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ABSTRACT: The practical applications of transition metal oxides
and hydroxides for supercapacitors are restricted by their intrinsic
poor conductivity, large volumetric expansion, and rapid capacitance
fading upon cycling, which can be solved by optimizing these materials
to nanostructures and confining them within conductive carbonaceous
frameworks. In this work, flexible hybrid membranes with ultrathin
Ni(OH), nanoplatelets vertically and uniformly anchored on the
electrospun carbon nanofibers (CNF) have been facilely prepared as
electrode materials for supercapacitors. The Ni(OH),/CNF hybrid
membranes with three-dimensional macroporous architectures as well
as hierarchical nanostructures can provide open and continuous
channels for rapid diffusion of electrolyte to access the electrochemi-
cally active Ni(OH), nanoplatelets. Moreover, the carbon nanofiber
can act both as a conductive core to provide eflicient transport of
electrons for fast Faradaic redox reactions of the Ni(OH), sheath, and as a buffering matrix to mitigate the local volumetric
expansion/contraction upon long-term cycling. As a consequence, the optimized Ni(OH),/CNF hybrid membrane exhibits a
high specific capacitance of 2523 F g~' (based on the mass of Ni(OH),, that is 701 F g™' based on the total mass) at a scan rate
of S mV s™". The Ni(OH),/CNF hybrid membranes with high mechanical flexibility, superior electrical conductivity, and
remarkably improved electrochemical capacitance are condsidered as promising flexible electrode materials for high-performance
supercapacitors.
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1. INTRODUCTION

resulting in low capacitance and energy density.''~'* To
address this issue, one feasible and effective approach is to

The ever-increasing demand for efficient energy storage has
accelerated the development of advanced energy storage and
conversion systems, such as lithium-ion batteries, super-
capacitors, solar cells, and fuel cells.! ™ Among them,
supercapacitors have become one of the main power sources
for applications in portable electronic devices, owing to high
power density, fast charging/discharging rate, long cycle life,
and environmental benignity.”~” Recently, the great interest in
portable and flexible electronics has created a strong driving
force for the development of flexible energy storage devices
with high capacitive performance. In order to fulfill this
demand, it is urgently needed to explore efficient assembly
approaches for the fabrication of flexible electrodes with robust
mechanical property and excellent electrochemical perform-
ance.”’

Generally, traditional carbon-based electrochemical double-
layer capacitors (EDLCs) are based on physical adsorption/
desorption of ions on the surface of an electrode, usually
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optimize the pseudocapacitive materials to nanostructures and
confine them within a conductive carbonaceous matrix.">~"”
Recently, transition metal oxides and hydroxides (e.g, NiO,
RuO,, MnO,, Ni(OH),, etc.) have been widely explored as
excellent electrode materials for pseudocapacitors due to their
high theoretical specific capacitances and fast multielectron
surface Faradaic redox reactions.'* ' In particular, Ni(OH),
has a high theoretical specific capacitance (2082 F g™') as well
as many excellent properties, including being an abundant
resource and having low cost, environmental friendliness, well-
defined redox behavior, and high redox activity. However, the
practical applications of Ni(OH), materials are severely
hindered by their poor conductivity, large volumetric
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expansion, rapid capacity fading, and inferior electrochemical
efficiency during the long-term Faradaic redox reactions.”” For
this reason, hybrid electrode materials with synergistically
enhanced electrochemical performance can be achieved
through confining Ni(OH), materials within conductive
carbon-based frameworks to construct hybrid nanostruc-
tures.”>**

