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SPECIAL ISSUE: Innovative Electrode Materials for Supercapacitors

Flexible all-solid-state micro-supercapacitor based
on Ni fiber electrode coated with MnO, and reduced
graphene oxide via electrochemical deposition

Jinhua Zhou"*', Ningna Chen®’, You Ge', Hongli Zhu', Xiaomiao Feng'’, Ruiqging Liu', Yanwen Ma',

Lianhui Wang' and Wenhua Hou”™

ABSTRACT
storage components are extremely demanding in portable and

Flexible and micro-sized energy conversion/

multifunctional electronic devices, especially those small,
flexible, roll-up and even wearable ones. Here in this paper, a
two-step electrochemical deposition method has been devel-
oped to coat Ni fibers with reduced graphene oxide and MnO,
subsequently, giving rise to Ni@reduced-graphene-oxide@MnO,
sheath-core flexible electrode with a high areal specific capa-
citance of 119.4 mF cm ™ at a current density of 0.5 mA cm ™ in
1 mol L' Na,SO, electrolyte. Using polyvinyl alcohol (PVA)-
LiCl as a solid state electrolyte, two Ni@reduced-graphene-
oxide@MnO, flexible electrodes were assembled into a free-
standing, lightweight, symmetrical fiber-shaped micro-su-
percapacitor device with a maximum areal capacitance of
26.9 mF cm ™. A high power density of 0.1 W cm™ could be
obtained when the energy density was as
0.27 mW h cm™,
capacitor device also demonstrated good flexibility and high

high as
Moreover, the resulting micro-super-
cyclic stability. The present work provides a simple, facile and
low-cost method for the fabrication of flexible, lightweight
and wearable energy conversion/storage micro-devices with a
high-performance.

Keywords: supercapacitor, flexible, fiber-shaped, MnO,, gra-
phene oxide, electrochemical deposition

INTRODUCTION

As one kind of important devices for energy storage,
supercapacitors (SCs, also named electrochemical capa-
citors) can operate at a high charge/discharge rate over a

large number of cycles, bridging the gap between high
energy batteries and high power conventional electro-
static capacitors [1,2]. Generally, SCs can be divided into
two major categories according to the energy storage
mechanism. The first category is electrochemical double
layer capacitor (EDLC) which stores electrochemical en-
ergy through the physical charge accumulation at the
electrode/electrolyte interface. The second category is
pseudo-capacitor mainly based on the fast surface far-
adaic redox reactions. Relatively speaking, EDLC has a
better rate capability, a higher power density, a longer
operation life but a smaller capacitance and thus a lower
energy density than pseudo-capacitor. This is dependent
on their different electrical behaviors and ways of storing
energy.

The performances of supercapacitors are generally de-
termined by the electrode materials [3,4]. Up to now,
various materials have been widely investigated as elec-
trode materials for SCs, including carbon materials,
conducting polymers [5] and metal oxides/hydroxides.
Carbon materials, such as activated carbon [6], carbon
nanotubes (CNTs) [7] and graphene [8,9], are normally
used as electrode materials in EDLCs while conducting
polymers and metal oxides/hydroxides in pseudo-capa-
citors. Among metal oxides/hydroxides (e.g., RuO,,
MnO,, Co;0,, Ni(OH),) [10-14], MnQO, is one of the
most attractive materials because of its high theoretical
pseudo-capacitance, low cost and environmental com-
patibility [4,15-17].

The recent rapid advance and eagerness of miniatur-
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ized, portable consumer electronics have stimulated the
development of power sources towards the trends of
flexible/bendable electronic equipment such as wearable
devices, foldable/roll-up displays, wireless sensors, smart
chips and flexible mobile phones [18-20]. Various flexible
energy storage devices have been developed to power the
flexible/bendable electronic equipment, such as flexible
supercapacitors [21-23], flexible Li-ion batteries [24] and
flexible rechargeable batteries [25].

