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A B S T R A C T

Hybrid nanomaterials with hierarchical structures have been considered as one kind of the most
promising electrode materials for high-performance supercapacitors with high capacity and long cycle
lifetime. In this work, multi-dimensional hybrid materials of nickel-cobalt layered double hydroxide (Ni-
Co LDH) nanorods/nanosheets on carbon nanofibers (CNFs) were prepared by electrospinning technique
combined with one-step solution co-deposition method. Carbon nanofiber membranes were obtained by
electrospinning of polyacrylonitrile (PAN) followed by pre-oxidation and carbonization. The successful
growth of Ni-Co LDH with different morphologies on CNF membrane by using two kinds of auxiliary
agents reveals the simplicity and universality of this method. The uniform and immense growth of Ni-Co
LDH on CNFs significantly improves its dispersion and distribution. Meanwhile the hierarchical structure
of carbon nanofiber@nickel-cobalt layered double hydroxide nanorods/nanosheets (CNF@Ni-Co LDH NR/
NS) hybrid membranes provide not only more active sites for electrochemical reaction but also more
efficient pathways for electron transport. Galvanostatic charge-discharge measurements reveal high
specific capacitances of 1378.2 F g�1 and 1195.4 F g�1 (based on Ni-Co LDH mass) at 1 A g�1 for CNF@Ni-Co
LDH NR and CNF@Ni-Co LDH NS hybrid membranes, respectively. Moreover, cycling stabilities for both
hybrid membranes are significantly enhanced compared with those of Ni-Co LDH NR and NS powders.
This facile method provides a new strategy for designs and applications of binary transition metal oxides/
hydroxides deposited on various substrates for next-generation energy storage devices.
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1. Introduction

Nowadays, high-performance energy storage technologies are
widely explored in order to remit the increasingly tensive energy
situation [1,2]. Supercapacitors, also called as electrochemical
capacitors, have attracted extensive attention because of their fast
charge-discharge process, long lifespan and high power density
[3–7]. In general, supercapacitors can be divided into two
categories of electrical double-layer capacitors (EDLCs) and
pseudocapacitor based on their charge-discharge mechanism
[6,8]. Electrode materials for EDLCs, such as reduced graphene
oxide, carbon nanotubes and graphitized carbon, usually own good
cycle lifetime but low specific capacity to meet the ever-growing
needs for high-performance energy devices [9–11]. Transition-
metal oxides/hydroxides, such as RuO2, MnO2, NiO, Ni(OH)2, Co3O4,
Fe3O4 and their binary systems are typical electrode materials for
* Corresponding author. Tel.: +86 21 55664197; fax: +86 21 65640293.
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pseudocapacitors with a relatively high specific capacity [12–18].
Nickel-cobalt layered double hydroxides (Ni-Co LDHs) are one kind
of the most promising candidates among binary metal hydroxides
due to their low cost, high redox activity and electrical conductivity
[19–22]. Moreover, abundant OH� ions in hydrotalcite-like
structure of Ni-Co LDHs can drastically increase the ion exchange
rate during the electrochemical charge-discharge processes. Xie
et al. synthesized Co-Ni layered double hydroxide (CoxNi1-x LDH)
nanoparticles by a poly (vinyl pyrrolidone)-assisted chemical co-
precipitation method, which exhibited the highest specific
capacitance of 2614 F g�1 when the atomic ratio of Co to Ni was
equal to 0.57:0.43 [23]. Hsu et al. obtained mesoporous Ni-Co oxy-
hydroxides through the microwave assisted hydrothermal anneal-
ing method, showing a specific capacitance of 636 F g�1 under the
calcination temperature of 200 �C [24]. Though high specific
capacitance was achieved, the low electrochemical stability can
hardly be avoided for bulk Ni-Co LDH due to the conglomeration of
nanoparticles, which severely limits their wider applications.

