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� The sample were designed and
prepared through the facile
hydrothermal process.

� The NiFe-LDH@CoS2@Ni electrode
exhibits a high capacity of 11.28 F cm-2

(3880 F g-1) at a current density of 2
mA cm-2 (1.17 A g-1).

� When the NiFe-LDH@CoS2@Ni
fabricated as an ASC device, it can light
up a blue LED for 30 min.
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Layered double hydroxides (LDHs) are a kind of classic pseudocapacitive materials with lamellar struc-
ture and large specific surface area, which have attracted swinging attention in the electrochemical
energy storage area. The CoS2@Ni is synthesized through a hydrothermal process, followed by surface
generation of the flower-like nickel-iron layered double hydroxide (NiFe-LDH) nanospheres through a
hydrothermal process, which is directly used to design a binder-free electrode with a splendid capaci-
tance capability. The as-synthesized NiFe-LDH@CoS2@Ni electrode presents an outstanding specific
capacitance of 11.28 F cm�2 (3880 F g�1) at 2 mA cm�2 (1.17 A g�1) in a three electrodes system. Also,
the all-solid-state asymmetric supercapacitor (ASC) is combined utilizing the NiFe-LDH@CoS2@Ni hybrid
as the positive electrodes and active carbon covered Ni foam as negative electrodes, respectively. The as-
fabricated ASC exhibits a high energy density of 15.84 Wh kg�1 at the power density of 375.16 W kg�1

and can be able to lighten a blue LED indicator for more than 30 min, revealing that the prepared
NiFe-LDH@CoS2@Ni owns great potential in the aspect of practical applications. Therefore, the prepared
entre for
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NiFe-LDH@CoS2@Ni with outstanding electrochemical properties could be applied for high-performance
supercapacitors.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

With the rapidly increasing consumption of energy, it is greatly
imperative to search for sustainable energy sources and facilitate
energy storage to satisfy the future requirement of a low-carbon
and sustainable economy [1–4]. Environmentally friendly elec-
tronic energy storage devices, such as supercapacitors (SCs), have
drawn extensive concern [5,6]. SCs have been enormously investi-
gated on account of their low cost, high power density, cycling sta-
bility and fast charge/discharge ability [7]. Generally, SCs consist of
two categories mainly electrical double-layer capacitors (EDLCs)
and pseudocapacitors, which are divided by their working princi-
ples [8]. The EDLCs are categorized on account of charges diffusion
and accumulation on the boundary surface of the electrode/elec-
trolyte [9]. For EDLCs, carbon materials such as carbon nanosheets
[10], carbon nanowires and reduced graphene oxide [11] are usu-
ally used for electrode materials owing to their remarkable cycling
stability. However, carbon-based materials usually suffer from a
series of drawbacks such as the uncontrollable pore size and shape,
long ion-diffusion distance which makes the accumulation of
charge in the electrical double layer limited, leading to poor speci-
fic capacitances of EDLCs [12]. While pseudocapacitors primarily
take advantage of fast and reversible faradaic redox reaction to
store energy, hence they could provide more excellent specific
capacitance than EDLCs [13]. Transition metal oxides/hydroxides,
conducting polymers and layer double hydroxides are promising
electrode materials for pseudocapacitors [14].

Recently, nanostructured metal sulfide as one of the novel
energy storage materials has attracted great attention on account
of their excellent electrical and catalytic properties [15–17]. Cobalt
sulfide (CoS2) has desirable electroconductibility and thermal sta-
bility, which can achieve remarkable capacitance property and
cycling performance as supercapacitor material [18]. Additionally,
layered double hydroxides (LDHs) have attracted widespread con-
cern due to their laminated structures, large surface area and
excellent electrochemical properties [19–24]. Therefore, we fabri-
cated the CoS2 nanosheets coated flower-like NiFe-LDH nano-
spheres directly on the surface of 3D nickel foam substrate for
high-performance supercapacitors. Meanwhile, layered double
hydroxides (LDHs) have attracted widespread concern due to their
laminated structure, regularly low cost of raw materials, environ-
mentally friendly and large specific surface area [25,26]. Various
materials with different morphologies (such as nanoparticles
[27], nanorods [28], nanowires [29], nanotubes [30], and flower-
like [31]) have been synthesized and served as electrode materials
in energy storage devices. Actually, powdered LDHs are prepared
through hydrothermal or co-precipitation processes which gener-
ally required polymer binders (such as Nafion) to form compact
electrodes, resulting in poor electrical conductivity and weak sta-
bility. To overcome these limitations, great efforts have been
devoted to rational project and composition of hybrid nanocom-
posites with different hierarchical structures and morphologies,
especially in the form of hierarchical nanosheets directly grown
on 3D conductive substrates to enhance the electrical conductivity
and consequently improve the electrochemical properties [32]. For
example, Ni foam supported the flower-like MnO2@NF/NiFe LDHs
nanosheets prepared and made use of electrode material for super-
capacitor, which demonstrated high specific capacitance (4274.4
mF cm�2 at 5 mA cm�2), outstanding cycling stability and high
energy density (24.6 mWh cm�2 at 350 mW cm�2) [31]. Xing
et al. reported the direct generation of NiCo-LDH nanosheets on
3D Ni foam with a facile hydrothermal method, which showed
an ultrahigh capacitance of 2617 F g�1 at 1 A g�1.