Among various kinds of carbon materials, electrospun carbon
nanofibers (CNFs) have attracted tremendous attention, owing
to their large specific surface area, high mechanical flexibility,
and low cost. Notably, electrospinning is a straightforward and
efficient technique for fabricating self-standing nanofiber
membranes with a unique three-dimensional (3D) fiber
network, good structural stability, and high flexibility. Within
the membrane, the nanofibers are able to interconnect with
each other and form a 3D macroporous architecture, which can
provide a high-surface-area template for further growth of
electrochemically active pseud_oca7pacitive materials to construct
hierarchical nanocomposites.”>™>’ Moreover, the carbon nano-
fiber can act both as a conductive core to provide eflicient
transport of electrons across the interfaces for fast Faradaic
redox reactions of the pseudocapacitive materials, and as a
buffering matrix to accommodate their local volumetric
expansion/contraction upon long-term cycling. It is reported
that many polymers, including poly(vinylidene fluoride),
polyacrylonitrile, polystyrene, and poly(vinyl alcohol), have
been employed as precursors to prepare carbon nanofibers via
the combination of electrospinning and subsequent carbon-
ization. However, their disadvantages, such as poor mechanical
strength, inferior thermal stability, and low electrical con-
ductivity, cannot fulfill the demand for flexible electrodes with
excellent mechanical property and electrochemical perform-
ance.”® On the other hand, polyimide (PI), as one kind of high-
performance engineering polymers, has attracted extensive
attention due to its excellent thermal stability and outstanding
mechanical properties.”” Besides, Pl-based carbon nanofibers
possess high electrical conductivity.”® Therefore, it is expected
to be an efficient approach to fabricate flexible electrodes by
employing electrospun PI-based CNF membranes as self-
standing and conductive substrates for high-performance
energy storage devices.

Herein, we demonstrate a facile and scalable process to
fabricate flexible Ni(OH),/CNF hybrid membranes as
electrode materials for supercapacitors through the combina-
tion of electrospinning and chemical bath deposition (CBD).
By utilizing electrospun PI-based CNF membrane as template,
hierarchical nanostructures are nicely constructed with ultrathin
Ni(OH), nanoplatelets vertically anchored on the carbon
nanofibers, which can effectively prevent the agglomeration of
Ni(OH), and mitigate their volumetric expansion during the
repetitive cycling process. Additionally, the conductive carbon
nanofiber core can provide efficient transport of electrons for
fast Faradaic redox reactions of the electrochemically active
Ni(OH), sheath. Moreover, the 3D macroporous architecture
derived from the interconnected nanofiber networks can
significantly increase the porosity and provide continuous
ion-transportation channels, thus facilitating the rapid diffusion
of electrolyte to access the active sites of Ni(OH), nano-
platelets. Besides, in this work, the influences of the reaction
time and precursor concentration of Ni(NO;), during the CBD
process have been investigated in detail. The results reveal that
the optimized Ni(OH),/CNF hybrid membrane obtained with
the reaction time of 6 h and the Ni(NOj;), concentration of

0.025 M exhibits the highest specific capacitance of 2523 F g™
(based on the mass of Ni(OH),, that is 701 F g~' based on the
total mass) at a scan rate of S mV s~', which is much superior
to either neat CNF membrane or pure Ni(OH), powder,
confirming the great potential of Ni(OH),/CNF hybrid
membranes as high-performance electrode materials for
supercapacitors.

2. EXPERIMENTAL SECTION

2.1. Materials. Pyromellitic dianhydride (PMDA), 4,4’-oxidianiline
(ODA), nickel(II) nitrate hexahydrate (Ni(NO;),-6H,0) and N,N-
dimethylacetamide (DMAc) were purchased from Sinopharm
Chemical Reagent Co. Ltd. All the other reagents were purchased
from Aladdin Chemical Reagent Co. Ltd. and used as received without
further purification. Deionized water was used throughout all the
experiments.

2.2. Preparation of Ni(OH),/CNF hybrid membranes. As
schematically illustrated in Figure 1, carbon nanofiber membranes

Electrospinning

g l) ' PAA in DMAc
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Figure 1. Schematic illustration of the preparation of flexible
Ni(OH),/CNF hybrid membranes.

were prepared via the combination of electrospinning and subsequent
carbonization. Poly(amic acid) (PAA) nanofiber membranes were
obtained through a facile single-nozzle electrospinning technique. The
PAA precursor for electrospinning was first synthesized by copolymer-
izing of PMDA and ODA in DMAc as described previously.”’ Then,
the resulting viscous PAA solution was transferred into a 5 mL plastic
syringe with a stainless steel needle. The electrospinning process was
carreid out at an applied voltage of 20 kV with a feeding rate of 0.25
mm min~' through the steel needle positioned 15 cm away from the
aluminum drum collector. The generated PAA nanofiber membranes
were thermally imidized under 300 °C and then carbonized at 1500 °C
in a conventional tube furnace under N, atmosphere. After that,
Ni(OH),/CNF hybrid membranes with different loading amounts of
Ni(OH), on carbon nanofibers were prepared by a CBD method.
Typically, certain concentration of Ni(NO;),-6H,0 (ie., 0.01, 0.025
and 0.05 M, respectively) and S00 mg urea were dissolved into a mixed
solution of 20 mL deionized water and 20 mL ethyl alcohol under
stirring. Then the as-prepared CNF membranes were immersed in the
above solution and heated to 70 °C in an oil bath for 4, 6, and 8 h,
respectively. After cooling to room temperature, the obtained
membranes were collected and rinsed with water for several times
and dried at 50 °C under vacuum. For the control experiment, pure
Ni(OH), nanoplatelets were synthesized via the same method without
the addition of CNF membranes.

