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In this work, hierarchical NiCo2O4@Co-Fe layered double hydroxide (LDH) core-shell nanowire arrays on
Ni foam were synthesized by facile hydrothermal and calcination methods. The pre-formed NiCo2O4

nanowires on Ni foam acted as a substrate and then guided the deposition of Co-Fe LDH nanoflakes on
their surface to form a highly porous hierarchical core–shell heterostructure. Meanwhile, NiCo2O4 nano-
wires and Co-Fe LDH nanoflake films were also deposited on Ni foam. The materials were well character-
ized and used for electrochemical energy storage. The unique core-shell configuration of NiCo2O4@Co-Fe
LDH can make full use of the synergistic effects of two components, provide sufficient electroactive sites
as well as facilitate the charge transportation process. The as-prepared NiCo2O4@Co-Fe LDH nanowire
arrays displayed outstanding electrochemical performances with a high specific capacitance of 1557.5
F g�1 at 1 A g�1. The assembled two-electrode hybrid device NiCo2O4@Co-Fe LDH//activated carbon could
deliver an energy density of 28.94 Wh kg�1 at the power density of 950 W kg�1, showing a promising
potential in energy storage and conversion.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

With increasing serious environmental pollution and fossil fuel
consumption, the development of renewable energy storage
devices becomes more and more important [1–4]. Supercapacitors,
also called electrochemical capacitors, have attracted widespread
attention from both industry and academia due to their high power
density, superior rate capability, rapid charge/discharge process
and long cycle life (>100 000 cycles) [5,6]. The performances of
supercapacitor are essentially determined by the properties of
electrode materials [7,8]. Recently, transition metal oxides and
hydroxides have been extensively investigated as battery-type
electrode materials for supercapacitor because of their high theo-
retical specific capacitance and abundant sources [9,10]. However,
due to the intrinsic poor electrical conductivity and the short diffu-
sion distance of electrolytes into the materials, the total capaci-
tance can only be effectively contributed by the surface part of
electroactive materials whereas the underneath parts can hardly
participate in the charge storage process, which thus leading to
an unsatisfactory electrochemical performance [11,12]. Therefore,
it is imperative to design electrode materials with advanced archi-
tectures for high conductivity and short ion diffusion distance.

In recent years, one-dimensional (1D) core-shell heteronanos-
tructures have been considered as one of the most potential candi-
dates for the next generation electrode design, since they can
shorten the ion diffusion distance, increase the electrolyte-
electrode contact area and enhance the structural stability [13–
15]. Heterogeneous structures made of different core-shell
battery-type materials are designed frequently, because both core
and shell materials have Faradaic reactions during the charge/dis-
charge processes, which will lead to a high specific capacitance
[16]. To date, many transition metal oxide nanowires such as
Fe2O3 [17], Co3O4 [18,19], CoO [20], ZnO [21], CuO [22] and NiO
[23] etc. have been used as the core skeleton to support guest shell
materials. Compared with other metal oxides, ternary nickel cobal-
tite (NiCo2O4) has aroused particular interest owing to its high
electrical conductivity and superior stable electrochemical activity
[24,25]. Recently, the reported core-shell 1D structures using
NiCo2O4 as core have displayed excellent electrochemical perfor-
mances [26,27]. Yu and co-workers successfully fabricated NiCo2-
O4@MnO2 core-shell nanowire arrays on carbon fiber paper,
which demonstrated a high areal capacitance of 3.31 F cm�2 at 2
mA cm�2 and had only 12% capacitance loss after 2000 cycles at
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10 mA cm�2 [26]. Chen et al. synthesized NiCo2O4@NiWO4 core-
shell nanowire arrays on Ni foam, and the optimized electrode dis-
played remarkable electrochemical performance with a high speci-
fic capacitance of 1384 F g�1 at 1 A g�1 and superior cycling
stability of 87.6% retention after 6000 cycles at 5 A g�1 [27].