As one of the key energy storage devices, conventional
supercapacitors are still too heavy, thick, rigid and bulky
to fully meet the practical requirements for portable de-
vices due to the presence of inactive components such as
metal substrates, binders and conductive additives [26].
In order to meet the growing demands of modern society,
some reformations were brought into SCs to make them
small, thin, lightweight, flexible and even wearable.

Recently, flexible supercapacitors (FSCs) with diversi-
fied micro-structures and macro-features have been re-
ported, in which each component (electrodes and packing
shell, etc.) is flexible and thus FSCs are endowed with
variable shapes. Considering that the key to fabricating
FSCs generally lies in the acquirement of appropriate
flexible electrodes (FEs), many researchers have devoted
their efforts to the design of high performance FEs. Ac-
cording to their micro-structures and macroscopic pat-
terns, the commonly reported FEs/FSCs are fiber-shaped,
paper-like and three-dimensional (3D) porous FEs/FSCs,
respectively [27-29]. Being different from paper-like and
3D porous FSCs, fiber-shaped FSCs are featured with a
great flexibility and mechanical strength and thus exhibit
unique and promising application prospect that they
could be woven or knitted into fabrics/textiles to further
produce wearable and smart clothes [30,31].

Graphene, a monolayer or few-layer honeycomb of
carbon atoms, has been demonstrated to be a very pro-
mising candidate as electrode material for flexible su-
percapacitors. Competitive advantages of the graphene-
based materials include large specific surface area, ex-
cellent electrical conductivity and high mechanical
strength [20,32,33]. Via a dyeing approach, Zhao et al.
[34] recently reported reduced graphene oxide (rGO)-
coated polypyrrole FE, delivering a specific capacitance of
123F g ' at a scan rate of 5 mV s . Using an electro-
deposition method, He et al. [35] prepared graphene-
loaded MnO, FSCs with a high areal capacitance of
1.42 Fcm” at a scan rate of 2 mV s . Through a spon-
taneous redox reaction, Zhang et al. [36] obtained an FE
of graphene-wrapped copper wires, giving a specific vo-
lumetric capacitance of 7.3 F cm ° at a current density of
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0.5 mA c¢m . Overall, the reported approaches for coating
process are rather high-cost and time-consuming, usually
including “dipping and drying”, hydrothermal and che-
mical reaction. Moreover, the electrochemical perfor-
mances of FSCs still need to be improved.

Herein, we introduce an innovative design solution to
achieve a high performance FSCs. By using Ni fiber as
fibrous structural support, MnO, and rGO as active
materials, Ni@rGO@MnO, FEs could be obtained by a
facile, time-saving and low-cost electrochemical deposi-
tion method. Furthermore, by using Ni@rGO@MnO, FEs
and polyvinyl alcohol (PVA)-LiCl as gel electrolyte, the
symmetrical fiber-shaped FSCs were fabricated. The as-
assembled FSC could deliver an areal specific capacitance
of 269 mF c¢m’, a volumetric specific capacitance of
7.2 F cm” and a high power density of 0.1 W cm° when
the energy density was as high as 0.27 mWhcm™ at a
current density of 0.5 mA cm . Moreover, the resulting
FSC also demonstrated high cyclic stability and good
flexibility.

EXPERIMENTAL SECTION

Chemicals

Natural graphite flake (about 325 mesh) and commercial
Ni fibers (diameter about 0.15 mm) were purchased from
Alfa Aesar Chemical Reagent Co. (USA). Manganese(II)
acetate tetrahydrate (Mn(Ac),4H,0), sodium sulfate
(Na,SO,), and lithium chloride (LiCl) were acquired from
Sinopharm Chemical Reagent Co. (China). PVA was
purchased from Aladdin Chemical Reagent Co. (USA).
All reagents and solvents were of analytical grade and
used as received without further treatment.

