Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Hierarchical Configuration of NiCo,S, Nanotube@Ni—Mn Layered
Double Hydroxide Arrays/Three-Dimensional Graphene Sponge as
Electrode Materials for High-Capacitance Supercapacitors

Houzhao Wan,"* Jia Liu," Yunjun Ruan,” Lin Lv," Lu Peng,T Xiao ]i,T Ling Miao," and Jianjun ]iang*’Jr

¥School of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan 430074, China

*Hubei Collaborative Innovation Center for Advanced Organic Chemical Materials, Faculty of Physics and Electronic Science, Hubei

University, Wuhan 430062, China

© Supporting Information

ABSTRACT: Three dimensional (3D) hierarchical network config-
urations are composed of NiCo,S, nanotube @Ni—Mn layered
double hydroxide (LDH) arrays in situ grown on graphene sponge.
The 3D graphene sponge with robust hierarchical porosity suitable for
as a basal growth has been obtained from a colloidal dispersion of
graphene oxide using a simple directional freeze-drying technique.
The high conductive NiCo,S, nanotube arrays grown on 3D graphene
shows excellent pseudocapacity and good conductive support for
high-performance Ni—Mn LDH. The 3D NiCo,S,@Ni—Mn LDH/
GS shows a high specific capacitance (Csp) 1740 mF cm™ at 1 mA
cm™? even at 10 mA cm ™%, 1267.9 mF cm™> maintained. This high-
performance composite electrode proposes a new and feasible general
pathway as 3D electrode configuration for energy storage devices.
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B INTRODUCTION

Developing high-performance electrochemical energy storage
devices has been one of the important issues in the energy
strategic projects established by the governments of the
countries around the world.'~* Among various energy storage
devices, rechargeable supercapacitors (SCs), with high power
density, fast charge—discharge rate, and long lifespan, are
considered typically as one of the most appropriate choice
energy storage and conversion devices.” ® Especially, flexible
SCs, such as fiber supercapacitors,' all-solid-state flexible
supercapacitor,' "> and flexible micro-supercapacitor,'>'* have
devoted a significant amount of effort, owing to their potential
applications in the fields of portable electronic devices.''®
Nevertheless, to achieve flexible supercapacitors with the
comprehensive advantage requirements, such as high charge
storage capability and mechanical flexibility are the greatest
challenge."”” One of the most effective ways is to realize the
perfect combination of bendable current collectors with good
mechanical flexibility and electrode materials with a high
capacitive performance.18

On the one hand, three-dimensional (3D) graphene
frameworks capability of materials being formed into electrode
configuration have been widely investigated in many energy
storage systems, which implement fast ion and charge transport
on account of their rich porosity and good conductive
networks.”'” So far, 3D graphene network as conductive
substrate obtained by several alternative technologies, such as
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chemical vapor deposition (CVD template growth,** self-
assembly,”*** has been developed for supercapacitor electrode.
For instance, 3D graphene foam by CVD grown cobalt oxide
nanowire arrays forms a composite electrode, which delivers
high C,, of ~1100 F g at 10 A g'.*° The surface of 3D
graphene from Ni foam as template coupled a novel comb-like
CoMo0,,”® which exhibited excellent C,p as high as 2741 F g™
at 143 A g~ with excellent cycling stability. However, the
reported 3D graphene generally have the deficiencies of
irreversibly deformation under mechanical deformations.
Meanwhile, large-scale manufacturing of 3D graphene is still
prohibitively expensive based on the above method. Therefore,
it is very significant to synthesis 3D graphene foams with
favoable electrical properties and mechanical integrity require-
ment adopting a simple and cost-effective synthetic route.