In this work, the CoS2 nanosheets are densely grown on the sur-
face of Ni foam through the hydrothermal reaction. Subsequently,
the as-synthesized CoS2@Ni was then coated with flower-like NiFe-
LDH nanospheres with lamellar structure through another
hydrothermal procedure to obtain the NiFe-LDH@CoS2@Ni. Addi-
tionally, the as-prepared hierarchical NiFe-LDH@CoS2@Ni hybrids
were directly utilized to fabricate a binder-free electrode which
presented an outstanding capacitive performance owing to the
unique flower-like structure. The prepared NiFe-LDH@CoS2@Ni
electrode presents an outstanding capacitance of 11.28 F cm�2

(3880 F g�1) at 2 mA cm�2 (1.17 A g�1) in the three electrodes sys-
tem. Furthermore, an all-solid-state asymmetric supercapacitor
(ASC) was assembled by applying the as-prepared NiFe-
LDH@CoS2@Ni hybrid as the positive electrodes and active carbon
covered Ni foam as the negative electrodes, respectively. The as-
fabricated ASC presented a high energy density of 15.84 Wh kg�1

at the power density of 375.16 W kg�1 and is able to lighten a blue
LED indicator for more than 30 min, revealing that the prepared
NiFe-LDH@CoS2@Ni presents great potential for practical applica-
tions. Therefore, the prepared NiFe-LDH@CoS2@Ni with outstand-
ing electrochemical properties should envision potential practical
applications in high-performance supercapacitors.
2. Experimental sections

2.1. Materials

Nickel foam was purchased from Shanghai Zhongwei New
Material Co., Ltd. Hydrochloric acid, Cobalt (II) nitrate hexahydrate
(Co(NO3)2�6H2O, AR), sodium thiosulfate pentahydrate (Na2S2O3-
�5H2O, AR), nickel(II) nitrate hexahydrate (Ni(NO3)2�6H2O, AR), iron
(III) nitrate hexahydrate (Fe(NO3)3�9H2O, AR), urea (H2NCONH2,
AR) ethanol, potassium hydroxide (KOH, AR), acetylene black
(AR), polyvinylidene fluoride (PVDF, AR), ethanol (AR) and acti-
vated carbon were all purchased from Sinopharm Chemical
Reagent Co., Ltd. All chemicals used were of analytical grade and
were used as supplied without any further purification.
2.2. Synthesis of the CoS2 heterostructure on the Ni foam (CoS2@Ni)

Typically, a piece of nickel foam (1.0 � 1.0 cm2) was cleaned by
sonication in 1.0 M HCl solution for 15 min to remove the surface
oxygen complexes and other impurities. Then, the cleaned Ni foam
was washed with ultrapure water and ethanol repeatedly, respec-
tively. Thereafter, it was placed in a vacuum oven under 50 �C to be
dried adequately for subsequent use. 2.04 g Co(NO3)2�6H2O and
6.94 g Na2S2O3�5H2O were dissolved in 70 mL water, the resulting
mixture was stirred to obtain a uniform solution. Subsequently, the
pretreated Ni foamwas immersed in the above-mixed solution and
treated in a 100 mL Teflon-lined stainless steel autoclave at 85 �C
for 3 h. Later, the resulting product was cleaned with ethanol
and ultrapure water repeatedly and dried at 60 �C in a vacuum dry-
ing oven to obtain the CoS2@Ni precursor.
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2.3. Generation of flower-like NiFe-LDH nanospheres on CoS2@Ni
precursor. (NiFe-LDH@CoS2@Ni)

The flower-like structured nickel-iron layered double hydroxide
(NiFe-LDH) nanospheres were directly generated on CoS2@Ni pre-
cursor through a one-pot hydrothermal method. Typically, 1 mmol
Ni(NO3)2�6H2O, 4 mmol Fe(NO3) 3�6H2O and 4 mmol H2NCONH2

were dissolved in 60 mL water, the resulting mixture was stirred
to obtain a uniform solution. Subsequently, the pretreated CoS2@-
Ni was immersed into the above-mixed solution and treated in a
100 mL teflon-lined stainless-steel autoclave at 120 �C for 10 h.
For comparison, NiFe-LDH grown on CoS2@Ni with different
hydrothermal times (5 h and 20 h) was prepared, which were
named as NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni-20, respec-
tively. What’s more, the NiFe layered double hydroxide directly
grown on Ni foam (NiFe-LDH@Ni) was also prepared under the
same condition. The resulting product was cleaned with ethanol
and ultrapure water repeatedly and dried at 60 �C in a vacuum dry-
ing oven to obtain the samples.

2.4. Characterizations

The morphology of the samples and element content was tested
by field-emission scanning electron microscopy (SEM) (Model JSM-
2010, JEO) equipped with energy-dispersive X-ray spectroscopy
(EDS). The chemical structures of the materials were analyzed by
transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM) and X-ray photoelectron
spectroscopy (XPS), a Thermo Escalab 250XI spectrometer. The
crystal structure was collected by X-ray diffraction (XRD) (Ultima
IV X-ray diffractometer, Rigaku, Japan). The Brunauer-Emmett-
Teller (BET) surface area by N2 sorption was measured by a BET
surface area analyzer (V-sorb 2800S).