Preparation

Preparation of Ni@rGO@MnO, electrode

GO was synthesized from graphite powder based on
Hummer’s method. The concentration of GO solution
was about 3.5mgmL . A three-electrode system was
used in the electrochemical deposition of rGO and MnO,
on Ni fibers with a platinum wire as counter electrode
and saturated calomel electrode (SCE) as reference elec-
trode. The electrochemical deposition electrolyte con-
tained 3.5 mg mL ™' GO solution, 1.0 mol L' Na,SO, and
0.1 mol L' Mn(Ac),-4H,0. Ni fiber was dipped into the
electrolyte as working electrode and the electrochemical
reduction of GO was performed at —1.0 V for 60 min and
the deposition of MnO, at 1.0 V for 200 s. The mass load
density of rGO on Ni fiber was about 0.025 mg cm ' and
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that of MnO, was about 0.05 mg cm .

Preparation of fiber-shaped micro-supercapacitor
PVA-LiCl gel was prepared by adding 1.0 g of PVA and
1.0 g of LiCl into 10 mL of deionization (DI) water. The
mixture was stirred until the solution became clear, and
the resulting solution was used as both the ionic elec-
trolyte and separator. Next, two Ni@rGO@MnO, FEs
were immersed in the PVA-LiCl gel solution for 5 min,
and then fixed on transparent poly(ethylene ter-
ephthalate) (PET) parallel to each other.

Electrochemical investigation

For single electrode tests, three electrodes were performed
in 1.0 mol L' Na,SO, with a gauze platinum and an SCE
as the counter and reference electrodes, respectively. The
areal specific capacitance (C,) could be calculated from
the cyclic voltammograms (CV) curves according to
Equation (1) [37]:

C, = (IIdV)/(SAVv), (1)

where I is the response current, AV is the potential
window, v is the scan rate, and S is the area of single
electrode. The areal specific capacitance was calculated
from the galvanostatic charge/discharge (GCD) curves
using Equation (2) [38]:

C, = IAt/ (SAV), )

where I represents the discharge current, At is the dis-
charge time, S is the area of single electrode, and AV is the
potential window. The volumetric capacitance (Cy) of the
electrode was derived from the Equation (3) [36]:

Cy=CxS/V, 3)
where V is the volume of the fiber electrode.

Characterization

The morphologies of samples were characterized by
scanning electron microscopy (SEM, S-4800) and trans-
mission electron microscopy (TEM, JEOL-JEM-2100F at
100 kV, Japan). Fourier-transform infrared (FTIR) spec-
tra of the products in KBr pellets were achieved on a
Bruker model VECTOR22 Fourier transform spectro-
meter (Germany). The X-ray photoelectron spectroscopic
(XPS) analysis was performed using an ESCALABMK II
X-ray photoelectron spectrometer. Electrochemical ex-
periments were carried out on a CHI660C electro-
chemical workstation (Chenhua, China). The three-
electrode tests were performed in 1 mol L' Na,SO, with a
platinum wire as counter electrode and SCE as reference
electrode.
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RESULTS AND DISCUSSION

As shown in Fig. 1, Ni fiber with a diameter about
0.15 mm played a role as working electrode in a three-
electrode system with GO suspension and Mn** in elec-
trolyte. When a negative voltage was applied to the Ni
fiber, the GO was electrochemically reduced and stacked
tightly in a parallel direction onto the surface of Ni fiber
substrate. Then, the voltage was changed to positive, Mn**
was oxidized and MnO, was generated on the surface of
rGO/Ni fiber to obtain Ni@rGO@MnO, FEs. As a fibrous
structural support for the deposition of MnO, and rGO,
Ni metal fiber is flexible, mechanically robust and highly
conductive. On the other hand, the rGO@MnO, com-
posite shell material can provide a high electrochemical
capacitance. Two Ni@rGO@MnO, FEs were transferred
in parallel onto flexible PET. These two electrodes were
further fixed to the PET substrate by copper conductive
adhesive. Finally, mixed PVA-LiCl gel electrolyte was
coated on Ni@rGO@MnO, FEs, resulting in the forma-
tion of all-solid-state fiber-shaped FSCs in which the
highly conductive Ni metal fiber played the role as cur-
rent collector and PVA-LiCl gel electrolyte served as a
separator to prevent short circuit inside FSC. Hence, no
additional current collectors and separator were needed
during the process.