As a kind of two-dimensional (2D) materials, transition metal
layered double hydroxides (LDH) exhibit a special layered struc-
ture. Their high surface area and fast ion transfer rates facilitate
their applications in energy conversion and storage [28–31]. How-
ever, the aggregation and low electrical conductivity of LDHs
restrict the ions/electrons transportation, which results in unsatis-
factory electrochemical performances [32,33]. Therefore, thin LDH
nanoflakes are often designed as the shell materials of 1D core-
shell structure to increase their surface area and provide abundant
electrolyte diffusion channels. X. He prepared NiCo2O4@NiCoAl-
LDH core/shell nanoforest arrays as an electrode material, and
the as-prepared composite showed a high specific capacitance
(1814.2 F g�1 at 1 A g�1) and outstanding cycling stability (93%
retention after 2000 cycles at 10 A g�1) [34]. Co-Fe LDH with the
co-existence of Co and Fe ions in the host layers has come into
focus, which can be ascribed to the rich redox reactions and the
synergistic effects during the electrochemical processes [35]. How-
ever, its low electrical conductivity and severe aggregation also
limited its property, thus pure Co-Fe LDH usually exhibited low
electrochemical performances. Co-Fe LDH nanoflakes have been
also reported as the shell material of 1D core-shell structures for
energy storage application, such as CuO@Co-Fe LDH [22] and
NiO@Co-Fe LDH [36]. However, the fabrication of core-shell 1D
heteronanostructured composite using NiCo2O4 nanowires and
Co-Fe LDH nanoflakes has not been explored so far. By combination
the high conductive NiCo2O4 nanowire as core with high active Co-
Fe LDH as shell, the hierarchical composite is expected to deliver a
high performance.

Herein, we synthesized NiCo2O4@Co-Fe LDH nanowire arrays on
nickel foam through simple hydrothermal and calcination meth-
ods. The unique core-shell configuration can make use of synergis-
tic effects of two components, provide sufficient electroactive sites
and abundance electrolyte diffusion channels. Thus, the as-
fabricated composite displays an outstanding electrochemical per-
formance, a high specific capacitance of 1557.5 F g�1 at 1 A g�1 and
the assembled two-electrode hybrid device NiCo2O4@Co-Fe LDH//
activated carbon (AC) can deliver an energy density of 28.94 Wh
kg�1 at the power density of 950 W kg�1.
2. Experimental section

2.1. Materials preparation

2.1.1. Synthesis of NiCo2O4 nanowire arrays on Ni foam
All the chemical reagents are of analytical grade without further

purification. Ni foams were ultra-sonicated in ethanol, 5% HCl solu-
tion and deionized water successively, each for 10 min and then
dried at 80 �C. Then NiCo2O4 nanowire arrays were fabricated by
hydrothermal followed by calcination. 1.19 g CoCl2�6H2O, 0.59 g
NiCl2�6H2O and 0.53 g urea were dissolved in 50 mL deionized
water under magnetic stirring for 30 min at room temperature.
Thereafter, the as-obtained homogeneous solution was transferred
into an 80 mL Teflon-lined stainless-steel autoclave with pre-
treated Ni foam being immersed into the above solution. The auto-
clave was sealed and then heated at 120 �C for 12 h. After it was
cooled down to room temperature, Ni foam coated with pink pre-
cursor was taken out and washed with deionized water under
ultrasonic treatment for a few minutes. Finally, the precursor
was heated at 300 �C for 3 h in air to obtain NiCo2O4 nanowires.
2.1.2. Preparation of NiCo2O4@Co-Fe LDH core-shell nanowire arrays
The as-prepared NiCo2O4 nanowire arrays were used as scaffold