2.5. Fabrication of electrodes and electrochemical measurements

The electrochemical workstation (CHI 760E), made by Shanghai
Chenhua Instrument Factory, China, was used to perform the elec-
trochemical measurements at room temperature. In the three-
electrode system, the synthesized hybrid (1.0 � 1.0 cm2) served
as the working electrodes directly, the platinum foil was applied
as electrodes, and the mercuric oxide electrode was applied as ref-
erence electrodes. 6 M KOH aqueous solution was used as the test
electrolyte. Cyclic voltammetry (CV) tests were implemented in
the voltage range between 0 V and 0.7 V at different scan rates
of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s�1, respectively.
Galvanostatic charge/discharge (GCD) curves were carried out in
a potential window from 0 V to 0.45 V at different current densities
of 2, 3, 5, 8, 10, 20 and 30 mA cm�2 respectively. Additionally, elec-
trical impedance spectroscopy (EIS) measurements were imple-
mented in the frequency response range from 100 Hz to
0.01 kHz with an open circuit potential a 5 mV AC perturbation.
The specific capacitance can be calculated by the following equa-
tion [33]:

CA ¼ I
R
VDt

sV2 ð1Þ

where CA (F cm�2) is the area capacitance, t (s) means the discharge
time, s (cm2) means the electrode’s effective area, I (A) and V (V) is
the discharge current and the potential window, respectively.

2.6. Fabrication of KOH-based hydrogel electrolyte

Typically, two grams of PVA was dissolved in 20 mL of ultrapure
water at 80 �C to form a uniform solution. Then, 10 mL of 6 M KOH
solution was added with stirring after cooling solution to about
65 �C to afford the KOH/PVA hydrogel electrolyte for further
utilization.

2.7. Fabrication of ASC and electrochemical measurements

Acetylene black, polyvinylidene fluoride and active carbon with
a mass ratio of 1: 1: 8 dissolved in ethanol were to design the
active carbon (AC) electrode. Acetylene black was used as a con-
ductive agent and PVDF was used as a binder. Then the mixture
was dried in a vacuum at 50 �C for 5 h. Afterward, 17.5 mg of
the resulting products were embedded into the nickel foam (2.0 �
2.0 cm2). The ASC device was designed by applying AC and the as-
prepared NiFe-LDH@CoS2@Ni (1.0 � 1.0 cm2) as the negative elec-
trode and the positive electrode, respectively, while the pre-
prepared KOH/PVA hydrogel served as the electrolyte. Typically,
as-prepared free-standing NiFe-LDH@CoS2@Ni and AC coated
nickel foam electrodes were attached to Ni films which worked
as a current collector. Subsequently, the pre-prepared KOH/PVA
gel electrolyte was dropped onto the surface of the NiFe-
LDH@CoS2@Ni and AC coated nickel foam electrodes until satura-
tion. Then the NiFe-LDH@CoS2@Ni and AC coated nickel foam elec-
trodes were pressed together under little pressure with KOH/PVA
gel electrolyte to achieve the NiFe-LDH@CoS2@Ni//AC ASC device.
Here, the PVA worked as both the solid gel electrolyte and a sepa-
rator simultaneously. Compared to the supercapacitors packed
with aqueous electrolytes and a separator, the polymer gel elec-
trolytes of KOH/PVA exhibit excellent safety and stability. To
obtain a high electrochemical properties asymmetric supercapaci-
tor, the two electrodes should conform to the relationship of
charge balance (q+ = q-), where q means the charge stored by the
electrode, calculated by the following equation:

q ¼ C �m� DV ð2Þ
where C (F g�1) is the specific capacitance, V (V) and m (g) is the
mass of the active material and the potential window, respectively.
From the equation, the standard mass ratio (m+/m-) of electroactive
material at the positive and negative electrodes in an ASC can be
calculated according to the formula:

mþ=m� ¼ C�DV�=CþDVþ ð3Þ
where C (F g�1) is the specific capacitances of the positive and neg-
ative electrodes, V (V) is the voltage range for positive and negative
electrodes. The specific capacitance (Cs) of the ASC can be calculated
from the galvanostatic charge-discharge curves according to the fol-
lowing equation:

Cs ¼ 2I
R
VDt

mV2 ð4Þ

where t (s) is the discharge time, V (V) is the voltage range, m (g) is
the total mass of AC electrode, I (A) and V (V) refers to the discharge
current and the potential window, respectively.

I (A) is the discharge current, t (s) is the discharge time, V (V) is
the voltage range, and m (g) is the total mass of active materials on
both electrodes. The energy density E (Wh kg�1) and power density
P (W kg�1) can be calculated by the following equations:

E ¼ 1
2
CsDV

2 ð5Þ

P ¼ E=Dt ð6Þ
3. Results and discussions

Flower-like NiFe-LDH nanospheres were directly generated on
the CoS2@Ni nanosheets via hydrothermal strategy, as shown in



Fig. 1. (I) Schematic illustration for the preparation of CoS2@Ni nanosheets. (II) Schematic illustration for the synthesis of NiFe-LDH@CoS2@Ni. Low (a) and high (b-c)
magnification SEM images of the CoS2@Ni nanosheets. Low (d) and high (e-f) magnification SEM images of the NiFe-LDH@CoS2@Ni flower-like nanospheres.
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Fig. 1, where Ni foamwas used as the template on account of its 3D
porous structure and excellent electronic conductivity. The CoS2
nanosheets were densely grown on the surface of Ni foam after the
hydrothermal process (Step I). During the reaction, Na2S2O3 reacts
with H2O to form the intermediate product of H2S. Subsequently,
the Co2+ reacted with H2S to generate cobalt disulfide nanosheets
(CoS2). The reactions involved can be illustrated as follows [34]