It has been proven that hybrid structures of Ni-Co LDHs and
carbonaceous materials, such as CNT/Ni-Co oxides composites
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[25], reduced graphene oxides/Ni-Co nanostructures [26,27],
glassy carbon/Co-Ni films [28], can greatly contribute to the
optimization of electrode properties with better rate/cycling
stability and higher specific capacitance. Salunkhe et al. developed
nickel-cobalt binary metal hydroxide nanorods coated multi-
walled carbon nanotube hybrid material through a chemical
synthesis method [29]. The as-obtained hybrid showed enhanced
supercapacitive performance and cycling ability. Huang et al.
synthesized a series of three-dimensional nanocomposite electro-
des by facile electro-deposition of cobalt and nickel double
hydroxide nanosheets on porous NiCo2O4 nanowires which were
grown on carbon fiber paper for high-performance supercapaci-
tors, showing high rate capability and excellent cycling stability
[30]. Chen et al. also fabricated Ni-Co LDHs on macroporous nickel
foam by one-step hydrothermal co-deposition method [31]. The
as-obtained Ni-Co LDH hybrid films exhibit ultra-high specific
capacitance of 2682 F g�1 at 3 A g�1 (based on active materials) and
energy density of 77.3 Wh kg�1 at 623 W kg�1, making the Ni-Co
LDH hybrid films promising electrode materials for high-perfor-
mance supercapacitors. Despite the excellent electrochemical
performance, most of the above hybrid materials need to be
blended with conductive and binding agents as electrodes. The
electrode materials thus obtained can hardly be flexible enough to
meet tough environmental situations. In addition, the cumber-
some process with introduction of excess binding agents may
severely affect the electrochemical performance. Therefore, it is
necessary to develop flexible electrode materials for high-
performance supercapacitor applications.

As an effective method to build one-dimensional nanostruc-
tures, electrospinning technique attracts lots of attention, through
which micron-sized or even nano-sized fibers can be easily
generated [32–39]. Free-standing electrospun nanofiber mem-
branes have many outstanding characteristics such as large specific
surface area, controllable diameter and excellent flexibility,
making them ideal candidates for tissue engineering, drug carrier,
heavy metal removal, as well as electrode materials for Li-ion
batteries and supercapacitors [40–43]. Kim et al. synthesized the
carbon nanofiber webs from polyacrylonitrile solutions, which
possess high specific surface area and huge conductive network of
nano-sized fibers as a new type supercapacitor electrode [44].
Therefore, electrospun carbon nanofiber (CNF) membrane will be a
promising template for the next-generation energy storage
materials.

In this study, PAN nanofiber membranes were firstly fabricated
by electrospinning with an average diameter of 300-450 nm,
Fig. 1. Schematic illustration of the preparation of CNF@Ni-C
followed by a two-stage heat treatment of pre-oxidation and high
temperature carbonization to obtain CNF membranes. With virtue
of two different auxiliary agents (urea and hexamethylenetetra-
mine), Ni-Co LDH nanorods (Ni-Co LDH NR) and ultrathin Ni-Co
LDH nanosheets (Ni-Co LDH NS) were successfully grown on the
surface of CNFs to form multi-dimensional structure of CNF@Ni-Co
LDH hybrids by a one-step solution co-deposition method. The
hierarchical nanostructures of CNF@Ni-Co LDH hybrid membranes
can effectively improve the dispersion of Ni-Co LDH nanoparticles,
increase the specific surface area and provide more active sites for
electrolyte ion adsorption and transport. Electrochemical results
show remarkably enhanced capacitive performance with the
specific capacitance of 1378.2 F g�1 and 1195.4 F g�1 (based on the
mass of Ni-Co LDHs) at 1 A g�1 for CNF@Ni-Co LDH NR and
CNF@Ni-Co LDH NS membranes, respectively. Therefore, this
method suggests a facile and universal approach to construct
binary transition metal oxides/hydroxides and carbonaceous
hybrid materials with hierarchical nanostructures for high-
performance supercapacitor electrodes.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN, Mw = 150,000 g mol�1) was purchased
from Sigma-Aldrich. Nickel nitrate hexahydrate (Ni(NO3)2� 6H2O)
was purchased from Aladdin Chemical Reagent Co. Cobalt nitrate
hexahydrate (Co(NO3)2�6H2O), urea, hexamethylenetetramine
(HMT), N,N-dimethylformamide (DMF), sodium hydroxide (NaOH)
and sulfuric acid (H2SO4) were all purchased from Sinopharm
Chemical Reagent Co. All of the chemicals were of analytic grade
and used without further purification.

2.2. Preparation of electrospun CNF membranes

PAN was dissolved in DMF under magnetic stirring at room
temperature for 12 h to prepare a 10 wt % spinning solution, which
was loaded into a 5 mL syringe with a stainless steel needle having
an inner diameter of 0.5 mm. A high voltage of 15 kV and a feeding
rate of 1 mL h�1 were applied to the spinneret. The electrospun
PAN nanofibers were collected onto the rotating aluminum
collector, which was placed 15 cm away from the spinneret. The
collected PAN nanofiber membranes underwent pre-oxidation by
the following program: heating up to 250 �C at a ramp rate of
2 �C min�1, followed by holding at 250 �C for 2 h. Afterwards, PAN
o LDH NR and CNF@Ni-Co LDH NS hybrid membranes.
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nanofiber membranes were carbonized in a nitrogen flow (to
obtain carbon nanofiber membranes): heating up to 950 �C at a
ramp rate of 3 �C min�1, then holding for 0.5 h.