On the other hand, the one-dimensional (1D) unique core/
shell heterostructure nanoarray can be used as an ideal unit to
optimize the high electrochemical performance 3D structure
electrode, which improves loading mass of the active materials
and provides more efficient ion contact angle between
electrolyte and electrode.”’ > For example, MnO,/Mn/
MnO, sandwich-like nanotube (the metal Mn layers as
conducting cores) arrays have 955 F g™ at 1.5 A g_1.30 A
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Figure 1. Process for grown 3D hierarchical configuration. (a) The principle diagram of 3D graphene oxide sponge. (b) SEM image and Physical
map (inserted in) of graphene oxide sponge. (c) Schematic diagram illustrating the fabrication processes for growth NiCo,S, nanotube@Ni—Mn

LDH arrays on GS.

Ni;S,@Ni(OH),/3D graphene electrode, the Ni,S, nanorods
as both active material and charge transfer core, exhibits high
Csp of 1037.5 F g™ at 5.1 A g7'*' 3D CoO@polypyrrole
nanowire arrays (the role of CoO nanowire similar to above
Ni;S, nanorods) lead to 2223 F g'.** NiCo,S, not only
possessed a high Csp and excellent cycle life, but also exhibited
conductivity ~100 times of NiCo0,0,>*** In this sense, 1D
NiCo,S, nanotube is considered to be an excellent skeleton
material for loading active materials. In addition, Ni—Mn layer
double hydroxide (Ni—Mn LDH), with both Ni and Mn ions,
Ni—Mn hydroxide can offer richer redox reactions roughly the
same way as Ni—Co layered double hydroxides than the
corresponding single component hydroxides.>* >’ For example,
NiMn-LDH/carbon nanotube delivers 2960 F ¢™' at 1.5 A g™/,
excellent cyclic stability.*® As a consequence, this maybe offers a
unique opportunity to construct a brilliant electrode for
maximum specific area and favorable electrode/solution contact
angle.

Herein, we first fabricated a novel 3D NiCo,S, nanotube@
Ni—Mn layered double hydroxide arrays in situ grown on
graphene sponge hierarchical network architectures (3D
NiCo,S,@Ni—Mn LDH/GS). Notably, the 3D graphene
sponge was obtained from a colloidal dispersion of graphene
oxide using a simple directional freeze-drying technique which
has rich porosity, high specific surface area, fast electronic
conductivity, and ionic conductivity suitable for as a basal
growth. The high conductive NiCo,S, nanotube not only
shows excllent pseudocapacity, but also useful as a conductive
support for high-performance Ni—Mn double hydroxide. As-
obtained 3D NiCo,S,@Ni—Mn LDH/GS shows a high Csp
and good Stability. To further evaluate the potential application
of the NiCo,S,@Ni—Mn LDH arrays/GS electrode electrode
in supercapacitors, a flexible asymmetric supercapacitor (FASC,
NiCo,S, nanotube@Ni—Mn LDH arrays/GS//VN/GS) was
fabricated in 6 M KOH. The FASC has demonstrated high
energy density and high power density.

B EXPERIMENTAL SECTION

Preparation of Graphene Oxide Sponge. A colloidal dispersion
of graphene oxide was prepared by oxidizing natural graphite powders

based on the modified Hummers method.**** The resulting viscous
graphene oxide dispersion solution was sonicated for 30 min. The
viscous dispersion solution was then freeze-dried using a lyophilizer
(LGJ-18 vacuum freeze-dryer) for 1 day and obtained graphene oxide
sponge (GOS).

Fabrication of the NiCo,S, Nanotube@Ni—Mn LDH Arrays
Grown on GS. The Ni-Mn LDH@NIiCo,S, nanotube arrays/GS
were prepared by multistep hydrothermal reaction. First, Ni—Co-salt
precursor nanowire arrays were grown on graphene sponge. A 60 mL
mix solution containing 6 mmol CoCl,, 3 mmol NiCl,, and 10 mmol
urea in distilled water was transferred into a 100 mL Teflon-lined
stainless steel. Then the graphene sponge was immersed into the mix
solution and hydrothermally treated at 120 °C for 10 h. The samples
were collected and washed with deionized water and ethanol several
times. Second, NiCo,S, nanotube arrays/GS were obtained. The
obtained Ni—Co-salt precursor nanowire arrays/GS was immersed
into a 60 mL solution containing 300 mg Na,S-9H,0 in distilled
water. And then it was transferred into 100 mL Teflon-lined stainless
steel autoclave at 180 °C for 6 h and. The NiCo,S, nanotube arrays/
GS was collected and washed with deionized water and ethanol several
times after drying.