2.3. Materials characterization. Morphology of the samples was
investigated using field emission scanning electron microscope
(FESEM, Ultra SS, Zeiss) at an acceleration voltage of S kV.
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) observations were
performed with Tecnai G2 20 TWIN TEM under an acceleration
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voltage of 200 kV. All the TEM samples were first dispersed in
aqueous solutions via sonication to form homogeneous suspensions.
Then, the TEM samples were prepared by dropping the suspensions
on the copper grids and drying in air. X-ray diffraction (XRD) patterns
of the samples were conducted on an X'Pert Pro X-ray diffractometer
with Cu K, radiation (4 = 0.1542 nm) under a voltage of 40 kV and a
current of 40 mA. X-ray photoelectron spectroscopy (XPS) analyses
were carried out on a RBD upgraded PHI-S000C ESCA system
(PerkinElmer) with Mg Ka radiation (hv = 1253.6 eV) or Al Ka
radiation (hv = 1486.6 eV). All XPS spectra were corrected using C 1s
line at 284.6 eV while curve fitting and background subtraction were
accomplished using RBD AugerScan 3.21 software. Thermogravi-
metric analysis (TGA, Pyris 1) was performed under air flow from 100
to 800 °C at a heating rate of 10 °C min~". The Brunauer—Emmett—
Teller (BET) surface area was measured using a Belsorp-max surface
area detecting instrument by N, physisorption at 77 K. The electrical
conductivity of the prepared samples was tested using a 4-Point Probes
Resistivity Measurement System (RTS-8).

2.4. Electrochemical measurements. In order to evaluate the
electrochemical performance, a three-electrode system was used,
consisting of the sample modified glassy carbon electrode (GCE) as
the working electrode, platinum as the counter electrode, and Ag/
AgCl electrode as the reference electrode. The mass loading of a single
supercapacitor electrode is 0.6—0.8 mg. The Ni(OH),/CNF hybrid
membranes were fixed onto the glassy carbon electrode by using
Nafion solution (Aladdin Chemical Reagent Co. Ltd.). Before the
electrochemical tests, the as-prepared electrode was activated in a 2 M
KOH aqueous electrolyte for 1 h. Cyclic voltammetry (CV) and
galvanostatic charge/discharge tests, were carried out on a CHI 660D
electrochemistry workstation (Shanghai Chenhua Instrument Co.,
China). Electrochemical impedance spectroscopy (EIS) was per-
formed on a Princeton Applied Research PARSTAT 2273 instrument.
CV curves were collected at different scan rates in a range from 0 to
0.6 V, and galvanostatic charge/discharge curves were measured in a
voltage ranging from 0 to 0.4 V. The voltage window for CV test was
extended so as to make sure that all the Faradaic redox reaction peaks
of Ni(OH),/CNF electrodes were inside the collected voltage
window. EIS was measured in the frequency range from 100 kHz to
0.01 Hz at open circuit potential with an AC voltage amplitude of 10
mV. The cycling tests for pure Ni(OH), and Ni(OH),/CNF hybrid
membranes were carried out by repeating the CV sweeps between 0
and 0.6 V at a scan rate of 20 mV s™* for 1000 cycles. The specific
capacitances were calculated from CV curves according to the
following equation:

C= /I-dV/u~m-AV W

where I is the response current (A), V is the potential (V), v is the
scan rate (mV s™!), and m is the mass of electroactive materials in the
electrodes (g). The specific capacitances also can be calculated from
galvanostatic charge/discharge curves according to the following
equation:

IAt

T mAV (2)
where I is the charge or discharge current (A), At is the discharge time
(s), m is the mass of electroactive materials in the electrodes (g), and
AV is the potential window (V).