2.3. Preparation of CNF@Ni-Co LDH hybrid membranes

The typical procedure for preparing CNF@Ni-Co LDH hybrid
membranes is shown in Fig. 1. Briefly, the electrospun CNF
membrane (2 � 5 cm2) was firstly immersed into concentrated
sulfuric acid for 0.5 h to increase its hydrophilicity, then washed
with deionized water for several times. For the preparation of
CNF@Ni-Co LDH NR membrane, the electrospun CNF membrane
was firstly immersed into a transparent pink solution of 0.7 mmol
Ni(NO3)2�6H2O, 1.4 mmol Co(NO3)2�6H2O and 12 mmol urea in the
mixed solvent of 20 mL ethanol and 20 mL deionized water at room
temperature, followed by heating to 80 �C in an oil bath for 6 h.
Then, the obtained CNF@Ni-Co LDH NR membrane was cleaned by
deionized water and ethanol for several times to remove the by-
products on the surface, and dried at 70 �C for 24 h.

Similarly, the acidized CNF membrane (2 � 5 cm2) was immersed
into the mixed solution of 0.5 mmol Ni(NO3)2�6H2O, 1.0 mmol Co
(NO3)2�6H2O and 5 mmol HMT in 20 mL ethanoland 20 mLdeionized
water at room temperature, followed by heating to 80 �C in an oil
bath for 8 h to obtain CNF@Ni-Co LDH NS membrane. It should be
noted thatboth urea and HMT were usedhere asthe auxiliarygrowth
agents to regulate the morphology of Ni-Co LDH.

For comparison, Ni-Co LDH nanorod and nanosheet powdery
samples were respectively synthesized by the same approach,
Fig. 2. Typical FESEM images of (a) electrospun PAN non-woven membrane; (b) bare
magnifications; (e,f) CNF@Ni-Co LDH NS hybrid nanostructure at different magnificatio
where pink and light green precipitates were successfully obtained
after the reactions at 80 �C in oil bath. Finally, the products were
cleaned in water and isolated by centrifugation, and dried at 70 �C
for 24 h.

2.4. Characterization

Morphologies of CNF@Ni-Co LDH NR and NS membranes were
observed by field-emission scanning electron microscope (FESEM,
Ultra 55, Zeiss) at a high tension of 5 kV. Phase structures of the
samples were measured by X-ray diffraction (XRD, X'pert PRO,
PANalytical) with Cu Ka radiation (l = 0.1542 nm) at an angular
speed of (2u) 5� min�1. The chemical compositions of the samples
were examined by X-ray photoelectron spectroscopy (XPS) on a
RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with K
(1486.6 eV) as X-ray source. All XPS spectra were corrected
according to the C1s line at 285.0 eV. Curve fitting and background
subtraction were accomplished using the RBD AugerScan 3.21 soft-
ware provided by RBD Enterprises. Thermogravimetric analysis
(TGA, Pyris 1 TGA, PerkinElmer) was performed in air from 100 to
700 �C at a heating rate of 10 �C min�1 in order to measure the mass
content of Ni-Co LDH in the hybrid membranes.

2.5. Electrochemical measurements

All the electrochemical measurements were performed in 1 M
NaOH solution on an electrochemical working station (CHI660D,
Chenhua Instruments Co. Ltd., Shanghai), where the as-prepared
 carbon nanofibers; (c, d) CNF@Ni-Co LDH NR hybrid nanostructure at different
ns.



Fig. 3. XRD patterns of CNF membrane, Ni-Co LDH NR and Ni-Co LDH NS powders,
CNF@Ni-Co LDH NR and CNF@Ni-Co LDH NS hybrid membranes.

