the (101) and (102) crystal facets of β-Ni(OH)2,
respectively (Li et al., 2010) (Figures 4C,D). Moreover, the lattice
spacing of 0.260 nm in the 15 MKOH-etched sample (Figure 4E)

FIGURE 4 |HRTEM images of NiAl-LDHs precursor (A), the alkaline-etched samples in 5 (B), 10 (C,D), and 15 (E)MKOH solution, and β-Ni(OH)2 sample prepared
by precipitation reaction (F).
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and the synthesized β-Ni(OH)2 (Figure 4F) also correspond to
the (101) crystal plane.

The surface composition and metal chemical state of the
samples were studied by XPS technique (Figure 5). The
characterization range of Ni 2p XPS peak is 850.0–887.0 eV.
For the LDHs precursor sample, the Ni 2p spectrum shows five
deconvoluted peaks at 855.7, 856.1, 862.0, 873.7, and 879.9 eV.
Among these, the peaks at 855.7 and 856.1 eV represent Ni2+ 2p3/
2 and the peak at 873.7 eV represents Ni2+ 2p1/2. Signals locate at
862.0 and 879.9 eV are the satellite peaks of Ni2+ 2p3/2 and Ni2+

2p1/2, respectively (Wu et al., 2018; Ye et al., 2018; Wang et al.,
2021a). The 5 M alkaline-etched sample has five binding energies
similar to those of the LDHs precursor. After alkaline treatment
in 10 M KOH solution, the peaks of Ni2+ 2p3/2 and Ni2+ 2p1/2
move to 855.5 and 873.3 eV, which are characteristic of
β-Ni(OH)2 (Huang et al., 2017). XPS spectrum of the 15 M
alkaline-etched sample is similar to that of the 10 M alkaline-
etched one, and the peaks at 855.5 and 873.3 eV also correspond
to the β-Ni(OH)2 sample.

N2-adsorption/desorption measurement was carried out for
investigating the surface area and porosity property of the five
resulting samples (Figure 6). In all the cases, when P/P0 is high,
the isotherms exhibit hysteresis due to capillary condensation
(Zhai et al., 2019). BET specific surface areas of NiAl-LDHs
precursor, the alkaline-etched samples in 5, 10, and 15 M KOH
solution, and β-Ni(OH)2 sample prepared by precipitation
reaction are measured to be 64, 56, 79, 60, and 37 m2/g,
respectively, with their pore diameter mostly distributes at
11.6, 24.8, 2.4, 22.6 and 23.6 nm, respectively. It is reported
that the performance of supercapacitor is better when the
aperture is 2–5 nm (Shao et al., 2012). These properties are
the result of the interstitial space among the nanosheets (Mao

et al., 2020). As the crystallinity of the sample etched in 5 M KOH
solution increased slightly, the nanosheets became more regular,
resulting in a smaller specific surface area than the precursor
samples. For the 10 M alkaline-etched sample, the particle
morphology may change through an Ostwald ripening process
(Hall et al., 2015). The relatively small stacked particles on the
surface of large LDHs particles tend to dissolve in the solution,
and then the dissolved substances are sequentially deposited on
the edge of the larger LDHs layer (Chen et al., 2018), leading to
thinner and larger nanosheets (Figures 2C,D). At a higher 15 M
alkaline solution, the nanosheets begin to break and stack, and the
specific surface area decreases.

Based on the above characterization results, we propose a
possible transformation mechanism of β-Ni(OH)2 from NiAl-
LDHs precursor by alkaline etching. Previous studies have shown
that a series of high-performance layered mixed metal oxides can
be prepared by using the topological transformation of LDHs
precursors under high-temperature calcination (Liu et al., 2018;
Xu and Wei, 2018). β-Ni(OH)2 has a hexagonal structure similar
to magnesite. Therefore, we believe that the transformation of
NiAl-LDHs to β-Ni(OH)2 under alkaline etching is a topological
transformation process. In the early stage of alkaline etching, a
small number of unstable aluminum atoms are selectively
removed, resulting in the formation of lattice vacancies. Due
to the leaching of partial aluminum atoms from LDHs laminate,
the surface energy increases with the decrease of the coordination
number of surface atoms. The remaining metal atoms migrate
and rearrange the lattice to form a relatively stable lamellar
structure, producing α-Ni(OH)2/NiAl-LDHs compound (Chen
et al., 2021). In addition, the removal of Al leads to the decrease of
positive charge in the main layer, which causes the diffusion of
charge-balancing anions (CO3

2-) from the LDHs gallery.
α-Ni(OH)2 is extremely unstable in a concentrated alkaline
environment (Jian et al., 2016). When the alkali concentration
reaches 10 M, the interlamellar water molecules and CO3

2- are
almost completely removed (Figure 3), and XRD result shows
that it is converted to the more stable β-Ni(OH)2, at this point, the
topological transformation process is completed.

Electrochemistry properties of the resulting samples, including
CVs, GCD, EIS, and cycle stability were evaluated. Figure 7A
shows CVs of different electrode materials at 5 mV/s. CVs curves
of NiAl-LDHs precursor, the alkaline-etched samples in 10, 15 M
KOH solution, and β-Ni(OH)2 prepared by precipitation reaction
consist of a pair of Ni2+/Ni3+ redox peaks that convert each other
(equation 1).

Ni(OH)2 + OH−↔NiOOH +H2O + e− (1)

Interestingly, however, another pair of redox peaks appeared
in the 5 M alkaline-etched sample. In addition to the above redox
reaction Ni(OH)2 ↔ NiOOH, the second oxidation/reduction
potential peaks are located at 0.45 and 0.3 V, which is attributed
to the reversible redox α-Ni(OH)2 ↔ γ-NiOOH (Huang et al.,
2013). Moreover, Figure 7A shows that the average area of the
CV curve of the 10 M alkaline-etched sample is much larger than
that of other samples. Figure 7B displays the GCD of different
samples within 0–0.45 V. The curve is nonlinear, which proves its

FIGURE 5 | Ni 2p XPS spectra of NiAl-LDHs precursor, the alkaline-
etched samples in 5, 10, and 15 M KOH solution, and β-Ni(OH)2 sample
prepared by precipitation reaction.