The morphologies of the as-prepared Ni@rGO@MnO,
FEs were characterized through SEM images. Fig. 2a
shows a top-view SEM image of Ni fiber after deposition
of rGO, and it can be observed that Ni fiber is wrapped
with rGO nanosheets tightly and uniformly. In addition,
the characteristics of wrinkle and gully of graphene are
clearly visible from Fig. 2b. As shown in Fig. 2c, after
deposition of MnO,, the entire graphene networks are
uniformly covered with a layer of MnO, nanomaterials
and the resulting Ni@rGO@MnO, FE has an increased
diameter about 160 um. A higher magnification image
shows that the coated MnO, has an alveolate micro-
structure composed of nanosheets (Fig. 2d). Fig. Slc (see
Supplementary information) shows a cross-sectional SEM
image of Ni@rGO@MnO, fibers. The shell thickness of
MnO,/rGO coated on Ni fiber is around 10 pum. And rGO
layers are stacked in parallel direction, forming a layer-
by-layer structure (Fig. S1d). The coated rGO and MnO,/
rGO were peeled from Ni fibers via simple ultrasonic
process, and their morphologies and microstructures
were further investigated by TEM images. As shown in
Fig. 2e, the resulting rGO nanosheets are typical trans-
parent and curly with folded wrinkles. On the other hand,
MnO,/rGO shows a morphology of the interconnected
MnO, nanosheets on the surface of rGO (Fig. 2f), being
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Figure 1 Schematic illustration for the fabrication process of Ni@rGO@MnO, FE via electrochemical deposition and the symmetrical FSC composed

of two Ni@rGO@MnO, FEs.

50 um*

Figure 2 SEM images of Ni@rGO FE (a, b), Ni@rGO@MnO, FE (c, d), TEM images of rGO peeled from Ni@rGO FE (e) and MnO,/rGO peeled from

Ni@rGO@MnO, FE (f).

consistent with the SEM results.

Fig. 3a shows FTIR spectra of GO, rGO and MnO,/
rGO. The spectrum of GO reveals strong absorption
peaks at 1734, 1623, 1402, and 1104 cm ', which corre-
spond to the C=0 stretching vibration from carbonyl and
carboxylic groups, skeletal vibration of aromatic C=C,
carboxy ~-COOH group and alkoxy C-O group, respec-
tively [19]. By comparison, the intensities of these ab-
sorption peaks are dramatically decreased in rGO,
suggesting that most of oxygen-containing groups have
been removed via electrochemical reduction. For MnO,/
rGO, a strong and wide absorption peaks appears around
525 cm corresponding to the Mn-O vibrations of
MnO, [12]. Fig. 3b shows the XRD pattern of MnO,/rGO,
in which most of the diffraction peaks can be well indexed
to MnO, (PDF# 53-0633). In addition, the broad peak
between 22° and 27° is in agreement with the (002) re-
flection of the stacked rGO sheets.

XPS spectra were recorded to further reveal the surface
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chemical compositions. As shown in Fig. 4a, besides those
of C and O, the signal of Mn also appears in the survey
spectrum of MnO,/rGO, indicating the attachment of
MnO, on the surface of rGO. Fig. 4b shows the C 1s XPS
spectra of GO and MnO,/rGO, and both can be decon-
voluted into four peaks of C-C/C=C (284.6¢eV), C-O
(286.4 eV), C=0 (287.0¢eV), and O=C-OH (288.5¢V)
[39]. By comparison, the peak intensity of oxygen-con-
taining functional groups in rGO is decreased sig-
nificantly, indicating that GO was reduced to rGO after
electrochemical reduction. As shown in Fig. 4c, the Mn
2p XPS spectrum shows Mn 2p;, peak located at 641.6 eV
and Mn 2p,,, peak at 653.2 eV, with a spin-energy se-
paration of 11.6 eV, indicating that the Mn element
mainly exists as Mn*" in the sample [40].