for the further growth of Co-Fe LDH nanoflakes. The Co-Fe LDHwas
synthesized via another hydrothermal process followed by I2 oxi-
dation [35]. 0.3807 g CoCl2�6H2O and 0.0795 g FeCl2�4H2O were
dissolved into 80 mL deionized water which was bubbled by pure
nitrogen to eliminate oxygen. Subsequently, 0.2243 g hexam-
ethylenetetramine was added into the solution under a nitrogen
atmosphere. Afterwards, the solution was transferred into an 80
mL Teflon-lined stainless-steel autoclave and the as-prepared Ni
foam loaded with NiCo2O4 nanowire arrays was soaked into the
solution. Then the autoclave was sealed and kept at 90 �C for 3 h.
At the same time, 50 mL ethanol solution containing 0.0761 g I2
was also washed by nitrogen gas for 1 h. After the autoclave cooled
down to room temperature, the obtained Ni foam was rapidly
taken out and then immersed into above ethanol solution under
a nitrogen atmosphere for 2 h at room temperature. Then the Ni
foam was collected and washed by deionized water and alcohol
repeatedly, and dried at 80 �C.

For comparison, NiCo2O4 nanowires and Co-Fe LDH nanoflakes
deposited on Ni foam were simultaneously prepared by the same
procedures as-ascribed above. All the mass loading of electrode
material was calculated by weighting the Ni foam before and after
reaction.

2.2. Materials characterization

The crystal structure of as-prepared products was analyzed by
X-ray diffractometer (Shimadzu, XRD-6000) using Cu-Ka irradia-
tion (k = 1.5406 Å) from 10 to 80� with a rate of 3� min�1. The
chemical composition was investigated by X-ray photoelectron
spectroscopy (XPS, Thermo, Escalab 250 Xi). A scanning electron
microscope (SEM, Hitachi S-4800) and a transmission electron
microscope (TEM, Philips CM200) were used to characterize the
structure and morphology of materials. The elemental analysis of
NiCo2O4@Co-Fe LDH was also measured by an electron dispersive
X-ray spectrometer (EDS) coupled to the SEM.

2.3. Electrochemical measurements for electrode materials

The electrochemical measurements for electrode materials
were performed in 2 M KOH aqueous electrolyte by a standard
three-electrode system. NiCo2O4@Co-Fe LDH (� 1.5 � 1.5 cm2,
NiCo2O4 mass � 1.2 mg/cm2, Co-Fe LDH mass � 0.5 mg/cm2),
NiCo2O4 and Co-Fe LDH on Ni foamwere directly used as the work-
ing electrodes, with Pt foil as the counter electrode and Ag/AgCl
electrode as reference electrode. Cyclic voltammograms (CV), gal-
vanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) were measured by a CHI660D electrochemical
workstation. The cycle life was tested by galvanostatic charge-
discharge technique on a LANDCT2001A test system. The specific
capacitance (Cs, in F g�1) was calculated by the following equation,

Cs ¼ I� t=ðm� DVÞ ð1Þ
wherein I (A), t (s), m (g), DV represent the discharge current, dis-
charge time, mass of active material and potential window,
respectively.

2.4. Electrochemical measurements for hybrid capacitors

A hybrid supercapacitor was assembled by using AC as negative
electrode and NiCo2O4@Co-Fe LDH as positive electrode. The mass
of the two electrode materials was balanced to ensure an efficient
charge storage according to the equation of Q+ = Q�, where Q+ and
Q� are the stored charges of the positive and negative electrodes,
respectively. The energy density (E, in Wh kg�1) and power density
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(P, in W kg�1) of the hybrid supercapacitor were calculated accord-
ing to following equations:

E ¼
R
IVðtÞdt
M

ð2Þ

P ¼ E=t ð3Þ
where I (A), V(t) (V), M (g) and t (s) represent the discharge current,
discharge voltage excluding the IR drop, total mass of the active
electrode materials and discharge time, respectively.