3. RESULTS AND DISCUSSION

3.1. Structure and morphology of Ni(OH),/CNF hybrid
membranes. Electrospinning is a simple and efficient
technique for fabricating self-standing nanofiber membranes
with unique three-dimensional fiber network, good structural
stability, and high flexibility. In this work, a free-standing CNF
membrane is facilely obtained via electrospinning of PAA, and
subsequent imidization and calcination processes. Figure 2
reveals that the electrospun carbon nanofibers have an average

Figure 2. FESEM images of CNF membrane at (A) low and (B) high
magnifications.

diameter of about 200—350 nm and a smooth surface without
beads or breakages. Moreover, the nanofibers interconnected
with each other are able to form a three-dimensional open
architecture, which provides a high-surface-area template for
further growth of electrochemically active materials to construct
hierarchical nanocomposites. After that, a facile low-temper-
ature chemical bath deposition process was utilized for in situ
growth of crystallized Ni(OH), nanoplatelets on carbon
nanofibers. It can be clearly seen that the loading amount of
Ni(OH), nanoplatelets on carbon nanofibers obviously
increases with increasing CBD time from 4 to 8 h at a fixed
Ni(NO;),-6H,0 concentration of 0.025 M (Figure 3). When
the reaction time is 4 h, the carbon nanofibers are still not fully
covered by Ni(OH), nanoplatelets (Figure 3A and 3D). With
further increasing reaction time to 6 h, thin Ni(OH),

Figure 3. Low (left) and high (right) magnification FESEM images of
Ni(OH),/CNF hybrid membranes prepared under different CBD
reaction times: (A, D) 4 h; (B, E) 6 h; (C, F) 8 h.
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nanoplatelets with curled shape uniformly distribute through-
out the surface of nanofibers (Figure 3B and 3E), which
effectively prevents the aggregation of Ni(OH), nanoplatelets
and greatly increases the exposed active sites of Ni(OH),
nanoplatelets for rapid Faradaic reactions. However, after 8 h of
reaction time, the deposition density of Ni(OH), is sufficiently
high that the Ni(OH), nanoplatelets are densely accumulated
and form a thick layer on the nanofibers (Figure 3C and 3F),
which will definitely deteriorate the electron transport between
Ni(OH), nanoplatelets and the conductive carbon nanofibers,
thus posing a negative effect on the capacitive performance of
Ni(OH),/CNF hybrid membranes. In comparison, pure
Ni(OH), nanoplatelets prepared in the absence of CNF
membranes severely aggregate into much larger spherical
agglomerates (Figure S1, see ESI), implying the significance
of the carbon nanofiber template for effectively dispersing
Ni(OH), nanoplatelets.

Furthermore, the effect of Ni(NO;), concentration on the
growth of Ni(OH), was studied at the fixed optimal CBD
reaction time of 6 h. Here, the Ni(OH),/CNF hybrid
membranes obtained from different concentrations of Ni-
(NO,;), solution (0.01 M, 0.025 M, and 0.05 M) are denoted as
Ni(OH),/CNF-0.01, Ni(OH),/CNF-0.025, and Ni(OH),/
CNF-0.05, respectively. As displayed in Figure 4, the carbon

Figure 4. Low (left) and high (right) magnification FESEM images of
Ni(OH),/CNF hybrid membranes obtained with different concen-
trations of Ni(NOj,), solution: (A, D) 0.01 M; (B, E) 0.025 M; (C, F)
0.05 M. The inset of (E) shows the corresponding digital photo of the
highly flexible Ni(OH),/CNF hybrid membrane.

nanofibers in all Ni(OH),/CNF hybrid membranes are fully
covered by Ni(OH), nanoplatelets. It can be seen that the
density of Ni(OH), nanoplatelets grown on the surface of
carbon nanofibers increases and the size of Ni(OH),
nanoplatelets decreases with the increasing Ni(NO;), concen-
tration. The carbon nanofibers are fully covered by relatively
larger Ni(OH), nanoplatelets in the Ni(OH),/CNF-0.01
hybrid membrane (Figure 4A and 4D). As for the Ni(OH),/