The electrochemical characteristics of the as-prepared
Ni@rGO@MnO, FEs were investigated in a three-elec-
trode system in 1.0 mol L' aqueous Na,SO, electrolyte.
We decorated rGO on Ni fiber by varying the deposition

February 2018 | Vol.61 No.2



SCIENCE CHINA Materials

ARTICLES

Transmittance (a.u.)

MnO,/rGO

Intensity (a.u.)

PDF#53-0633

4000 3000 2000 1000
Wavenumber (cm™")

T T

10 20 30 40

Figure 3 (a) FTIR spectra of GO, rGO and MnO,/rGO; (b) XRD pattern of MnO,/rGO.
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Figure 4 XPS spectra survey scan of GO and MnO,/rGO (a), C 1s of GO

time and it was found that the current was increased with
the deposition time in the corresponding CV curves (Fig.
S2). When the deposition time exceeded 60 min, the de-
posited rGO on Ni fiber could be easily exfoliated because
of too much rGO loaded. Therefore, in the subsequent
deposition of MnO,, we adopted an rGO deposition time
of 60 min and its electrochemical characteristics were
measured first. As shown in Fig. S3, the CV curves show
an ideal rectangular shape and the corresponding GCD
curves are almost symmetrical, indicating the ideal EDLC
behavior of rGO@Ni FE. After that, MnO, was decorated
on rGO@Ni FE by changing the deposition time. It was
found that as the deposition time was increased, the CV
current of Ni@rGO@MnO, FE was inceased and the most

92 290 288 286 284 282
Binding energy (eV)

and MnO,/rGO (b), Mn 2p of MnO,/rGO (c).

obvious increase was observed for the sample with a de-
position time of 200 s (Fig. S4). We compared the elec-
trochemical performances of Ni@rGO, Ni@MnO, and
Ni@rGO@MnO, FEs in 1 mol L' Na,SO, (Fig. S5). Both
CV and GCD measurements revealed the Ni@rGO@M-
nO, FEs had been equipped with most excellent electro-
chemical performance. The areal capacitance of
Ni@rGO@MnO, FE is 2.3 times that of the pristine
Ni@MnO, FE and 10 times that of Ni@rGO FE at the
same current density, giving a clear evidence of the sy-
nergistic effect between MnO, and rGO in the composite.
Hence, in the following experiments, the electrochemical
performances of Ni@rGO@MnO, FE obtained with an
rGO deposition time of 60 min and a MnO, deposition
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Figure 5 CV curves (a) and corresponding specific capacitances (b) of Ni@rGO@MnO, FE at different scan rates in 1 mol L™ Na,SO,; GCD curves
(c) and corresponding specific capacitances (d) of Ni@rGO@MnO, FE at different current densities in 1 mol L™ Na,SO,.

time of 200 s were systematically studied.