Na2S2O3 + H2O !Na2SO4 + H2S

H2S + H2O !2 H3Oþ + S2�

CO2þ+ S2� !CoS2
Subsequently, NiFe-LDH nanospheres with the flower-like
structures were directly generated on the surface of CoS2@Ni to
obtain NiFe-LDH@CoS2@Ni (Step II). Before the hydrothermal pro-
cess, the as-synthesized CoS2@Ni was soaked in a homogeneous
solution containing Ni2+, Fe3+, NO3

– and urea in Teflon-lined auto-
clave. As the temperature increased, the OH– and CO3

2– were pro-
duced from the hydrolysis of urea [35,36]. The formation of CO3

2�

in the interlamellar of LDHs nanosheets would expand the LDHs
layers and reduce their interactions, which has advantages to
achieve the LDHs nanosheets with atomical thickness. Moreover,
different from the means by adding extra alkali to generate OH�,
the relatively slow liberation of OH� generated from the hydro-
lyzed urea could lead to the slow generation and aggregation of
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the ion from the primary particles and fast form crystallization of
thinner and larger nanosheets [37]. The reactions involved can be
illustrated as follows:

CO(NH2)2 +H2O !2NH3 + CO2

NH3�H2O !NH4
þ + OH�

CO2 + H2O ! CO3
2— + 2Hþ

(1-x) Ni2þ + x Fe3þ + 2 OH— !(Ni1�xFex)(OH)2

The synthesized nanosheets via a hydrothermal process were
first investigated using a scanning electron microscope (SEM).
The SEM image of bare Ni foam was shown in Fig. S1, which
revealed that the Ni foam surface was highly rough with
micrometer-sized pores, which were beneficial to the growth of
precursor, demonstrating that Ni foam can be used as a template
for surface modification. As shown in Fig. 1a–c, it can be observed
that the irregular CoS2 nanosheets were generated on the macrop-
orous Ni foam substrate. After another hydrothermal process,
flower-like NiFe-LDH nanospheres were formed by the thinner
NiFe-LDH nanosheets with approximately 10 nm in thickness as
shown in Fig. 1d–f. CoS2 nanosheets provide enormous anchoring
sites for the NiFe-LDH nanosheets to grew, subsequently obtain
the hybrid composite with flower-like structure.

To investigate the microstructure of NiFe-LDH@CoS2@Ni and
CoS2@Ni in detail, transmission electron microscope (TEM), high-
resolution transmission electron microscope (HRTEM), selected
area electron diffraction (SAED), energy dispersive X-ray (EDX)
spectrum and element mapping analyses X-ray diffraction (XRD)
were carried out. TEM and HRTEM characterized the morphologies
and structures of the as-prepared samples. As shown in Fig. 2a, it
can be observed that the irregular CoS2 nanosheets were generated
on the macroporous Ni foam substrate. The TEM images of irregu-
lar CoS2 nanosheets are shown in Fig. 2b. The HRTEM image of
CoS2@Ni (shown in Fig. 2c) indicated its high crystallinity. More-
over, as shown in Fig. S2, the SEM image and its corresponding ele-
ment mapping images of CoS2@Ni evidenced the existence and
uniform distribution of S, Co and Ni elements. Additionally, the
chemical composition of the CoS2@Ni was analyzed by EDX and
the results show the elemental ratio of CoS2@Ni in Fig. S2. Fig. 2e
displays the TEM image of NiFe-LDH@CoS2@Ni with flower struc-
ture, which is composed of nanosheets with large specific surface
area. This result is in accord with the SEM images as shown in
Fig. 2d. The HRTEM image of the sample (Fig. 2f) can be indicated
which has a great crystallinity. The interplanar distance of 0.24 nm
should be assigned to a typical crystalline structure, corresponding
to the (012) plane of the NiFe-LDH phase [38]. As shown in Fig. 2e,
the prepared NiFe-LDH flowers have an average diameter of
approximately 1 mm. The energy-dispersive X-ray (EDX) spectrum
(Fig. 2k) and its corresponding element mapping images (Fig. 2g-j)
of NiFe-LDH@CoS2@Ni evidenced the existence and uniform distri-
bution of S, Ni, Co and Fe elements which confirmed the successful
generation of the hierarchical laminated NiFe-LDH@CoS2@Ni. The
EDX spectrum of NiFe-LDH@CoS2@Ni revealed the atomic contents
of Co and Fe are 9.41% and 0.85%, respectively. Furthermore, XRD
(Fig. 2l) was applied to check the phase and composition of the
NiFe-LDH@CoS2@Ni, CoS2@Ni and Ni foam. The three characteristic
peaks located at 2h = 44.50�, 51.85� and 76.37� can be attributed to
the (111), (200) and (220) plans of the cubic phase metallic nickel
(JCPDS 04-0850) [31,38,39], respectively. The three characteristic
peaks located at 2h = 29.24�, 35.84� and 56.94� should be attribu-
ted to the (200), (211) and (311) plans of the cubic phase metallic
CoS2@Ni, respectively. The XRD spectrum of NiFe-LDH@CoS2@Ni
showed three diffraction bands at 2h = 9.7�, 20.0� and 30.1�, which
should be corresponding to the (003), (006) and (012) planes of
LDH materials, respectively [40].