F. Lai et al. / Electrochimica Acta 174 (2015) 456–463 459
CNF@Ni-Co LDH hybrid membrane (�0.20 mg) was directly used as
the working electrode, Pt wire and Ag/AgCl as the counter and
reference electrode, respectively. Cyclic voltammograms (CV) were
recorded between 0 and 0.5 V at different scan rates ranging from
5 to 100 mV s�1. Galvanostatic charge-discharge testing was
measured between 0 and 0.4 V under different current densities
from 1 to 10 A g�1. Electrochemical impedance spectroscopy (EIS)
measurement was conducted by applying an AC voltage in the
frequency range between 100 kHz and 10 mHz with 5 mV
amplitude.

The specific capacitance (C) of the electrode can be calculated
from galvanostatic charge-discharge tests using the following
equation:

C ¼ I � Dt
m � Dv

(1)

Where C (F g�1) is the specific capacitance of the electrode based
on active materials, I (A) is the discharge current, Dt (s) is the
discharge time, Dv (V) is the discharge potential window, and m (g)
is the mass of active materials, respectively.

3. Results and discussions

3.1. Morphological and structural characterization

Fig. 2a shows the FESEM image of electrospun PAN nanofiber
membrane, which exhibits uniform fiber diameter of about 300-
450 nm and smooth surface with no beads and breakages. After pre-
oxidation and carbonization treatments, CNF membrane with
decreased fiber diameter of 250-350 nm is obtained (Fig. 2b), which
is caused by the pyrogenic decomposition and cyclization reaction of
PAN molecular chains. Furthermore, the thickness of thus obtained
membranes is about 17.16 � 0.13 mm as shown in Fig. S1. The
randomly oriented CNFs result in micron-porous meshes, which are
beneficial for the penetration of reaction solutions, thus realize the
uniform and immense growth of different nanostructures of Ni-Co
LDH. Fig.2c and2dshow FESEMimagesofCNF@Ni-CoLDHNRhybrid
membrane at low and high magnifications, respectively. As can be
observed, the surface of CNFs is coveredby uniformlyand immensely
distributed Ni-Co LDH nanorods with length of about 600 nm after
the solution co-deposition treatment. Hierarchical architecture of
CNF@Ni-Co LDH NS hybrid membrane is also easily obtained by
replacing urea with HMT during the synthesis process, revealing the
universality of this method. It can be seen that ultrathin LDH
nanosheets are uniformly anchored on the surface of CNFs, as shown
in Fig. 2e and f. These hierarchically organized hybrid nanostructures
could undoubtedly reduce the aggregation of pure Ni-Co LDH
(Fig. S2),providehighspecificsurfaceareaandnumerousactivesites,
which can help gather ions from electrolyte and thus improve the
electrochemical performance of CNF@Ni-Co LDH hybrid membrane
electrodes.

XRD patterns are collected to characterize the crystalline
structures of all the samples, as shown in Fig. 3. Almost no peak can
be observed for the bare CNFs, indicating an amorphous structure.
Four distinct diffraction peaks located at 2u = 12.2�, 24.4�, 33.4�,
37.8� for CNF@Ni-Co LDH NR hybrid membrane can be indexed to
(0 0 3), (0 0 6), (0 0 9) and (0 15) planes of hydrotalcite-like LDHs,
implying successful immobilized growth of Ni-Co LDH nanorods
on the surface of CNFs [45]. On the other hand, a slight shift of the
diffraction peaks can be observed for both Ni-Co LDH NS powdery
sample and CNF@Ni-Co LDH NS hybrid membrane, probably due to
different uploading mole ratios of Ni:Co resulting from the effects
of different auxiliary agents during the reactions. According to the
previous study, a gradual transformation of crystal structure can be
observed with different Ni:Co mole ratios [31].
Further insights into the surface information of the hybrid
membranes are obtained from XPS spectra, as shown in Fig. 4. The
survey spectrum (0-1000 eV) mainly shows carbon (C 1s) and
oxygen (O 1s) species. In Ni 2p spectrum of CNF@Ni-Co LDH NS
hybrid membrane (Fig. 4b), two obvious shakeup satellites at
874.8 eV and 856.7 eV can be respectively identified as Ni 2p1/2 and
Ni 2p3/2 signals of Ni2+ [46]. As shown in Fig. 4c, the Co 2p lines are
split into two peaks: Co 2p1/2 (797.7 eV) and Co 2p3/2 (782.4 eV)
[47]. These XPS results further confirm the successful synthesis of
CNF@Ni-Co LDHs.

TGA tests are conducted to further analyze the content of Ni-Co
LDH on the CNF membrane, as shown in Fig. 5. The average mass
loading of Ni-Co LDH NR and NS on CNF membrane are respectively
calculated to be 63.34% and 50.65% as listed in Table 1, revealing a
high mass loading of Ni-Co LDH on the CNF membranes, which is
beneficial to a better capacitive performance.