Fig. 5a shows CV curves of Ni@rGO@MnO, FE at
different scan rates in 1 mol L' Na,SO,. A deviation from
rectangular shape can be observed due to the pseudo-
capacitive contribution from MnO, along with the double
layer contribution from graphene. When the scan rate is
increased from 5 to 100 mV s, the calculated areal
specific capacitance (C,) values are 94.0, 92.9, 67.4, 50.0,
42.0 and 37.0 mF cm * and the corresponding volumetric
specific capacitance (Cy) are 25.1, 24.8, 18.0, 13.3, 11.2
and 9.9 F cm °, respectively. On the other hand, the GCD
curves show a linear and nearly symmetrical shape, in-
dicating the typical characteristic of an ideal super-
capacitor. The calculated C, are 119.4, 116, 91.3, 86.0 and
543 mF cm > and Cy are 31.8, 30.9, 24.3, 22.9 and
14.5 F cm at a series of current densities of 0.5, 1.0, 2.0,
3.0 and 5.0 mA cm 7, respectively. The energy storage in
Ni@rGO@MnO, FE is realized through both the elec-
trostatic accumulation of charges on rGO and the re-
versible redox reactions on MnO,. The electrochemical
impedances of Ni@rGO, Ni@MnO, and Ni@rGO@MnO,
FEs were measured at a frequency range of 0.01 Hz to
100 kHz. As shown in Fig. S6, all plots display a part of
semicircle at high-frequency region and a straight line in
the low-frequency region, corresponding to the electron-
transfer process and diffusion process, respectively [41].
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At the low-frequency region, both Ni@rGO and Ni@r-
GO@MnO, FEs show a more vertical line than Ni@MnO,
FE, indicating a better capacitive behavior and a lower ion
diffusion resistance. At the high-frequency region,
Ni@MnO, FE obviously has the highest charge transfer
resistance (R, a semicircle in the high-frequency region),
while both Ni@rGO and Ni@rGO@MnO, FEs show
greatly decreased R, due to the good electronic con-
ductivity of rGO. The inset is the corresponding equiva-
lent circuit, where R, is the solution resistance, R, is the
interfacial charge transfer resistance and W, is the War-
burg impedance. The calculated values of equivalent
series resistance (ESR, R+R_) are 28, 50 and 400 Q for
Ni@rGO, Ni@rGO@MnO, and Ni@MnO, FEs, respec-
tively [42,43]. The cycle stability of Ni@rGO@MnO, FE
was measured at a current density of 1 mA cm~ in
1 mol L' Na,SO,. Fig. S7 shows 90% retention after 5,000
charge-discharge cycles, indicating a quite remarkable
cycle stability.

Two Ni@rGO@MnO, FEs were assembled into sym-
metrical fiber-shaped FSC by using PVA-LICl gel as the
solid electrolyte. Fig. 6a shows CV curves of the resulted
FSC at different scan rates ranging from 5 to 200 mV s .
The CV curves display nearly mirror-like images and the
relatively rectangular-like shapes, demonstrating an ideal
capacitive behavior and a good reversibility. The calcu-
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Figure 7 (a) Ragone plots of symmetrical fiber-shaped Ni@rGO@MnO, FSC and the comparison with the previous FSCs; (b) capacitance retention
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lated C, are 46.3, 38.3, 30.4, 26.0, 23.0, 21.3, 16.7 mF cm °
at the scan rates of 5, 10, 25, 50, 75, 100, 200 mV s ' and
the corresponding Cy are 12.3, 10.2, 8.1, 6.9, 6.1, 5.7 and
4.5 F cm, respectively. Fig. 6¢ shows the GCD curves of
the resulting FSC at different current densities from 1 to
0.1 mA cm . The nearly triangular shape confirms the
formation of efficient electric double layers and the good
charge propagation across the electrode. The calculated
C, from GCD curves are 26.9, 21.1, 17.8, 14.8 and 11.5
mF cm” at the current densities of 0.1, 0.2, 0.3, 0.5 and
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1.0 mA cm * and the corresponding Cy are 7.2, 5.6, 4.7,
3.9 and 3.1 F cm >, respectively.

To evaluate the energy storage performance of the re-
sulting FSC, the energy density versus power density, i.e.,
Ragone chart, was plotted and shown in Fig. 7a. The
volumetric energy density is varied from 0.64 to
0.27 mW h cm ™, and the areal energy density is ranged
from 2.38 to 1.02 uW h cm . Moreover, a high power
density of 0.1 W cm ° can be obtained when the energy
density is as high as 0.27 mW h cm . These values are
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Figure 8 The CV curves of the symmetric fiber-shaped Ni@rGO@MnO, FSC device at 100 mV s ' with different bending angles (a) and bending
cycle numbers (b). GCD curves of a single FSC (black lines) and two FSCs (red lines) connected in series (c) and in parallel (d).