Furthermore, X-ray photoelectron spectroscopy (XPS) measure-
ments were implemented to further investigate the different
valence states of Co, Fe, Ni and S elements in NiFe-LDH@CoS2@Ni
sample as shown in Fig. 3a–d. The survey spectra of the as-
obtained CoS2@Ni and NiFe-LDH@CoS2@Ni samples are also shown
in Fig. S3a, fromwhich the Co, O, S, Ni and Fe elements can be iden-
tified expressly in NiFe-LDH@CoS2@Ni. XPS measurements were
implemented to further investigate the different valence states of
Co, Ni and S elements in CoS2@Ni as shown in Fig. S3. The Co 2p
and Ni 2p spectra can be well-fitted with two spin-orbit doublets
and two shakeup satellites (marked by ‘‘Sat”) using a Gaussian fit-
ting method (Fig. 3a, c). The high-resolution Co 2p, Fe 2p, Ni 2p and
S 2p spectra of NiFe-LDH@CoS2@Ni are shown in Fig. 3a–d. As
shown in Fig. 3a, the peaks located at around 797.1 eV can be
attributed to Co 2p1/2 and the peaks located at around 781.9 eV
and 775.4 eV can be attributed to Co 2p3/2, respectively, which
indicate the co-existence of Co3+ and Co2+ in the NiFe-
LDH@CoS2@Ni [41]. The Fe 2p3/2 peaks are located at 707.63 eV
and 714.72 eV, and Fe 2p1/2 peaks are located at 725.17 eV, sug-
gesting the co-existence of Fe2+ and Fe3+ states (Fig. 3b). The Ni
2p3/2 at 856.21 eV for Ni2+ and Ni 2p1/2 at 873.92 eV for Ni2+ peaks
manifest the existence of Ni element. According to these results,
the NiFe-LDH@CoS2@Ni is composed of Ni2+, Ni3+ and Fe2+, Fe3+

species (Fig. 3c) [42]. The peak located at 162.52 eV is attributed
to the binding energy of S 2p3/2, which may be concerned with
the ionic sulfur with low coordination. The peak located at
161.37 eV is attributed to the binding energy of S 2p1/2, which
may be related to the high synergistic interaction between S and
NiFe-LDH alloy (Fig. 3d) [43–45].

N2 adsorption-desorption isotherms were obtained to investi-
gate the porosity of CoS2@Ni and NiFe-LDH@CoS2@Ni. As shown
in Fig. 3e, the Brunauer-Emmett-Teller (BET) surface area of
NiFe-LDH@CoS2@Ni was significantly improved from 114.84 to
370.75 m2 g�1 when the CoS2@Ni precursor was covered with
flower-like NiFe-LDH nanospheres. As shown in the inset of
Fig. 3f, the pore size distribution of NiFe-LDH@CoS2@Ni hybrid is
mainly located at 4.8 nm. The large specific surface area of NiFe-
LDH@CoS2@Ni should create enormous active sites and ion chan-
nels for attaining an outstanding electrochemical performance.

Moreover, to further investigate the evolution process for the
synthesis of hierarchical NiFe-LDH@CoS2@Ni, the experiments of
NiFe-LDH prepared with different growth times are carried out
and the corresponding SEM images are shown in Fig. 4. The pro-
cesses reveal the morphological and structural transformation
from messy random nanosheets into the flower-like heterostruc-
ture. NiFe-LDH wrinkly nanosheets grown on the CoS2@Ni precur-
sor were observed after 5 h hydrothermal treatment, which
exhibited a wrinkled morphology (NiFe-LDH@CoS2@Ni-5). After
10 h, the NiFe-LDH began to aggregate to form the flower-like
structure (NiFe-LDH@CoS2@Ni). However, the flower-like struc-
tures were gradually destroyed after 20 h (NiFe-LDH@CoS2@Ni-
20). Also, TEM images and N2 adsorption-desorption isotherms,
as well as their pore size distributions of NiFe-LDH@CoS2@Ni-5
and NiFe-LDH@CoS2@Ni-20, are shown in Fig. S4. As shown in
Fig. S4a and b, the NiFe-LDH nanosheets grown on the CoS2@Ni
precursor were observed after 5 h hydrothermal treatment, which
exhibited a wrinkled morphology. However, the flower-like struc-
ture was gradually destroyed after 20 h as shown in Fig. 4. The
Brunauer-Emmett-Teller (BET) measurements for the NiFe-
LDH@CoS2@Ni-5 and NiFe-LDH@CoS2@Ni-20 samples have been
carried out and the surface areas were measured to be 22.65 m2

g�1 and 52.12 m2 g�1, respectively. In addition, the NiFe-
LDH@CoS2@Ni showed the largest specific surface area of
370.75 m2 g�1, which could provide enormous active sites for



Fig. 2. (a) SEM image, (b) TEM image and (c) HRTEM image of as-prepared CoS2@Ni nanosheets and their corresponding SAED image (inset of Fig. 2c). The EDX elemental
mapping images (g-j) for S, Ni, Co and Fe elements of NiFe-LDH@CoS2@Ni and its corresponding SEM images (d). (e) TEM image and (f) HRTEM image of as-prepared NiFe-
LDH@CoS2@Ni and its corresponding SAED image (inset of Fig. 2f). (k) EDX spectrum of NiFe-LDH@CoS2@Ni. (l) XRD patterns of NiFe-LDH@CoS2@Ni, CoS2@Ni and Ni foam.
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achieving outstanding electrochemical performance. Therefore, we
selected 10 h as the optimal experimental condition. Additionally,
the SEM images of NiFe-LDH@Ni are displayed in Fig. S5,
and the XRD pattern and N2 adsorption–desorption isotherm, as
well as their pore size distributions of NiFe-LDH@Ni, are shown
in Fig. S6. The surface area of NiFe-LDH@Ni was found to be
270 m2 g�1.