Fabrication of the NiCo,S, Nanotube@Ni—Mn LDH Arrays
Grown on GS. A 30 mL mix solution containing 3 mmol NiCl,, 1
mmol MnCl, and 5 mmol hexamethylenetetramine (HMT) was
transferred into a 100 mL Teflon-lined stainless steel autoclave. Then
the as-obtained NiCo,S, nanotube arrays/GS was immersed into the
mix solution and maintained at 90 °C for 6 h. Finally, the NiCo,S,@
Ni—Mn LDH arrays/GS was obtained by washed, vacuum-dried
overnight.

Assembly of Asymmetric NiCo,S, @Ni—Mn LDH/GS//VN/GS
Capacitors. A cellulose film was used as a separator between NiCo,S,
@Ni—Mn LDH/GS cathodes and VN/GS anodes of 15 mm X 30 mm
rectangular pieceswith 6.0 M KOH as electrolyte. Then we covered
them in aluminum-laminated film as package and sealed the film by
heating under weak vacuum. The cell was fabricated.

Materials Characterization. The phase was characterized by X-
ray diffraction (XRD) (Philips X'Pert PRO; Cu Ka, 4 = 0.1542 nm).
The morphology of the samples was observed by FEI Quanta 200
scanning electron microscope (SEM). The structures of nanotube and
nanosheet shell were investigated by means of transmission electron
microscopy (TEM, JEM 2100F STEM/EDS). The X-ray photo-
electron spectroscopy (XPS) spectra were measured on Kratos AXIS
Ultra DLD-600W XPS system equipped with a monochromatic Al Kar
(1486.6 eV) as X-ray source.
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Electrochemical Measurements. The electrochemical properties
of the samples were tested with cyclic voltammetry (CV) and
galvanostatic charge—discharge technique by a three-electrode system
using CHI 660E electrochemical station. The 6 M KOH, Hg/HgO,
and platinum plate were used as electrolyte, reference electrode, and
counter, respectively. The Ni-Mn LDH@NiCo,S, nanotube arrays/
GS of 1.2 cm in diameter was applied as working electrode. The
performances of the asymmetric supercapacitor were performed in a
two-electrode system with CHI 660E electrochemical station. The
operating current density was calculated based on the area of active
materials, that is, the area of NiCo,S,@ Ni—Mn LDH arrays/GS for
the three-electrode system and the total area of asymmetric flexible
device (NiCo,S,@ Ni—Mn LDH arrays/GS//VN nanosheet arrays/
GS) for the two-electrode system.

B RESULTS AND DISCUSSION

Figure 1 illustrates the structure of graphene sponge (GS) and
the fabrication processes for growth NiCo,S, nanotubes@Ni—
Mn LDH on GS. First, 3D graphene oxide sponge was obtained
from a colloidal dispersion of graphene oxide using directional
freeze-drying technique. The principle diagram of 3D graphene
oxide sponge displayed that the thickness of the graphene oxide
sponge was about 5.33 mm (Figure 1b). The 3D graphene
oxide, similar to sponge (the picture as shown in Supporting
Information Figure S1a), had a well-defined and interconnected
3D porous network (Figure 1b) of its freeze-dried sample. The
pore walls of the graphene sponge consist of thin layers of
stacked graphene sheets. Second, high conductivity NiCo,S,
nanotubes grown on GS were obtained from a Ni—Co—
precursor nanorods (the SEM and TEM images as shown in
Supporting Informatlon Figure S2) sacrificial template based on
Kirkendall effect.*' The NiCo,S, nanotubes still keep the well-
ordered arrangement structure on the GS. The NiCo,S,
nanotube arrays were grown on the 3D GS network. Finally,
NiCo,S, nanotubes@ Ni—Mn Layered double hydroxide (Ni—
Mn LDH) array/GS was obtained through the growth of Ni—
Mn LDH nanosheets produced by hydrothermal process under
90 °C. The excellent electrochemical performances of the
composite material benefit from its special 3D open
configuration, which can effectively buffer the ion adsorption/
desorption process.