CNF-0.025 hybrid membrane, smaller Ni(OH), nanoplatelets
begin to vertically grow on the surface of carbon nanofibers,
forming hierarchical nanostructures (Figure 4B and 4E). The
size of Ni(OH), nanoplatelets becomes much smaller with
further increasing Ni(NO;), concentration, but the deposition
density of Ni(OH), is sufficiently high that the Ni(OH),
nanoplatelets are densely accumulated on the carbon nanofibers
in the Ni(OH),/CNF-0.05 hybrid membrane (Figure 4C and
4F), which will deteriorate the electron transfer between the
Ni(OH), sheath and carbon nanofiber core. Therefore, better
interfacial interactions between the carbon nanofibers and
Ni(OH), nanoplatelets are achieved for the Ni(OH),/CNF-
0.025 hybrid membrane. As displayed in Table S1 (see ESI),
the electrical conductivities for CNF, Ni(OH),/CNF-0.01,
Ni(OH),/CNF-0.02S, and Ni(OH),/CNF-0.05 hybrid mem-
branes are 1.62, 0.80, 1.05, and 0.56 S cm™), respectively. The
Ni(OH),/CNF-0.025 hybrid membrane exhibits the best
conductivity among all of the Ni(OH),/CNF hybrid
membranes. The TEM image of the Ni(OH),/CNF-0.025
hybrid membrane (Figure SA) reveals that Ni(OH), nano-

Figure S. (A) TEM and (B) HRTEM images of the Ni(OH),/CNEF-
0.02S hybrid membrane. The inset of (B) is the corresponding SAED
pattern of Ni(OH), nanoplatelets grown on the carbon nanofibers.

platelets vertically and uniformly grow on the carbon
nanofibers, which is in good agreement with the results from
FESEM analysis. The HRTEM image of Ni(OH), nano-
platelets (Figure SB) exhibits the lattice fringe with lattice
spacing of 0.15 nm, corresponding to the (110) plane of
Ni(OH),. The corresponding SAED pattern (inset in Figure
SB) shows diffuse rings, indicating that the Ni(OH),
nanoplatelets are polycrystalline. Notably, 3D hierarchical
nanostructures are nicely constructed with two-dimensional
(2D) Ni(OH), nanoplatelets homogeneously anchored on the
one-dimensional (1D) carbon nanofibers, which can effectively
prevent the aggregation of Ni(OH), nanoplatelets and provide
open and continuous channels for rapid diffusion of electrolyte
to access the electrochemically active Ni(OH), nanoplatelets.
The BET analysis of nitrogen adsorption/desorption isotherms
(Figure S2A, see ESI) strongly verifies the Ni(OH),/CNF-
0.025 hybrid membrane as mesoporous materials with much
larger specific surface area than the nonporous Ni(OH),
powder. As displayed in Figure S2B, the pore size distribution
of the Ni(OH),/CNF-0.025 hybrid membrane calculated from
the Barrett—Joiner—Halenda (BJH) method is mainly centered
at 2—3 nm, which is in the mesoporous range. Moreover, it is
worth mentioning that no crack is observed upon bending of
the Ni(OH),/CNF-0.025 hybrid membrane (inset of Figure
4E). Notably, the Ni(OH),/CNF-0.025 hybrid membrane still
remains highly flexible (Figure S3A) without breakage of the
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Figure 6. (A) XRD patterns of CNF membrane, pure Ni(OH), powder, and Ni(OH),/CNF hybrid membranes. (B) XPS survey spectrum and (C)
high-resolution Ni 2p spectrum of Ni(OH),/CNF-0.025 hybrid membrane. (D) TGA curves of CNF membrane and Ni(OH),/CNF hybrid

membranes.

Ni(OH),/CNF nanofibers (Figure S3B) even after being bent
back and forth 200 times, indicating its good flexibility and
mechanical stability as a binder-free electrode for super-
capacitors.

The crystal structures of pure Ni(OH),, CNF membranes,
and Ni(OH),/CNF hybrid membranes were studied using
XRD, as shown in Figure 6A. Both the pure Ni(OH), powder
and Ni(OH),/CNF hybrid membranes display four diffraction
peaks at 26 = 12.3°, 24.6°, 33.8°, and 59.8°, corresponding to
the (003), (006), (101), and (110) planes of Ni(OH), (JCPDS
38-0715), respectively, which indicate the formation of
Ni(OH), with good phase purity in the hybrid membranes.*”
Moreover, the difference between the intensity observed from
the diffraction peaks of pure Ni(OH), and Ni(OH),/CNF
hybrid membranes is attributed to their different crystallite sizes
and crystallinities.”® The elemental compositions and chemical
states of the Ni(OH),/CNF-0.025 hybrid membrane were
further investigated by XPS analysis, with the survey spectrum
revealing the coexistence of C, Ni, and O elements in the
hybrid membrane (Figure 6B). The high-resolution spectrum
of Ni 2p (Figure 6C) shows two main peaks at 855.5 and 873.1
eV (with a spin-energy separation of 17.6 eV), corresponding to
Ni 2p;, and Ni 2p,,,, respectively. Furthermore, their
associated satellite peaks located at 864.1 eV (Ni 2p;,,
satellite) and 879.8 eV (Ni 2p,,, satellite) are also observed,
which are typical characteristics of the Ni(OH), phase and in
good agreement with previous reports.”*