3.2. Electrochemical properties

Electrochemical measurements were performed with a stan-
dard three-electrode system in 1 M NaOH solution to evaluate the
electrochemical performance of thus obtained hybrid electrode
materials. Fig. 6 shows the typical CV curves of CNF membrane, Ni-
Co LDH NR and Ni-Co LDH NS powders, CNF@Ni-Co LDH NR and
CNF@Ni-Co LDH NS hybrid membranes. The comparisons in Fig. 6a
and b clearly reveal much higher capacitances of CNF@Ni-Co LDH
NR/NS hybrid membranes than those of Ni-Co LDH NR/NS powders
and CNF membrane, indicating excellent pseudocapacitive perfor-
mance and fine dispersion of Ni-Co LDH on the surface of CNFs.

In addition, the mechanism of the improved capacitive behavior
is probably due to the effective electron transfer paths during the
charge-discharge process, as proposed in Fig. 7. The conductive
network formed by non-woven electrospun CNF membranes can
undoubtedly provide an enormous and efficient pathway for the
electron transportation [48]. Besides, the uniform and immense
growth of Ni-Co LDH nanorods and nanosheets on the surface of
CNFs (as shown in Fig. 2) can significantly increase the specific
surface area of the hybrid membrane electrode materials, which
can benefit the following Faradaic reactions of NixCoy(OH)z [49]:

(2)NixCoy(OH)z + OH�$ NiOOH + CoOOH + H2O + e�

(3)CoOOH + OH�$ CoO2 + H2O + e�

Furthermore, an intimate electronic transmission channel can
be effectively constructed between the interface of CNFs and Ni-Co
LDHs through the physical interaction force. Therefore, these
hierarchical nanostructures can not only provide deep electrolyte
penetration for OH� but also construct a multilevel conductive



Fig. 4. XPS spectra of CNF@Ni-Co LDH NS hybrid membrane: (a) the full survey scan, (b) Ni 2p region, and (c) Co 2p region.

Fig. 5. TGA profiles of CNF membrane, Ni-Co LDH NR and Ni-Co LDH NS powders,
CNF@Ni-Co LDH NR and CNF@Ni-Co LDH NS hybrid membranes under air flow at a
temperature ramp of 10 �C min�1.

Fig. 6. CV curves of (a) CNF membrane, Ni-Co LDH NR powder and CNF@Ni-Co LDH
NR hybrid membrane; (b) CNF membrane, Ni-Co LDH NS powder and CNF@Ni-Co
LDH NS membrane at a scan rate of 20 mV s�1.
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network for electron transportation, which will efficiently and
drastically improve the electrochemical performance.

Fig. 8a and b show the typical CV curves of CNF@Ni-Co LDH NR
and NS hybrid membranes under various sweep rates ranging
from 5 to 100 mV s�1, respectively. A pair of redox peaks can be
observed within the potential range from 0 to 0.5 V, revealing the
pseudocapacitive characteristics mainly from the Faradaic redox
reactions of M-O/M-O-OH (where M refers to Ni or Co) [50]. An
obviously increasing shift of the peaks to higher potentials and a
rising of the current density are resulted from the inefficient
transportation of OH� with the increase of scan rate, which will
limit the above Faradaic reactions of NixCoy(OH)z. Fig. 8c and d
show the galvanostatic charge-discharge curves of CNF@Ni-Co
LDH NR and NS hybrid membranes between 0 and 0.4 V under
different current densities. A voltage plateaus around 0.15-0.2 V
and an almost symmetric shape are observed for both hybrid
Table 1
TGA results of the samples.

Sample CNF Ni-Co LDH NR Ni-C

Residue mass (%) 1.0% 66.4% 71.2
LDH content (%) – 100% 100
membrane electrode materials during the charge-discharge
processes, which is consistent with the previous reports [51].
The specific capacitances calculated by Eq. (1) (based on active
o LDH NS CNF@Ni-Co LDH NR CNF@Ni-Co LDH NS

% 42.1% 36.1%
% 63.3% 50.6%



Fig. 7. The illustration of electron transfer processes in CNF@Ni-Co LDH NR and
CNF@Ni-Co LDH NS hybrid membranes during the electrochemical reactions.