The XRD patterns of as prepared Ni—Mn LDH/GS,
NiCo,S,/GS, and NiCo,S, nanotube@Ni—Mn LDH arrays/
GS are show in Figure 2. The XRD spectrum of the as-grown
NiCo,S, nanotube@Ni—Mn LDH arrays/GS shows peaks at
20 = 268, 299, 315, 38.1, 47.4, 52.1, and 552, which
correspond to the NiCo,S, (Supporting Information Figure
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Figure 2. XRD pattern of the Ni—Mn LDH/GS, NiCo,S,/GS, and
NiCo,S,@ Ni—Mn LDH/GS.

S$3). It should be noted that four characteristic peaks for
hydrotalcite-like phase at 26 = at 12.1°, 24.4°, 33.3°, and 59.5°.
The XRD pattern of Ni—Mn LDH/GS can be indexed to a
rhombohedral LDH phase, which possess interbrucite-like
sheet distances (dgg3) of 7.75 A.>® While the presence of the
graphene was not clearly confirmed by the XRD pattern,
possibly due to too much weak to obvious, it was confirmed
from the HRTEM image.

The morphologies of the NiCo,S, nanotube/GS and
NiCo,S,; nanotube@Ni—Mn LDH on graphene sponge are
shown in Figure 3. Figure 3a and b show the as-formed
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Figure 3. (3, b) NiCo,S, nanotube/GS (high magnification image
inserted in panel b). (c—f) NiCo,S, nanotube@Ni—Mn LDH arrays/
GS at different magnifications.

NiCo,S, nanotube with ~5 ym in length are uniformly grown
on the graphene sponge skeleton. In this structure, 3D
graphene sponge simultaneously acts as a growth substrate
and current collector for NiCo,S, nanotube arrays. Note-
worthily, the microstructure of NiCo,S, nanotube@Ni—Mn
LDH arrays/GS inherited the porous interconnected network
of 3D graphene. The special interconnected network structure
not only provides a convenient ion diffusion channel, but also
increases more efficient contact between the ions and the active
material. Both of them are seen as promising electrode
materials for supercapacitors. Figure 3¢ and d clearly display
the well-established texture structure of the NiCo,S,@Ni—Mn
LDH core—shell grown on the graphene sponge. Comparing to
the smooth surface of the NiCo,S, (as shown in Figure 3b),
Figure 3e and f indicate that Ni—Mn nanosheets are grown on
the surface of the NiCo,S, nanotubes, forming core/shell
architecture, indicating the intimate interface contact between
Ni—Mn OH nanosheet shells and NiCo,S, nanotube cores,
which could play an important role in improving the
electrochemical performance. The cross-sectional SEM images
(Supporting Information Figure SSa and SSb) indicate that the
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Figure 4. Low and high magnification TEM images of (a—c) the NiCo,S, nanotubes. (d—f) NiCo,S,@Ni—Mn LDH.

Ni—Mn LDH nanosheets are homogeneously covered the
whole surface of the NiCo,S, nanotubes. This nanotube@
nanosheet array could reveal excellent electrochemical perform-
ance owing to its effectively ion diffusion channel and fast
electron conduction during adsorption/desorption process.