The electrochemical characteristics of the as-prepared CoS2@Ni,
NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes were evaluated.
Fig. 5a-c depicts the cyclic voltammetry (CV) curves of CoS2@Ni,
NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes at different scans
from 10 to 100 mV s�1. Sure enough, a pair of Faradaic redox peaks
were observed in the voltage window of 0–0.7 V, which should
result from the reversible redox properties of Ni2+/Fe3+ and Fe2+/
Fe3+ [46]. The shape of the CV curves showed the capacitance char-
acteristic with the obvious redox peaks, implying that the capaci-
tance of the fabricated electrode mainly derived from faradaic
redox reactions. More importantly, the NiFe-LDH@CoS2@Ni
electrode showed a larger specific capacitance than CoS2@Ni
(Fig. 5a) and NiFe-LDH@Ni (Fig. 5b) electrodes under the same scan
rates, which may be on account of the enormous active sites sup-
plied by ultrathin nanosheets and implies the better capacitive
properties of the NiFe-LDH@CoS2@Ni electrode. In addition,
Fig. 5g shows the CVs of all fabricated electrodes at a constant scan
rate of 50 mV s�1. The largest CV curve area of NiFe-LDH@CoS2@Ni
electrode can be observed among the tested electrodes, illustrating
the highest capacitance characteristic and the fastest redox reac-
tion kinetic process, respectively.

In addition, GCD curves of NiFe-LDH@Ni and NiFe-
LDH@CoS2@Ni electrodes were also measured at different current
density (Fig. 5d–f). The discharge time of NiFe-LDH@CoS2@Ni
electrode was the longest compared to those of CoS2@Ni and
NiFe-LDH@Ni electrodes, indicating the stable performance
for the charge storage. Meanwhile, the GCD curve of the
NiFe-LDH@CoS2@Ni electrode was almost symmetric in
shape, indicating high coulombic efficiency. Furthermore, the



Fig. 3. (a) Narrow scan spectra for Co 2p (a), Fe 2p (b), Ni 2p (c) and S 2p (d) of NiFe-LDH@CoS2@Ni respectively. N2 adsorption-desorption isotherm of (e) NiFe-LDH@CoS2@Ni
and (f) CoS2@Ni and their pore size distributions (insets of Fig. 3e and f), respectively.

Fig. 4. SEM images of NiFe-LDH samples obtained at different growth time: 5 h (a-b), 10 h (c-d) and 20 h (e-f), respectively.
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NiFe-LDH@CoS2@Ni electrode showed much longer discharge time
than other precursor electrodes at 5 mA cm�2, which was consis-
tent with the CV results (Fig. 5h and g). Additionally, other elec-
trodes also exhibited a gradually decreased discharge time with
the increasing current density range from 2 to 20 mA cm�2, which
indicated the excellent reversible performance during the charge–
discharge process (Fig. 5d–f). The areal capacitance of NiFe-
LDH@CoS2@Ni calculated by Eq. (1) is 11.28 F cm�2 at 2 mA cm�2,
while the areal capacitances of CoS2@Ni and NiFe-LDH@Ni were
calculated to be 5.712 and 0.864 F cm�2 at the same current
density, respectively. Additionally, the calculated specific capaci-
tance of CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni based
on the discharge time is exhibited in Fig. 5j. It can be found that
the flower-like structured electrode achieved the highest capaci-
tance, indicating that the advanced flower-like structure can pro-
vide the largest specific surface area and the best electrochemical
performance. Furthermore, CoS2@Ni, NiFe-LDH@Ni and NiFe-
LDH@CoS2@Ni electrodes were also measured by EIS in frequencies
ranging from 100 kHz to 0.01 Hz and the Nyquist plots are shown
in Fig. 5i, the Nyquist plots of these electrodes all containing a



Fig. 5. Electrochemical performance measurements in three-electrode system. (a-c) CV curves of CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes at different scan
rates, respectively. (d-f) GCD curves of CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes at different current densities, respectively. (g) CV curves of the CoS2@Ni,
NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes measured at the scan rate of 50 mV s�1. (h) GCD curves of the CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes
measured at 5 mA cm�2. (i) Nyquist plots of the CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes in the frequency range from 100 kHz to 0.01 Hz with an amplitude
of 5 mV, respectively. The inset shows the plots in high-frequency range. (j) Specific capacitance of CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni at different current
densities. (k) Comparison of the electrochemical performance of NiFe-LDH@CoS2@Ni with those different LDH-based electrode materials reported.
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semicircle and a straight line can be seen. The semicircle line cor-
responds to charge-transfer resistance (Rct) at high frequency and
the straight line presents ion diffusion resistance at low frequency
[47,48]. At high frequency, the intrinsic resistance of the electrode
materials, the ionic resistance of the electrolyte and the contact
resistance at the active material/current collector interface are
associated with the equivalent internal resistance Rs (the intercept
at the X-axis). As shown in the inset of Fig. 5i, the Rs values of
CoS2@Ni, NiFe-LDH@Ni and NiFe-LDH@CoS2@Ni electrodes were
measured to be 0.77 X, 0.71 X and 0.74 X, respectively. The lower
Rs value of NiFe-LDH@CoS2@Ni electrode indicated the NiFe-
LDH@CoS2@Ni electrode material had low internal impedance
and excellent conductivity.