3. Results and discussion

3.1. Chemical and structure characterization

The general synthesis procedure is schematically illustrated in
Scheme 1. Initially, through hydrothermal and thermal treatment,
highly dense NiCo2O4 nanowires were grown on the surface of Ni
foam. Subsequently, Co-Fe LDH nanoflakes were deposited onto
the surface of NiCo2O4 nanowires by hydrothermal reaction of
Co, Fe chloride in alkaline environment, forming a hierarchical
core–shell structure. The composite materials on the Ni foam are
directly used as electrodes for supercapacitors.

The phase and crystal structure of the as-prepared products
were analyzed by X-ray diffraction (XRD). Fig. 1(a) is the XRD pat-
terns of the materials. The strong peaks at 44.5�, 51.8�, 76.3� are
caused by Ni foam substrate. The diffraction peaks of NiCo2O4

nanowire arrays can be observed at 31.1�, 36.6�, 44.6�, 59.1� and
64.9� corresponding to the (220), (311), (400), (511), and (440)
planes of spinel NiCo2O4 (JCPDF card No. 20-0781), respectively.
Compared with Ni foam, the diffraction peaks of Co-Fe LDH are
too weak to be clearly inspected, hence an XRD analysis of Co-Fe
LDH from 5 to 40� is further conducted and the result is shown
in the inset of Fig. 1(a). The observed peaks at about 11.6�, 23.4�
and 34.1� are well indexed to Co-Fe LDH (PDF No.50-0235). Mean-
while, we can conclude that NiCo2O4 and Co-Fe LDH were also
deposited on the surface of Ni foam from curve b and curve c,
respectively.

X-ray photoelectron spectroscopy (XPS) was performed to fur-
ther investigate the composition and chemical state of the ele-
ments in NiCo2O4@Co-Fe LDH, as shown in Fig. 1(b–f). The
survey spectrum of NiCo2O4@Co-Fe LDH in Fig. 1(b) with peaks of
C 1s, O 1s, Ni 2p, Co 2p and Fe 2p indicates the composition of
NiCo2O4@Co-Fe LDH. The Ni 2p spectrum exhibits two spin-orbit
doublets in 2p1/2 and 2p3/2 electronic configurations at 873.5 eV
and 856 eV, respectively (Fig. 1(c)). The peak positions located at
855.9 eV, 856.7 eV, 873.2 eV and 874.4 eV suggest the co-
existence of Ni2+ and Ni3+ in the sample [37]. In the Co 2p spectrum
(Fig. 1(d)), two peaks of 2p1/2 and 2p3/2 can be observed at the
energies of 797.2 eV and 781 eV, respectively. The peaks at 780.8
eV and 796.7 eV are the characteristic of Co3+, while the peaks at
Scheme 1. The illustration of the fabrication process of
782.4 eV and 797.9 eV are from Co2+ [38], revealing that different
valence states of Co2+ and Co3+ exist in NiCo2O4@Co-Fe LDH. Fig.
1(e) is the XPS spectrum of Fe 2p. The Fe 2p spectrum is also fitted
with two spin-orbit doublets of 2p1/2 and 2p3/2 at the energies of
712.2 eV and 725.5 eV, respectively. The asymmetry and complica-
tion of Fe 2p spectrum indicates the co-existence of Fe2+ and Fe3+

[35]. The O 1 s spectrum in Fig. 5(f) separates into three peaks,
where the peak at 529.6 eV is consistent with absorbed water,
the peak of 531.4 eV can be fitted by the presence of hydroxyl
group and the peak located at 531.7 eV can be indexed to oxygen
species in NiCo2O4 [34].