More detailed structural information and morphology
evolution of the NiCo,S, nanotube@Ni—Mn LDH arrays/GS
were investigated by TEM. The typical TEM images of
NiCo,S, nanotubes in Figure 4a and b show that the diameter
of NiCo,S, nanotube is confirmed to be about 100 nm, and the
wall thickness is estimated to be about 25 nm. The measured
lattice spacings of 0.284 and 0.235 nm in HRTEM image of
Figure 4c are corresponding to the (311) and (400) planes of
cubic NiCo,S,, respectively. Most notably, the NiCo,S,
nanotubes can be in situ together with graphene skeleton as
shown in Figure 4b and ¢, which could provide fast charge
transfer pathways for high rate charge—discharge. The TEM
images (Figure 4d and e) taken from the NiCo,S, nanotube@
Ni—Mn LDH confirm that the surfaces of NiCo,S, nanotubes
are uniformly coated with a layer of Ni—Mn LDH nanosheets.
Figure 4f clearly shows the thin layer is a few stack folds; this
kind of stretch structure is more advantageous to ion diffusion
during electrochemical process.

X-ray photoelectron spectroscopy (XPS) was utilized to
analyze the composition information on the NiCo,S, nano-
tube@Ni—Mn LDH arrays/GS (Figure S). The compositional
elements of the composite identified from the full survey scan
XPS spectrum (Figure Sa). Th Ni 2p spectrum can be
deconvoluted into two spin—orbit doublets and two shakeup
satellites (Figure Sb). The first doublet at 853.1 and 871 eV and
the second at 854.8 and 873.2 eV could be assigned to Ni** and
Ni*, corresponding to a 2p level splitting of 17.9 and 18.6 eV,
respectively.”* The third Ni 2p;;, component located at
860.1 €V is related to a shakeup satellite of Ni** species. The
Co 2p3j, part of the Co 2p spectrum was fitted using three
components as well. The Co 2p;/, component observed at
778.2 is attributed to Co®* species, while the components
located at 781.3 and 786.4 €V correspond to Co*" main peak
accompanied by its shakeup satellite, respectively (Figure Sc).
Mn 2p spectrum region (Figure Sd) demonstrates two peaks at
642.2 and 655.3 eV originated from Mn 2p;,, and Mn 2p,
spin—orbit 4peaks, respectively, indicating that element Mn is
Mn (I1).** The binding energies at 166.6 and 162.1 eV
correspond to S 2p;;, and S 2p;,, respectively (Figure Se).
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Figure S. XPS spectra of NiCo,S, nanotube@Ni—Mn LDH arrays/
GS, (a) The survey XPS spectrum, (b) Ni 2p, (c) Co 2p, (d) Mn 2p,
(e) S 2p, and (f) C Is.

From the deconvoluted XPS peaks of C 1s (Figure 5f), it is
found that four peaks (287.6, 286.3, 285.2, and 284.8 eV)
which were assigned to C—O—-C, C—OH, C-0O, and C=C,
respectively, suggesting that there are still some residual
oxygen-containing functionalities on the surface of graphene
networks,**¢

Electrochemical Characterization of Electrodes. The
CV curves of the Ni—-Mn LDH/GS, NiCo,S,/GS, and NiCo,S,
nanotube@Ni—Mn LDH arrays/GS recorded at 10 mV s™' was
shown in Figure 6a. All of the CV curves possess two pairs of
redox peaks, which indicate the electrochemical process imply
the presence of reversible Faradaic reaction. The above
Faradaic process also can be verified from the triangle shape
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Figure 6. (a) CV and (b) galvanostatic charge—discharge curves of
Ni—Mn LDH/GS, NiCo,S,/GS and NiCo,S, @Ni—Mn LDH arrays/
GS. (c) CV and (d) galvanostatic charge—discharge curves of
NiCo,S,@Ni—Mn LDH arrays/GS. (e) C, as a function of current
densities. (f) Cycling life at 5 mA/cm™ (1000 cycles).