The loading amounts of Ni(OH), on the carbon nanofibers
are determined by TGA analysis (Figure 6D). The TGA curves
of Ni(OH),/CNF hybrid membranes exhibit two stages of
thermal degradation, where the transformation of Ni(OH),
into NiO occurs at the first stage from 350 to 400 °C, while the
second stage from 450 to 700 °C is related to the
decomposition of CNFs. Since the pure CNF membrane is
almost burned out at 800 °C, the loading amount of Ni(OH),
in the Ni(OH),/CNF hybrid membranes can be calculated

22673

from the residual fractions of the hybrid membranes,” which is
11.6, 25.5, and 31.7 wt % for Ni(OH),/CNF-0.01, Ni(OH),/
CNF-0.025, and Ni(OH),/CNF-0.0S hybrid membranes,
respectively. Notably, the pure CNF membrane shows excellent
thermal stability with an onset degradation temperature over
500 °C. However, the decomposition temperature decreases
after the incorporation of Ni(OH),, which is ascribed to the
oxidative degradation of CNFs catalyzed by Ni(OH),.
Nevertheless, the Ni(OH),/CNF hybrid membranes can still
maintain excellent thermal stability with onset degradation
temperatures over 400 °C.

3.2. Electrochemical performance of Ni(OH),/CNF
hybrid membranes. To measure the electrochemical charge
storage capacity, the CV curves of the CNF membrane, pure
Ni(OH), powder, Ni(OH),/CNF-0.01, Ni(OH),/CNF-0.025,
and Ni(OH),/CNF-0.05 hybrid membranes are obtained
(Figure 7). It can be seen that the CV curve of the CNF
electrode exhibits a nearly rectangular shape due to the typical
EDLC characteristic while the Ni(OH),/CNF electrodes show
a couple of redox peaks in the potential range from 0 to 0.6 V,
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Figure 7. CV curves of CNF membrane, pure Ni(OH), powder,

Ni(OH),/CNF-0.01, Ni(OH),/CNF-0.025, and Ni(OH),/CNF-0.05

hybrid membranes at a scan rate of 20 mV s~
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indicating that the energy storage mechanism of Ni(OH),/
CNF hybrid membranes is mainly associated with Faradaic
redox reactions between Ni(OH), and NiOOH in alkaline
solution as follows:***’

Ni(OH), + OH™ < NiOOH + H,0 + e~ (3)

Moreover, Ni(OH),/CNF hybrid membranes display much
higher current density and larger CV areas than those of CNFs
and pure Ni(OH),, which reveals the greatly improved
electrochemical performances of the hybrid membranes
compared to their individual counterparts. The remarkably
improved capacitance of Ni(OH),/CNF hybrid membranes
can be ascribed to the synergistic effects between 1D carbon
nanofibers and 2D Ni(OH), nanoplatelets, where thin
Ni(OH), nanoplatelets are vertically and uniformly anchored
on the carbon nanofibers instead of forming aggregations, thus
providing higher specific surface area and more exposure of
active sites for efficient electrochemical interactions with the
electrolyte compared to pure Ni(OH), powder (Figure 8).

Ni(OH)2/CNF hybrid membrane

Ni(OH)2 + OH"
“b NiOOH + H:0 + ¢’

OH",

<~ OH'

OH"

OH" OH

Figure 8. Schematic illustration of the ion diffusion and electron
transportation in Ni(OH),/CNF hybrid membrane.

Additionally, the overall 3D macroporous architectures as well
as the hierarchical nanostructures of Ni(OH),/CNF hybrid
membranes can significantly shorten the ion diffusion length,
enhance the contact area, and ensure ion/electron diffusion
with low resistance. Moreover, the highly conductive carbon
nanofibers can act as the conductive core to provide efficient
electron transport for fast Faradaic redox reactions of the
electrochemically active Ni(OH), sheath, leading to greatly
improved electrochemical performance.