Fig. 2(a–d) show the morphologies and microstructures of
NiCo2O4, Co-Fe LDH and NiCo2O4@Co-Fe LDH. Fig. 2(a) reveals that
the obtained NiCo2O4 nanowires are uniformly grown on the sur-
face of the Ni foam substrate with the length of about 5 lm, form-
ing a nanowire array structure completely. In Fig. 2(b), Co-Fe LDH
nanoflakes are evenly distributed on Ni foam with the size of sev-
eral micrometers, from which it can be clearly seen that the nano-
flakes closely contact with each other to form a highly porous
network film. After hydrothermal deposition, NiCo2O4 nanowires
are entirely wrapped by Co-Fe LDH nanoflakes as shown in Fig. 2
(c) and (d) in different magnifications. It can be obviously found
that the size of Co-Fe LDH on NiCo2O4 nanowires is much smaller
than that directly grown on the surface of Ni foam in Fig. 2(b),
which is beneficial for better electrochemical performance. Fig. 2
(d) under a high magnification further reveals that the Co-Fe LDH
nanoflakes are interconnected with each other and coated the
NiCo2O4 nanowires intimately, presenting as a highly porous film,
which will facilitate the diffusion of electrolyte ions and increase
electroactive surface sites. And it can be seen from the sectional
images (Fig. S1(a–c)) that NiCo2O4 nanowires and Co-Fe LDH nano-
flakes are both grown on Ni foam substrate closely, hence they can
be directly used as electrodes, avoiding the usage of polymer bin-
der and conductive agents. The crystal growth mechanism can be
attributed to ‘‘oriented attachment” and ‘‘self-assembly” processes.
The nano-sized NiCo2O4 core acted as a substrate and then guided
the self-assembling growth of Co-Fe LDH on the surface of NiCo2O4,
which led to a smaller size of Co-Fe LDH compared to the Ni foam
due to the higher surface areas of NiCo2O4 nanowires on Ni foam.
Furthermore, the Co-Fe LDH nanoflakes can attach to the surface
of NiCo2O4 to decrease the surface energy [39]. Thus, hierarchical
NiCo2O4@Co-Fe LDH core-shell nanowire arrays are easily formed.

The microstructure of the obtained materials was further stud-
ied by TEM. As shown in Fig. 3(a) and (b), NiCo2O4 nanowires with
diameters about 50–200 nm are composed of a large number of
nanoparticles about 5 nm in size. From the HRTEM image in Fig.
3(b), the measured lattice fringes are 0.29 and 0.24 nm, corre-
sponding to the distances of the (220) and (311) planes, respec-
tively, indicating the cubic spinel structure of NiCo2O4 crystal.
Fig. 3(c) shows that the composite is composed of NiCo2O4 nano-
wires as core and Co-Fe LDH nanoflakes as shell, from which it
NiCo2O4@Co-Fe LDH nanowire arrays on Ni foam.



Fig. 1. (a) XRD patterns of NiCo2O4, Co-Fe LDH and NiCo2O4@Co-Fe LDH, XPS spectra of NiCo2O4@Co-Fe LDH, (b) survey spectrum, (c) Ni 2p, (d) Co 2p, (e) Fe 2p and (f) O 1s.
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can be clearly seen that the interconnected nanoflakes are tightly
bonded to NiCo2O4 nanowire to form a highly porous hierarchical
core–shell heterostructure. The selected area electron diffraction
(SEAD) pattern in Fig. 3(d) indicates the multicrystal characteristic
of the composite. Several diffraction points from some NiCo2O4

planes are marked in the image. The composition analysis mea-
sured by EDS in Fig. S2 shows that the NiCo2O4@Co-Fe LDH is
mainly composed of elements Ni, Co, Fe and O. The atomic percent-
age in the composite is 12.50%, 19.35% and 5.6% for Ni, Co and Fe,
respectively. But the presence of Ni foam substrate may influence
the ratio of each element. Fig. 3(e–i) demonstrate the EDS elemen-
tal mappings of NiCo2O4@Co-Fe LDH nanowire arrays. The uni-
formly spacial distribution of Ni, Co, Fe and O in the
NiCo2O4@Co-Fe LDH further proves that Co-Fe LDH nanoflakes
are homogeneously distributed on the surface of NiCo2O4

nanowires.
3.2. Electrochemical performance

To test the electrochemical properties of NiCo2O4 nanowire
arrays, NiCo2O4@Co-Fe LDH core/shell nanowire arrays and Co-Fe



Fig. 2. SEM images of (a) NiCo2O4 nanowire arrays on Ni foam, (b) Co-Fe LDH nanoflakes on Ni foam, (c-d) NiCo2O4@Co-Fe LDH nanowire arrays on Ni foam.
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LDH on Ni foam, CV, GCD and EIS measurements in a three-
electrode system in 2 M KOH were conducted.