of the galvanostatic charge—discharge curves at 2 mA cm™ in
Figure 6b. Furthermore, the Csp of the NiCo,S, nanotube@
Ni—Mn LDH arrays/GS calculated from CV curves and
charge/discharge curves, which is higher than Ni—Mn LDH/
GS and NiCo,S,/GS. Figure 6¢ shows the CV curves of the
NiCo,S; nanotube@Ni—Mn LDH arrays/GS electrode at
different scan rates, which display two pairs of redox peaks.
With one pair of redox peaks, the potentials of the redox
processes of Co**/Co> and Mn*"/Mn*** are coincident. The
other a pair of redox peaks, the potentials of the redox

processes of Co>*/Co*" and Ni**/Ni***"*” are characteristic of
reversible faradaic redox reactions. In addition, the picture
inserted in Figure 6¢ shows that our NiCo,S, nanotube@Ni—
Mn LDH arrays/GS electrode possesses good flexibility. The
Csp (areal capacitance) of the flexibility electrode was
calculated from the following equation: Cy, = IAt/AVS,
where I is the discharge current (A), At is the discharge time
(s), AV is the voltage drop upon discharging (V), and S is the
area of electrode (cm™2), respectively. Figure 6d shows the
galvanostatic discharge curves of the electrode at different
current densities. A high Csp 1740 mF cm™ was obtained at a
discharge current density of 1 mA cm™ Even at a relatively
high current density of 10 mA cm™2 a Csp of 1135 mF cm™
was obtained. That is higher than most of the literature on
performance, such as, Co;0, nanowire@MnO, ultrathin
nanosheet arrays (700 mF em2),* Co,0, porous nanowall
(0.52 F em™2 at 3.2 mA cm™2)* and nanowires (1.5 F cm™2 at
S mA cm2),% Fe;0,—Sn0, core—shell nanorodfilm (7 mF
em™2).>" The Csp and retention rate of three electrodes are
shown in Figure 6e, respectively. The NiCo,S, nanotube @Ni—
Mn LDH arrays/GS demonstrated evidently higher C, values
and better rate capabilities than Ni—Mn LDH/GS and
NiCo,S,/GS. Particularly, the C,, of the NiCo,S, nanotube@
Ni—Mn LDH arrays/GS is higher than the sum of the Ni—Mn
LDH/GS (C1) and NiCo,S,/GS (C2). It may be a large
number of NiCo,S, nanotube array on the grapheme sponge
provide more growing point than smooth graphene skeleton for
Ni—Mn LDH nanosheets. So, the Csp of the NiCo,S,
nanotube@Ni—Mn LDH arrays/GS is the biggest of all. In
addition, the Csp of NiCo,S,@Ni—Mn LDH/GS demon-
strated evidently higher values than Ni—Mn LDH/GS and
NiCo,S,/GS according to the massed of whole electrodes as
shown in Supporting Information Figure S6. We measured the
charge transport and ion diffusion of two-electrode materials
using electrochemical impedance spectroscopy, from which
their Nyquist plots were generated as show in Supporting
Information Figure S7. The ESR of NiCo,S,@ Ni—Mn LDH/
GS electrode is lower than Ni—Mn LDH/GS due to NiCo,S,
nanotube providing electronic conduction for Ni—Mn LDH.
Warburg resistance of NiCo,S,@ Ni—Mn LDH/GS electrode
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Figure 7. (a) Schematic illustration of the FASC configuration. (b) CV curves of FASC collected in different scan voltage windows at S mV s™". (c)
CV and (d) discharge curves of the FASC. (e) Ragone plot, the working principle diagram of the flexible components was inserted. (f) Cycling

stability of the FASC.
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is lower than Ni—Mn LDH/GS, NiCo,S,/GS, which indicate
that the NiCo,S,@ Ni—Mn LDH/GS composite electrode
possess ionic conductivity suitable. The cycling performances of
the NiCo,S, nanotube@Ni—Mn LDH arrays/GS, Ni—Mn
LDH/GS and NiCo,S,/GS at S mA cm™? are shown in Figure
6f. The C,;, of the NiCo,S, nanotube@Ni—Mn LDH arrays/GS
has 1307 mF cm™ (88.3% of the initial value of 1480 mF
cm™2) after 1000 cycles.