The rate capabilities of Ni(OH),/CNF hybrid membranes at
various scan rates are presented in Figure 9A—9C. As for
Ni(OH),/CNF-0.1 and Ni(OH),/CNF-0.025 hybrid mem-
branes, the shape of CV curves has no obvious change with the
increasing scan rates despite the enhancement of current
densities (Figure 9A and 9B), suggesting their superior rate
stability. However, the shape of CV curves for the Ni(OH),/
CNF-0.05 hybrid membrane becomes disordered and the redox
peaks disappear as the scan rate increases (Figure 9C). The
inferior rate stability may originate from the excessively thick
coating layer of Ni(OH), nanoplatelets on carbon nanofibers,
which will severely decrease the exposure of electrochemically
active sites and fail to afford the fast redox reactions at high
scan rates. Additionally, the anodic and cathodic peaks in the
CV curves of Ni(OH),/CNF electrodes shift positively and
negatively with the increasing scan rates, respectively,
corresponding to the serious electric polarization during the

faradaic redox processes at high scan rates.’*” Calculated from
the above CV curves, the specific capacitances of Ni(OH),/
CNE-0.01, Ni(OH),/CNF-0.025, and Ni(OH),/CNE-0.05
hybrid membranes are determined to be 2496 F g”', 2523 F
g!, and 2428 F g/, respectively (based on the mass of
Ni(OH),, at a scan rate of 5 mV s~ '), that is 357 F g_l, 701 F
g, and 822 F ¢! (based on the total mass, at a scan rate of S
mV s™!). The specific capacitance retention of Ni(OH),/CNF-
0.01, Ni(OH),/CNF-0.025, and Ni(OH),/CNF-0.05 hybrid
membranes is 61%, 68%, and 17% at a scan rate of 100 mV s™',
respectively. In comparison with the graphene/Ni(OH), and
Ni(OH),/carbon nanotubes/Ni foam electrode materials
reported previously,””*" Ni(OH),/CNF hybrid membranes
show comparable capacitive performance with a much easier
preparation process.

Figure 9D—9F demonstrate galvanostatic charge—discharge
curves of CNF membrane, pure Ni(OH), powder, and
Ni(OH),/CNF-0.025 hybrid membrane at various current
densities. The curves of CNF membrane show well-defined
isosceles triangle shapes (Figure 9D), indicating its typical
EDLC characteristic, whereas the charge—discharge curves of
Ni(OH),/CNF hybrid membranes and pure Ni(OH), exhibit a
general pseudocapacitive behavior (Figure 9E and 9F). The
Ni(OH),/CNF-0.025 hybrid membrane delivers a high
capacitance of 2394 F g™ at 1 A g™ based on the mass of
Ni(OH), (that is 667 F g”" based on the total mass) according
to the charge—discharge curves, while the specific capacitance
of pure Ni(OH), is only 235 F g™" at a current density of 1 A
g~'. The results are in good accordance with those calculated
from CV curves. The remarkably enhanced capacitance of
Ni(OH),/CNF hybrid membranes is attributed to their overall
3D macroporous architectures derived from the electrospun
CNF networks, which can greatly increase the porosity and
facilitate the rapid diffusion of ions to access the Ni(OH),
nanoplatelets. Moreover, the hierarchical nanostructures with
Ni(OH), nanoplatelets homogeneously anchored on the
carbon nanofibers can ensure better electrical contact and
interfacial interactions between the Ni(OH), sheath and
conductive carbon nanofiber core, thus providing efficient
transport of electrons across the interfaces for fast Faradaic
redox reactions and leading to greatly enhanced capacitive
performance.