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 8105686

Chen et al. Fabrication of β-Ni(OH)2 for Supercapacitor

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


pseudocapacitance property (Jiang et al., 2011). The
corresponding measured specific capacitance is 552, 319, 829,
452, and 463 F/g at 1 A/g for the NiAl-LDHs precursor, the
alkaline-etched samples in 5, 10, 15 M KOH solution, and
β-Ni(OH)2, respectively, which further confirms that the 10 M
alkaline-etched sample has the highest specific capacitance. The
high specific surface area (79 m2/g) and an appropriate porous
structure (2.4 nm) of 10 M alkaline-etched sample, which can
make the contact between the solution and the substance more
sufficient, at the same time, the ion migration is more rapid, and
obtain good specific capacitance performance.

The specific capacitances of the five samples at different
current densities are shown in Figure 7C. At 8 A/g, the
retention rate is 57.3% (from 829 to 475 F/g) for the 10 M
alkaline-etched sample, whereas the NiAl-LDHs precursor

31.3%, the 5 M sample 17.2%, the 15 M sample 41.2%, and the
β-Ni(OH)2 sample prepared by precipitation reaction 62.6%. A
large specific surface area and suitable mesoporous structure
make the electrolyte easy to transport, which is conducive to
the improvement of specific capacitance and rate performance
(Shen et al., 2018); dealumination by alkaline etching is also
conducive to the improvement of rate performance (Wang et al.,
2021b). The 10 M alkaline-etched sample is mainly due to the
combination of high specific surface area, suitable pore size, and
dealumination to improve performance.

We also performed EIS measurements to investigate their
performance. Figures 7D,E shows the EIS for the five samples
(Figure 7E is a larger version of the Nyquist plots of Figure 7D).
The semicircle diameter of EIS refers to the electron transfer
resistance of Ni2+/Ni3+ during the redox process (Ret) (Di Fabio

FIGURE 6 | N2-adsorption isotherms and pore size distribution (inset) of NiAl-LDHs precursor (A), the alkaline-etched samples in 5 (B), 10 (C), and 15 (D)M KOH
solution, and β-Ni (OH)2 sample prepared by precipitation reaction (E).
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et al., 2001; Zang et al., 2008). We can see that 10 M alkaline-
etched sample < β-Ni(OH)2 sample <15 M alkaline-etched
sample <5 M alkaline-etched sample < NiAl-LDHs precursor,
which clearly demonstrates that the 10 M alkaline-etched sample
has the lowest resistance, so electrons transfer faster. It is found
that the reversible absorption and release of OH− in solution and
the transfer of electrons on the collector occur during the redox
process of Ni-based hydroxide as the electrode material of
supercapacitor (Kötz and Carlen, 2000; Liu et al., 2011). The
lower resistance of the 10 M alkaline-etched sample, may be
due to the higher specific surface area which facilitates
the effective exposure of active sites, and may also be related
to the modification of the Ni coordination environment by Al

etching (Liu et al., 2017). However, the specific surface areas of
5 and 15 M alkaline-etched samples decrease due to different
degrees of stacking, resulting in a larger pore size distribution
than the most suitable pore size of a supercapacitor, and a
larger resistance, which is not conducive to the performance
of a supercapacitor. Moreover, the 5 M alkaline-etched sample
did not form β-Ni(OH)2, so the electrochemistry performance
of this sample is worse than that of the 15 M alkaline-
etched sample. On the other hand, Figure 7F shows the
stability of 1,000 cycles of each sample at 5 A/g. The 10 M
alkaline-etched sample can retain about 60% (from 557 to
333 F/g), and also shows the largest specific capacitance after
1,000 cycles.

FIGURE 7 | Supercapacitive performance of NiAl-LDHs precursor, the alkaline-etched samples in 5, 10, and 15 M KOH solution, and β-Ni(OH)2 sample prepared
by precipitation reaction. (A) CVs curves at 5 mV/s; (B) GCD curves at 1 A/g within 0–0.45 V; (C) Specific capacitance at different current density; (D) Nyquist plots of
EIS, showing the imaginary part versus the real part of impedance; (E) a larger version of Nyquist plots of (d); (F) cycle performance measured at 5 A/g for 1,000 cycles.
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CONCLUSIONS

We report a facile method for the fabrication of β-Ni(OH)2
particles by KOH alkaline etching NiAl-LDHs precursor with
improved supercapacitor performance. The amphoteric Al3+

ions in LDHs crystal were selectively dissolved out by the KOH
solution and the alkaline concentration affect greatly the
structure, morphology, specific surface area, and porous
structure of the resulting samples. On the basis of sample
characterization results, we propose an in situ topological
transformation mechanism of β-Ni(OH)2 from NiAl-LDHs
precursor by alkaline etching. Compared to NiAl-LDHs
precursor and β-Ni(OH)2 sample, the obtained β-Ni(OH)2
sample etching in 10 M KOH alkaline has enhanced specific
capacitance, high rate capability, and good charge/discharge
stability. We propose that high accessible specific surface area
and appropriate porous structure are conducive to the full
contact between active materials and electrolytes, improve
the utilization of active materials, shorten the migration path
of ions, improve the rated capacity of alkaline-etched samples,
and have good electrochemical performance. Our findings

show an example for the effective fabrication of β-Ni(OH)2-
based electrode material.
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