Fig. 9. (a) Specific capacitance of CNF@Ni-Co LDH NR and CNF@Ni-Co LDH NS
hybrid membranes at different discharge current densities. (b) Cycling performance
of CNF membrane, Ni-Co LDH NR and Ni-Co LDH NS powders, CNF@Ni-Co LDH NR
and CNF@Ni-Co LDH NS hybrid membranes at constant current density of 5 A g�1.
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material) are 1378.2, 1297.5, 1238.0, 1131.9and 1089.5 F g�1 for
CNF@Ni-Co LDH NR hybrid membrane at the discharge current
densities of 1, 2, 3, 5 and 10 A g�1, respectively. In the same way,
the specific capacitances of CNF@Ni-Co LDH NS hybrid membrane
are calculated to be 1195.4, 1125.9, 1102.0, 1056.3, 858.8 F g�1

(based on active material) at the discharge current densities of 1,
2, 3, 5 and 10 A g�1, respectively. These values of thus obtained
hybrid membranes are higher than those (about 902 F g�1 at a
current density of 2 A g�1) reported by Lou et al. for powdery
materials of hierarchical hybrids nanostructures composed of
NiCo2O4 on carbon nanofibers [21], which is mainly attributed to
continuous and three-dimensional template of electrospun
carbon nanofibers instead of synthetic carbon nanofibers through
hydrothermal method. Moreover, the layered laminated
Fig. 8. CV curves of (a) CNF@Ni-Co LDH NR and (b) CNF@Ni-Co LDH NS hybrid membrane
of (c) CNF@Ni-Co LDH NR and (d) CNF@Ni-Co LDH NS hybrid membranes at different 
nanostructure of Ni-Co LDH can much efficiently contribute to
the ion transport than NiCo2O4 during electrochemical processes.
Fig. 9a presents the relationship between specific capacitance and
current density, showing 79.1% and 71.8% capacitance retention at
10 A g�1 for CNF@Ni-Co LDH NR and CNF@Ni-Co LDH NS hybrid
membranes respectively, which reveals a high rate stability of the
hybrid electrodes. The cycling stability within 1000 cycles was
evaluated by the charge-discharge measurements at a constant
current density of 5 A g�1, as shown in Fig. 9b. The CNF membrane
presents a low capacitance loss of about 8.9% after 1000 cycles,
showing a good cycling stability. A slight increase of the
s at different scan rates from 5 to 100 mV s�1; Galvanostatic charge-discharge curves
current densities.



Fig. 10. Nyquist plots of CNF@Ni-Co LDH NR and NS hybrid membranes obtained at
open circuit potentials.
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capacitance retention (about 60.3% and 61.0%, respectively) can
be observed for CNF@Ni-Co LDH NR and CNF@Ni-Co LDH NS
hybrid membranes, compared with those (about 51.1% and 52.1%,
respectively) for Ni-Co LDH NR and NS powders. Since the
intrinsic electrical double-layer capacitor characteristics of CNFs
result in a better cycling stability while Ni-Co LDH holds a high
pseudocapacitance, the nanostructured hybrid electrodes inte-
grate respective advantages of electrical double-layer capacitor
and pseudocapacitor, thus giving birth to an outstanding
electrochemical performance for CNF@Ni-Co LDH hybrid elec-
trode materials.

As shown in Fig. 10, Nyquist plots of CNF@Ni-Co LDH NR and NS
hybrid membranes are obtained in the frequency range of 100 kHz
to 10 mHz at the open circuit potentials. The vertical slope of the
linear part in the low frequency region indicates low diffusion
resistance of ion and electron transfer in both CNF@Ni-Co LDH NR
and NS hybrid membranes, meanwhile the small semicircle
diameters imply low interfacial resistance in the electrochemical
system.

4. Conclusions

In summary, Ni-Co LDH nanorods and nanosheets have been
grown on electrospun carbon nanofiber by a one-step solution co-
deposition method with aid of two different auxiliary agents to
form multi-dimensional hybrid materials of CNF@Ni-Co LDH NR
and NS. These two hybrid membrane electrodes respectively
exhibit high specific capacitance of 1378.2 F g�1 and 1195.4 F g�1 at
a current density of 1 A g�1 and a higher cycling stability than Ni-Co
LDH NR and NS powders. The integration of conductive CNF
membranes with electrochemical active Ni-Co LDH NR and NS
provides significantly improved specific surface area and fully
exposed active sites for the high capacitive performance.
Moreover, this method can be extended to the synthesis of other
carbon nanofiber@bimetallic nanostructure hybrid membranes for
high-performance supercapacitors.
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