Not only high specific capacitance but also good long-term
stability is desirable for promising electrode materials in
supercapacitors.””** The cycling tests for Ni(OH),/CNF-
0.025 hybrid membranes and pure Ni(OH), powder were
conducted by sweeping the CV curves from 0 to 0.6 V at a scan
rate of 20 mV s~ for 1000 cycles. As exhibited in Figure 10, the
specific capacitance of Ni(OH),/CNF-0.025 hybrid mem-
branes increases by about 10% during the first 200 cycles due to
the activation effect that allows the trapped ions gradually
diffuse outward. Besides, the Ni(OH),/CNF-0.025 hybrid
membrane shows about 83% retention after 1000 cycles, which
is much higher than the 47% retention for pure Ni(OH),. The
remarkably improved electrochemical stability of Ni(OH),/
CNEF-0.02S hybrid membrane can be explained as follows. In
the hybrid membrane, the carbon nanofiber can act both as a
buffering matrix to accommodate the local volumetric
expansion/contraction of Ni(OH), nanoplatelets upon long-
term cycling, and as a conductive core to provide efficient
transport of electrons for stable Faradaic redox reactions of the
Ni(OH), sheath. Thus, the morphological and electrochemical
changes of Ni(OH), nanoplatelets induced by charge/discharge
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cycling are greatly reduced, ensuring a remarkably enhanced
cycling performance of the Ni(OH),/CNF hybrid membranes.

To better understand the superior electrochemical perform-
ance of Ni(OH),/CNF hybrid membranes, EIS analysis was
carried out to investigate the AC impedance of the CNF
membrane, pure Ni(OH), powder, and Ni(OH),/CNF-0.025
hybrid membrane (Figure 11). Generally, the Nyquist plot
consists of a semicircle in the high-frequency region and a
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Figure 11. Nyquist plots of CNF membrane, pure Ni(OH), powder,
and Ni(OH),/CNF-0.025 hybrid membrane measured in the
frequency range from 100 kHz to 0.01 Hz with an AC voltage
amplitude of 10 mV.

straight line in the low-frequency region, corresponding to the
charge transfer resistance and ion diffusion resistance in the
electrode, respectively.*’ The slope of the 45° portion of the
curve between the high-frequency region and the low-frequency
region is called the Warburg resistance, which is a result of the
frequency dependence of ion diffusion in the electrolyte to the
electrode interface.** As shown in Figure 11, the Nyquist plots
of both Ni(OH), and Ni(OH),/CNF-0.025 electrodes show a
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single semicircle in the high-frequency region and a straight line
in the low-frequency region, which are related to the charge
transfer processes and the ion diffusion processes, respectively.
The Ni(OH),/CNF-0.025 electrode displays a much smaller
radius of semicircle in the high-frequency region compared to
that of the Ni(OH), electrode, indicating its lower faradaic
charge transfer resistance. Besides, the Ni(OH),/CNF-0.025
electrode exhibits a more vertical line than the Ni(OH),
electrode in the low-frequency region, illustrating better
capacitive behavior and lower diffusion resistance of ions. It is
worth mentioning that the Nyquist plot of the CNF electrode
does not exhibit a semicircle in the high-frequency region, due
to its low charge transfer resistance. The straight line of the
CNF electrode in the low-frequency region is more vertical
than those of the Ni(OH),/CNF-0.025 and Ni(OH), electro-
des, demonstrating the best conductivity among these three
electrodes. These results confirm that the carbon nanofiber
matrix can significantly enhance the electrical conductivity of
the Ni(OH),/CNF-0.025 hybrid membrane, thus leading to
significant improvement of the electrochemical performance.

4. CONCLUSIONS

In summary, highly flexible Ni(OH),/CNF hybrid membranes
with ultrathin Ni(OH), nanoplatelets vertically and uniformly
anchored on the carbon nanofibers have been facilely prepared
as supercapacitor electrode materials through the combination
of electrospinning and chemical bath deposition. The carbon
nanofibers with excellent electrical conductivity and structural
stability not only facilitate the charge transfer across the
interfaces for fast Faradaic redox reactions of Ni(OH),
nanoplatelets but also effectively mitigate their aggregation
and volumetric expansion upon long-term cycling. Moreover,
the overall 3D macroporous architectures as well as the
hierarchical nanostructures of Ni(OH),/CNF hybrid mem-
branes can provide open and continuous channels, which
enable rapid diffusion of electrolyte to access the electrochemi-
cally active Ni(OH), nanoplatelets. Benefiting from the
synergistic effects, the optimized Ni(OH),/CNF hybrid
membrane exhibits a high specific capacitance of 2523 F ¢!
based on the mass of Ni(OH), (that is 701 F ¢! based on the
total mass) at a scan rate of S mV s™' and a long cycle life of
83% capacitance retention after 1000 cycles, making it a
promising candidate as flexible electrode material for
applications in high-performance supercapacitors.
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