Fig. 4(a) shows the CV curves of NiCo2O4@Co-Fe LDH electrode
at different scan rates within a potential range from 0 to 0.5 V.
The CV curves of NiCo2O4 and Co-Fe LDH are shown in Fig. S3(a)
and (b), respectively. The obvious redox peaks can be attributed
to the surface Faradaic redox reactions. The position of the redox
peaks shifts with the increasing scan rates, this serious electro-
chemical polarization phenomenon is caused by the low electrical
conductivity of the electrode material, which will limit charge
transfer and ion transport at high scan rate. Fig. 4(b) displays the
CV curves of NiCo2O4 nanowire arrays, Co-Fe LDH and NiCo2O4@-
Co-Fe LDH nanowire arrays at 5 mV s�1 for a comparison. The
0.16 V of anodic peak for NiCo2O4, 0.17 V for NiCo2O4@Co-Fe LDH
and 0.24 V for Co-Fe LDH are clearly observed, and the cathodic
peaks at 0.45 V, 0.45 V and 0.39 V are corresponded to their reverse
process, respectively. The surface Faradaic redox reactions can be
described as Eqs. (4–6)[40,41]. Furthermore, the CV integrated area
of NiCo2O4@Co-Fe LDH is larger than those of NiCo2O4 and Co-Fe
LDH, indicating its better electrochemical performance.

NiCo2O4 + OH� + H2O ! NiOOH + 2CoOOH + e� ð4Þ
Co(OH)2 + OH� ! CoOOH + H2O + e� ð5Þ
CoOOH + OH� ! CoO2 + H2O + e� ð6Þ
The GCD curves of NiCo2O4@Co-Fe LDH nanowire arrays at dif-

ferent current densities are shown in Fig. 4(c) and the GCD curves
of NiCo2O4 and Co-Fe LDH are shown in Fig. S3(c) and (d), respec-
tively. The apparent voltage plateaus demonstrate the existence of
Faradic redox reactions, and they match well with the redox peaks
in the CV curves. The good symmetry of GCD curves indicates that
the sample has a high coulombic efficiency. Fig. 4(d) displays the
comparison of GCD curves of NiCo2O4 nanowire arrays, Co-Fe
LDH and NiCo2O4@Co-Fe LDH nanowire arrays at the same current
density of 1 A g�1. Evidently, NiCo2O4@Co-Fe LDH electrode (623 s)
shows much longer discharge time than both NiCo2O4 electrode
(393 s) and Co-Fe LDH (182 s), revealing that the NiCo2O4@Co-Fe
LDH electrode possesses the highest specific capacitance. Then,
the specific capacitance of three materials are calculated from
the GCD curves according to Eq. (1) and the values are shown in
Fig. 4(e). The specific capacitance for NiCo2O4@Co-Fe LDH is
1557.5, 1362.5, 985, 660 and 550 F g�1 at the current density of
1, 2, 5, 8, 10 A g�1, respectively. While the values for NiCo2O4 are
982.5, 931.5, 798.75, 740 and 662.5 F g�1 under the same condi-
tions. Meanwhile, the specific capacitance of Co-Fe LDH is 455,
361.5, 232.5, 156, 122.5 F g�1 under the same above current den-
sities. The electrochemical performance of Co-Fe LDH is worse than
the other two electrodes, which is well consistent with the result of
CV curves. Furthermore, it can be seen that NiCo2O4@Co-Fe LDH
nanowire arrays possess a much higher capacitance than NiCo2O4