superior to the previously reports based on other mate-
rials  such as SWOCNTs (0.03mWhcm™> at
0.025mW cm °) [44], graphene (0.09 mW hcm” at
0.1lmWecem™>) [45], CNTs (0.13mWhcm™ at
0.73 W cm >, 0.027 uW h cm ™~ at 0.014 mW cm °) [46],
all-graphene core-sheath fibers (0.17 yW h cm” at
0.1 mW cm °) [32], CNTs/ordered mesoporous carbon
composite fibers (1.77 kW h cm > at 0.043 mW cm )
[47], MnO,/carbon nanoparticles (0.06 mW hcm” at
0.175 mW cm ) [48], and PEDOT/carbon fibers (3.5 uw
h cm ™ at 0.19 mW cm ) [49]. The cycle stability is a vital
factor for high-performance supercapacitors. Fig. 7b
shows the corresponding GCD tests at a current density
of 1 mA cm . It can be seen that after 3000 cycles, 80% of
the initial capacitance is retained, showing a good cyclic
stability. The rGO layer can help electrode withstand the
strain relaxation and mechanical deformation, preventing
MnO, layer from seriously swelling/shrinking and poly-
mer gel from over-oxidizing during the long charge/dis-
charge process [50]. As shown in the inset of Fig. 7b, a red
LED indicator can be driven by two fiber-shaped Ni@r-
GO@MnO, FSC devices in series, indicating their po-
tential application in energy storage.

The performance of the resulting symmetrical fiber-
shaped Ni@rGO@MnO, FSC under different bending
angles and cycles was measured since the folding en-
durance is a very important parameter of flexible devices
to show the mechanical strength. Fig. 8a, b display CV
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curves of the flexible device at different bending angles
and cycles. The corresponding digital photos of different
bending angles were provided in Fig. S8. No obvious
difference can be observed, indicating a highly flexibility
and a good mechanical strength of the resulting sym-
metrical fiber-shaped Ni@rGO@MnO, FSC device. In
order to meet the practical application of micro-super-
capacitors, it is necessary to connect the supercapacitors
in series and/or in parallel to increase the operating vol-
tage and/or the current in some situations. Fig. 8¢, d show
the charge/discharge curves of two devices in series and
in parallel at a current density of 0.5mA cm °, respec-
tively. The GCD curves exhibit ideal symmetric and tri-
angular shapes, which is consistent with the individual
device. Meanwhile, the operating voltage window and
capacitance are doubled under the same test conditions,
revealing that the micro-supercapacitor well obeys the
basic rule of series and parallel connections.

CONCLUSION

We have successfully developed a two-step electro-
chemical deposition method to coat rGO and MnO, on
Ni fiber. Here, MnO,/rGO played the role of electro-
chemically active electrode materials while Ni fiber served
as a flexible structural support. The resulting fiber-shaped
Ni@rGO@MnO, FE showed an areal specific capacitance
of 119.4 mF cm * and a volumetric specific capacitance of
3.8 Fcm® at a current density of 0.5mAcm’ in

February 2018 | Vol.61 No.2
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1 mol L' Na,SO,, due to the synergistic effect between
rGO and MnO,. Two Ni@rGO@MnO, FEs were as-
sembled into a symmetrical, flexible and fiber-shaped
micro-supercapacitor by using PVA-LiCl gel as the solid
electrolyte, and the obtained micro-supercapacitor ex-
hibited an areal specific capacitance of 26.9 mF cm ~ and
a volumetric specific capacitance of 72Fcm” at
0.l mA cm >, Moreover, a high power density of
0.1 Wcem ™ could be obtained when the energy density
was as high as 0.27 mW h cm . The obtained FSC not
only possessed an excellent electrochemical performance
but also a high flexibility and a good mechanical strength,
being robust enough to sustain deformations under dif-
ferent bending angles and cycles. To extend the practical
applications of micro-supercapacitor, two micro-super-
capacitor devices were further connected in series and in
parallel, showing the doubled operating voltage window
and capacitance. This research might provide a method
for flexible, lightweight, high-performance, low-cost and
environmentally friendly materials used in stretchable/
bendable electronic devices, portable energy storage de-
vices and flexible powering sustainable vehicles.
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