As shown in Fig. 5k, the prepared electrode based on the flower-
like structured composites achieved a better capacitance compared
with the LDH-based electrodes previously reported. Cycling



Fig. 6. Electrochemical performance measurements in three-electrode system. (a, c) CV curves of NiFe-LDH@CoS2@Ni-5 and NiFe-LDH@CoS2@Ni-20 electrodes at different
scan rates, respectively. (b, d) GCD curves of NiFe-LDH@CoS2@Ni-5 and NiFe-LDH@CoS2@Ni-20 electrodes at different current densities, respectively. (e) CV curves of the
NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-LDH@CoS2@Ni-20 electrodes measured at a scan rate of 50 mV s�1. (f) GCD curves of the NiFe-LDH@CoS2@Ni-5, NiFe-
LDH@CoS2@Ni and NiFe-LDH@CoS2@Ni-20 electrodes measured at 5 mA cm�2. (g) Specific capacitance of NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-LDH@CoS2@-
Ni-20 at different current densities. (h) Nyquist plots of the NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-LDH@CoS2@Ni-20 electrodes in the frequency range from
100 kHz to 0.01 Hz with an amplitude of 5 mV, respectively. The inset shows the plots in high-frequency range.
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performance and coulombic efficiency of the NiFe-LDH@CoS2@Ni
electrode measured at 20 mA cm�2 and the SEM image of NiFe-
LDH@CoS2@Ni after 10,000 electrochemical cycles are shown in
Fig. S8. The fabricated NiFe-LDH@CoS2@Ni electrode presented a
good stability and 81.9% of capacitance was still maintained after
10,000 electrochemical cycles. Moreover, the coulombic efficiency
of NiFe-LDH@CoS2@Ni was measured to be about 81.3% after
10,000 electrochemical cycles as shown in Fig. S8 [20,49,50]. The
SEM image of NiFe-LDH@CoS2@Ni after 10,000 electrochemical
cycles has no obvious change as shown in the inset of Fig. S8. Addi-
tionally, the TEM image, XRD pattern and EDX elemental mapping
images of NiFe-LDH@CoS2@Ni after 10,000 electrochemical cycles
and its corresponding SEM images are also displayed in Fig. S9. It
can be seen that the flower-like structure still kept the basic struc-
ture. The XRD spectrum of CoS2@Ni shows three diffraction bands
of (200), (211) and (311), which confirm the stability of CoS2 [51].
From NiFe-LDH@CoS2@Ni, the diffraction planes of (003), (006)
and (012) confirm the formation of LDH materials, which are all
in accord with the diffraction planes of the sample before 10,000
electrochemical cycles [52]. The remarkable electrochemical per-
formance of NiFe-LDH@CoS2@Ni hybrid can be attributed to the
following superiorities: Firstly, the CoS2 nanosheets directly grown
on the conductive Ni foam, so as to provide excellent conductivity
to the electrode; secondly, the ultra-thin nanosheets of NiFe-LDH
are interconnected, can not only support a large surface area but
also provide abundant active sites for electrochemical reactions
during the charging-discharging process; thirdly, the porous nano-
spheres structure provides effective channels for electrolyte ions
diffusion which can accelerate the transfer rate of electrolyte ions,
resulting in the enhanced electrochemical performance. All of
these advantages endow the NiFe-LDH@CoS2@Ni with excellent
capacitive performance.

The electrochemical characteristics of NiFe-LDH@CoS2@Ni-5
and NiFe-LDH@CoS2@Ni-20 were also evaluated in a three-
electrode in 6 M KOH aqueous electrolyte. Fig. 6a and c depict
the cyclic voltammetry (CV) curves of NiFe-LDH@CoS2@Ni-5 and
NiFe-LDH@CoS2@Ni-20 electrodes at different scan rates from 10
to 100 mV s�1 respectively. Compared with NiFe-LDH@CoS2@Ni-
5 and NiFe-LDH@CoS2@Ni-20, NiFe-LDH@CoS2@Ni (Fig. 5c)
showed a larger CV curve area and more pronounced redox peak
at high current densities, which may be due to the abundant active
sites and large specific surface area supplied by ultrathin
nanosheets. In addition, GCD curves of NiFe-LDH@CoS2@Ni-5 and
NiFe-LDH@CoS2@Ni-10 electrodes were also measured at different
current densities (Fig. 6b and d). The areal capacitance of NiFe-
LDH@CoS2@Ni-5 and NiFe-LDH@CoS2@Ni-20 was calculated to be
7.053 and 6.173 F cm�2 at a current density of 2 mA cm�2, respec-
tively. Also, Fig. 6e shows the CVs of all fabricated electrodes at a
constant scan rate of 50 mV s�1. The largest CV curve area of
NiFe-LDH@CoS2@Ni electrode can be observed among the tested
electrodes, illustrating the highest capacitance characteristic and
the fastest redox reaction kinetic process. As shown in Fig. 6f, it
can be observed that the discharge time of NiFe-LDH@CoS2@Ni
electrode was the longest, indicating the greatest ability for charge
storage [53,54]. Additionally, the calculated specific capacitances
of NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-
LDH@CoS2@Ni-20 based on the discharge time are exhibited in
Fig. 6g. It can be found that the electrode of NiFe-LDH@CoS2@Ni
achieved the highest capacitance, indicating that the special
flower-like structure can provide the largest specific surface area
and the best electrochemical performance. The NiFe-
LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-LDH@CoS2@Ni-20
electrodes were also measured by EIS in frequencies ranging from
100 kHz to 0.01 Hz and the Nyquist plots are shown in Fig. 6h. The
Rs values of NiFe-LDH@CoS2@Ni-5, NiFe-LDH@CoS2@Ni and NiFe-
LDH@CoS2@Ni-20 electrodes were measured to be 0.54 X, 0.74 X
and 0.80 X, respectively.