nanowire arrays at low current densities, whereas the result is con-
verse at high current densities, indicating the inferior rate capabil-
ity of the composite. The result of its higher capacitance can be
attributed to the fact that the ‘‘shell” Co-Fe LDH increases elec-
troactive surface sites for redox reaction and the porous structure
provides abundant electrolyte diffusion channels. However, the
combination of Co-Fe LDH on highly conductive NiCo2O4 nanowire
decreases the total conductivity and causes a higher resistance
than pure NiCo2O4 nanowires, which will limit the diffusion of ions
and electrons at high current densities. As a consequence, the com-
posite displays a worse rate capability than NiCo2O4 nanowires
under high current density.

To further research the interfacial kinetics of electrode materi-
als, EIS is measured and the Nyquist plots are shown in Fig. 4(f).



Fig. 3. TEM images of (a and b) NiCo2O4 nanowire and (c) NiCo2O4@Co-Fe LDH, (d) selected area electron diffraction of the NiCo2O4@Co-Fe LDH, (e) SEM image of the
selected-area for elemental mapping analysis, (f–i) elemental mappings of Ni, Co, Fe and O.
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Each EIS plot can be divided into two parts, a straight sloping line
in low-frequency area and a small semi-circle in high-frequency
region [42]. The curves are all simulated in Fig. S4(a–c), and their
equivalent circuit is shown in the inset of Fig. 4(f). At low fre-
quency, the slope of the curves represents the Warburg impedance
(W1), which means the diffusion resistance of the electrolyte. It
can be seen that NiCo2O4 nanowire arrays has the most ideal
straight line along the imaginary axis, showing its lowest diffusion
resistance. The diffusion resistance of NiCo2O4@Co-Fe LDH is larger
than NiCo2O4, which can be explained by the fact that the surface
of NiCo2O4 nanowires are wrapped by Co-Fe LDH, whereas the
poor conductivity of Co-Fe LDH will limit the diffusion of elec-
trolyte ions. At high frequency, the intercept on the real axis dis-
plays the equivalent series resistance (R1) and the semicircle
indicates the charge-transfer resistance (R2). As shown in the inset,
NiCo2O4@Co-Fe LDH has a smaller R1 value (0.42 X) than NiCo2O4

(0.55 X) and Co-Fe LDH (0.81 X), suggesting its better electronic
conductivity. For charge transfer resistance, the calculated R2 val-
ues for NiCo2O4@Co-Fe LDH, NiCo2O4 and Co-Fe LDH are 0.36, 0.20
and 2.15 X, respectively. The charge transfer resistance of Co-Fe
LDH is much higher than the others. And the Co-Fe LDH nanoflakes
on the surface of NiCo2O4 nanowires somehow decrease the con-
ductivity of the composite material. The repeated charge-
discharge measurements for 5000 cycles were conducted at 5 A
g�1 to test the cycling stability of the three electrode materials,
as shown in Fig. S4(d). The specific capacitance retention for NiCo2-
O4@Co-Fe LDH, NiCo2O4 and Co-Fe LDH is 59.1%, 77.8% and 61.5%,
respectively. NiCo2O4 shows the best cycling stability, whereas
both NiCo2O4@Co-Fe LDH and Co-Fe LDH display a comparable
low stability. It can be ascribed to the structural change of Co-Fe
hydroxides during the long-time Faradic reaction [35].

To reach a high energy density and power density, the design of
hybrid capacitors has received much attention. Unlike traditional
supercapacitors, hybrid capacitors consist of two different elec-