Electrochemical Characterization of Asymmetric
Supercapacitor. To further assess the potential application
of the NiCo,S, nanotube@Ni—Mn LDH arrays/GS electrode
electrode in supercapacitors, a flexible asymmetric super-
capacitor (FASC, NiCo,S, nanotube@Ni—Mn LDH arrays/
GS//VN/GS) was fabricated and investigated by two-electrode
device using the NiCo,S, nanotube@Ni—Mn LDH arrays/GS
electrode as positive electrode and the vanadium nitride/
graphene sponge (the preparation process of VN/GS inside the
Supporting Information, the XRD pattern and SEM in
Supporting Information Figure S8, CV curves and galvanostatic
charge—discharge curves in Supporting Information Figure S9)
as negative electrode in 6 M KOH according to befitting weight
ratio of positive and negative electrodes (Supporting
Information Figure S10). Figure 7a displays the schematic
illustration of the structure for the FASC, the picture of the
flexible packaged device was inserted.

Figure 7b shows the CV curves of the FASC at different
voltage windows, an operating cell voltage from 0.8 to 1.6 V,
which indicates the stable working potential of the FASC can
achieve 1.6 V. Figure 7c shows a pair of strong peaks from the
CV curves of the device under different scan rates from 5 to
100 mV s7', corresponding to the typical faradaic pseudoca-
pacitive of the single electrode NiCo,S, nanotube@Ni—Mn
LDH arrays/GS. Galvanostatic discharge curves of the FASC at
a set of current densities of 5~70 mA cm™ were further
illustrated in Figure 7d. The discharge areal capacitance of the
FASC has 495 mF cm™ at S mA cm™?, still keeping 321 mF
cm™> at 70 mA cm . We test CV curves and discharge curves
of the device after bending at S mV s™' and 2 mA cm™?,
respectively, as shown in Supporting Information Figure S11.
The FASC keeps a good capacitance performance after S0th
bending. Ragone plot (power density vs energy density) of the
FASC describing was obtained and shown in Figure 7e. The
energy density decreased from 0.156 to 0.09 mWh cm™,
compared to the power density increased from 3.76 to 47.7
mW cm ™, as the discharge current density increased from S to
70 mA cm™?, which is substantially higher than the other two
FASCs, Ni-Mn LDH/GS//VN/GS and NiCo,S,/GS//VN/
GS. The cycling stability of the FASC was further investigated
by virtue of galvanostatic charge/discharge cycling between 0
and 1.5 V at 20 mA cm™ (as shown in Figure 7f). The C,,
retained 84.5% after 5000 cycles, indicating its good cycle
stability. Supporting Information Figure S12b shows the LED
working with flexible solar cells under the light; Supporting
Information Figure S12d displays LED still working with
flexible solar cells at the dark, while the FASC power supply for
the system. The outstanding capacitive performances of the
device originate from high C,, of electrodes (as well as good
quality match of the positive and negative electrodes), high
working voltage of the asymmetric supercapacitor.

B CONCLUSION

We fabricated a novel 3D NiCo,S, nanotube@Ni—Mn LDH
arrays in situ grown on graphene sponge hierarchical network

configuration. The 3D graphene sponge has obtained using a
simple directional freeze-drying technique, which can be used
as an accessible big channel and large mass loading of flexible
conductive substrate for the growth of NiCo,S,; nanotube@
Ni—Mn LDH arrays. The high conductive NiCo,S, nanotube
shows excellent pseudocapacity and is used as a good
conductive support for high-performance Ni—Mn LDH. The
high capability flexible NiCo,S, nanotube@ Ni—Mn LDH
arrays/GS electrode is an ideal of flexible supercapacitor
electrode. A flexible asymmetric supercapacitor (NiCo,S,
nanotube@Ni—Mn LDH arrays/GS//VN/GS) has demon-
strated high energy density and high power density. Therefore,
our work not only opens up a high-performance composite
flexible electrode based on large-scale preparation of graphene
by a simple and low energy consumption freeze-dried
technique, but also proposes a new and feasible general
method as 3D electrode configuration for energy storage
systems.
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