To further evaluate the energy storage performance of the NiFe-
LDH@CoS2@Ni electrode for practical applications, an asymmetric
all-solid-state supercapacitor (ASC) device was successfully assem-
bled using the NiFe-LDH@CoS2@Ni composite as the positive elec-
trode and AC as the negative electrode (NiFe-LDH@CoS2@Ni//AC).
The individual CV curves of AC and NiFe-LDH@CoS2@Ni electrodes
tested at a sweep rate of 50 mV s�1 in a voltage window from 0 to
0.7 V and �1 to 0 V in 6 M KOH electrolyte were shown in Fig. 7a,
Fig. 7b and c show the CV and GCD curves of the NiFe-
LDH@CoS2@Ni//AC ASC device measured in different voltage win-
dows at a scan rate of 50 mV s�1 and a current density of 1 A



Fig. 7. (a) CV curves of AC and NiFe-LDH@CoS2@Ni electrodes measured at a sweep rate of 50 mV s�1 in a three-electrode system, respectively. (b) CV curves of NiFe-
LDH@CoS2@Ni//AC ASC measured at a sweep rate of 50 mV s�1 in different potential windows. (c) GCD curves of NiFe-LDH@CoS2@Ni//AC ASC measured in different potential
windows at 1 A g�1. (d) CV curves of NiFe-LDH@CoS2@Ni//AC ASC at different scan rates. (e) GCD curves of NiFe-LDH@CoS2@Ni//AC ASC at different current densities. (f)
Histogram of specific capacitance of ASC devices at various current densities. (g) Ragone plot of the as-fabricated NiFe-LDH@CoS2@Ni//AC asymmetric supercapacitor device
and those recently reported from literature. (h) Schematic of electron transportation of NiFe-LDH@CoS2@Ni. (i) The schematic configuration of the NiFe-LDH@CoS2@Ni//AC
ASC device and corresponding photographs of three ASC devices connected in series which could light up LEDs.
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g�1, respectively. The shape of the CV curves remained the same in
different potential windows when the operating voltage was
extended to 1.7 V. Moreover, the shapes of all GCD curves also
remained the same in different potential windows, which proved
the excellent capacitance performance. Fig. 7d shows the CV curves
of the ASC device measured in a potential window of 0–1.7 V at dif-
ferent scan rates ranging from 10 to 60 mV s�1. The GCD curves of
NiFe-LDH@CoS2@Ni//AC ASC device at different current densities
from 0.5 to 5 A g�1 are displayed in Fig. 7e. The NiFe-
LDH@CoS2@Ni//AC ASC device exhibits a specific capacitance of
51.4 F g�1 at 0.5 A g�1 and maintains 14.8 F g�1 at 5 A g�1 as dis-
played in Fig. 7f, revealing its good rate capability. The remarkable
supercapacitor performance for NiFe-LDH@CoS2@Ni can be mainly
attributed to the convenient channels for electron transportation,
as shown in Fig. 7h. The CoS2 nanosheets do not only act as active
electrode material in the electrochemical reaction but also as a
framework to support the NiFe-LDH@CoS2@Ni flower-like nano-
spheres. The NiFe-LDH@CoS2@Ni flower-like nanospheres with
abundant active sites and large specific surface area could provide
convenient channels and low the internal resistance for electron
transportation. The excellent supercapacitor performance of
NiFe-LDH@CoS2@Ni indicates promising energy storage applica-
tions. As shown in Fig. 7g, the as-fabricated device presents an
energy density of 15.84 Wh kg�1 at a power density of
375.16 W kg�1, which is comparable with some recently reported
devices, such as CoMn-LDH //AC (5.9 Wh kg�1 at 250 W kg�1, 4.4
Wh kg�1 at 2500 W kg�1) [55], ASC CoS//AC (5.3 Wh kg�1 at
1800 W kg�1, 1.53 Wh kg�1 at 9000 W kg�1) [56], MSMC//MSM
(7.41 Wh kg�1 at 681 W kg�1, 1.74 Wh kg�1 at 1396 W kg�1)
[57]. Furthermore, an all-solid-state ASC device of NiFe-
LDH@CoS2@Ni//AC was assembled with KOH/poly(vinyl alcohol)
(PVA) as the gel electrolyte to assess its practical application. As
shown in Fig. 7i, a blue LED indicator with a working voltage of
2.5 V can be lighted for more than 30 min when three ASC devices
are connected in series.
4. Conclusions

In conclusion, the NiFe-LDH@CoS2@Ni flower-like structure on
3D porous Ni foam was successfully achieved by the facile two-
step hydrothermal methods and directly used to fabricate a
binder-free electrode with an excellent specific capacitance of
11.28 F cm�2 (3880 F g�1) at 2 mA cm�2 (1.17 A g�1). In addition,
an all-solid-state asymmetric supercapacitor was also fabricated
by NiFe-LDH@CoS2@Ni hybrid and presented a high energy density
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of 15.84 Wh kg�1 at the power density of 375.16 W kg�1 that can
light up a blue LED indicator for 30 min. The remarkable electro-
chemical performances can be ascribed to the flower-like structure
of ultra-thin nanosheet, which provides high specific surface area
and a large number of active sites, shortens the diffusion distance
between electrolyte ions and substrates and accelerates the elec-
tron transport. Therefore, this study confirms that the NiFe-
LDH@CoS2@Ni hybrid has great potential as electrode materials
for high-performance supercapacitors.
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