Fig. 4. Electrochemical characterization of the materials in 2 M KOH, (a) CV curves of NiCo2O4@Co-Fe LDH at various scan rates, (b) CV curves of the three materials at the
scan rate of 5 mV s�1, (c) GCD curves of NiCo2O4@Co-Fe LDH at different current densities, (d) GCD curves of the three materials at the current density of 1 A g�1, (e) specific
capacitance at various current densities and (f) Nyquist plots for the different materials.
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trodes, i.e., a capacitor-type electrode as a power source and a
battery-type Faradaic electrode as an energy source [43]. In order
to explore the electrochemical performance of NiCo2O4@Co-Fe
LDH for practical application, a hybrid capacitor was assembled
by using it as positive electrode and AC (18.48 mg) as negative
electrode in 2 M KOH aqueous electrolyte. Fig. 5(a) shows the CV
curves of an AC electrode and NiCo2O4@Co-Fe LDH electrode at
the scan rate of 5 mV s�1 in a three-electrode system. The nearly
rectangle shape of the CV curve for AC proves its typical EDLC
behavior. The CV curves at different scan rates of the hybrid capac-
itor are exhibited in Fig. 5(b), which reveal a dual energy storage
mechanism of the energy storage device. Fig. 5(c) displays the
GCD curves of the hybrid capacitor at various current densities.
The symmetric curves demonstrate the good coulombic efficiency
of the hybrid capacitor, and the slight voltage plateaus indicate
the existence of Faradaic reaction, corresponding well with the
CV curves. The specific capacitance based on the total mass of
two electrodes calculated by Eq. (1) are 64.76, 53.88, 44.65, 40,
39.71 F g�1 at 1, 2, 3, 4 and 5 A g�1, respectively, as shown in the
inset of Fig. 5(d). The specific capacitance at 5 A g�1 can still remain
61.3% of that at 1 A g�1, indicating a moderate rate capability. The
energy and power densities of the hybrid capacitor are calculated
by Eq. (2) and Eq. (3), respectively, as presented as a Ragone plot
in Fig. 5(d). The hybrid capacitor of NiCo2O4@Co-Fe LDH//AC shows



Fig. 5. (a) CV curves of NiCo2O4@Co-Fe LDH and AC at the scan rate of 5 mV s�1, (b) CV curves of the hybrid capacitor at various scan rates, (c) GCD curves of the assembled
hybrid capacitor at different current densities, (d) Ragon plot of the hybrid capacitor based on NiCo2O4@Co-Fe LDH (inset displaying the specific capacitance at different
current densities).
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an energy density of 28.94 Wh kg�1 at the power density of 950 W
kg�1 and maintains 18.47 Wh kg�1 at the power density of 4925 W
kg�1. Compared with previously reported hybrid capacitors, such
as NiO@Co-Fe LDH (22 Wh kg�1) [36] and NiCo2O4@NiMoO4

(21.7 Wh kg�1) [44], the NiCo2O4@Co-Fe LDH//AC capacitor in this
work shows a higher energy density. The cycling stability of the
device is also examined and shown in Fig. S5. 76.9% retention of
the initial specific capacitance after 5000 cycles at 2 A g�1 reveals
the outstanding cycling stability of the hybrid supercapacitor.
Therefore, the assembled hybrid capacitor has great potential in
practical energy storage.
4. Conclusion

In conclusion, hierarchical NiCo2O4@Co-Fe LDH core-shell nano-
wire arrays are successfully synthesized by a facile procedure. This
novel core-shell structured electrode material offers plenty of
advantages as follows: (1) the material deposited on Ni foam can
be directly used as electrode, avoiding the usage of polymer binder
and conductive agents. (2) The firstly-grown NiCo2O4 nanowire
arrays serve as backbone for the subsequent growth of Co-Fe
LDH nanoflakes, providing more electroactive surface sites. (3)
The reasonable combination of NiCo2O4 and Co-Fe LDH can make
full use of potential synergistic effects. Consequently, the fabri-
cated NiCo2O4@Co-Fe LDH nanowire arrays displayed an outstand-
ing electrochemical performance, with a high specific capacitance
of 1557.5 F g�1 at 1 A g�1 and the assembled two-electrode hybrid
device NiCo2O4@Co-Fe LDH//activated carbon could deliver an
energy density of 28.94 Wh kg�1 at the power density of 950 W
kg�1.
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