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Supercapacitors (SCs) have drawn considerable attention as one of the energy
storage devices. The key to fabricating flexible supercapacitors lies in the
acquirement of flexible electrodes. In this study, the manganese oxide (MnO5)
and reduced graphene oxide (RGO) hybrid films (MnOy/RGO) were prepared
by a filtration deposition and thermal reduction technique. Electrochemical
measurements show that the hybrid films exhibit a specific capacitance of
333.9F g tat 0.5 A g !, and 87% capacitance after 3000 cycles at 0.5 A g .
The flexible symmetric SCs was further fabricated with two pieces of MnOy/
RGO hybrid films as electrodes. The fabricated flexible and sandwich type
symmetrical SCs exhibited a safe working range with a potential window of 0—
0.7 V with a maximum energy density of 23.5 Wh kg™* at 0.5 A g~ ! and the

maximum power density of 1716.9 W kg ! at 2.25 A g~ L.
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INTRODUCTION

Supercapacitors (SCs) have drawn considerable
attention as one of the energy storage devices
because of their high-energy density and power
density, fast charge—discharge rates and excellent
cyclic life.'® Especially, the flexible solid-state SCs
have gained intense research focus because of their
fast charge—discharge rate, light weight, ease of
handling, long cycle life, outstanding safety and
environmental friendliness.*® The typical two-di-
mensional (2-D) graphene nanomaterials have been
extensively studied as flexible electrode materials,
due to their fascinating physical and chemical
properties, high flexibility and excellent mechanical
strength.” However, graphene by itself can be
utilized as a SCs electrode with extraordinary cyclic

(Received April 9, 2018; accepted June 29, 2018;
published online July 9, 2018)

stability but the magnitude of specific capacitance is
low compared to other conducting yolymer or metal
oxide based supercapacitors.’®'° Moreover, the
performance of pristine graphene sheets as SCs
electrode materials is further limited due to aggre-
gation and restacking caused by van der Waals
interactions between the adjacent 1a27ers leading to
reduction in effective surface area.'* The decrease
in surface area is the main reason behind the
restriction of carbon materials in high energy
storage devices as the electrolyte cannot perforate
into the planes of the material thereby decreasin%
the electrical double layer formed at the interface.

To overcome this challenge, one approach to
improve the surface area of graphene materials is
combining them with nanostructured metal oxi-
des.’® 1% Manganese oxide (MnOy) has advantages
in environmental friendless, low cost and high
theoretical specific capacitance. Their electrochem-
ical performance can be improved by engineering of
MnO, into composites or specific nanos-
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tructures.’>2® Here, a simple and facile approach
has been presented to prepare MnOo/RGO hybrid
films by a filtration deposition technique. The
obtained hybrid films were further used as electrode
materials for fabrication of flexible and sandwich
type solid-state-symmetrical SCs.

EXPERIMENTAL PROCEDURE
Materials

Manganese sulfate (MnSO4H,0), and
p-phenylenediamine (PPD) were purchased from
Aladdin Co. Ltd. (China). Sodium sulfate anhydrous
(NaSO4) was obtained from Macklin Biochemical
Co. Ltd. (Shanghai). Potassium permanganate
(KMnQy), potassium persulfate (KoS50g), phospho-
rus pentoxide (P305), 30% hydrogen peroxide
(H505), concentrated sulfuric acid (HyS04,98%)
and nitric acid (HNOgs, 98%) were purchased from
Hangzhou Sanying Chemical Co. Ltd.

Preparation of Electrode Materials
and Assembled Supercapacitors

The MnOy microspheres (MnOy, MPs) were syn-
thesized via a reduction route.?* Graphene oxide
(GO) was prepared by oxidation of graphite using a
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modified Hummers method.?® The MnO, MPs were
further mixed with GO (4 mg mL™Y) and PPD
(10 mg mL ') suspension at different mass ratios.
The obtained mixture was added into a filtration
unit covering a cellulose membrane without stir-
ring. The solvent was evaporated slowly until dry to
form hybrid MnOy/GO film. The hybrid MnOy/GO
film was further heated in the tube furnace in
nitrogen condition at 400°C for 3 h (2°C min') to
remove excess reagent and reduce GO to form
MnOs/RGO hybrid films. The flexible symmetric
SCs was fabricated with two pieces of MnOy/RGO
hybrid films as electrodes. Two film electrodes were
separated by electrolyte (1.0 M Na,SO,) soaked
separator (NKK Co. Ltd., 100 um), and attached to
a conductive copper foil for external -circuit
connection.

Characterization

The microstructures, crystal phases and mor-
phologies of as-obtained product was analyzed by
field emission scanning electron microscopy (FE-
SEM; ULTRA-55), x-ray photoelectron spectroscopy
(XPS; ESCALab220i-XL), transmission electron
microscopy (TEM; JSM-2100) and x-ray diffrac-
tometer (XRD; Siemens Diffractometer D5000).

Fig. 1. (a) SEM image of MnO, MPs. (b) TEM, HRTEM images and SAED pattern of MnO, MPs. (c) SEM image and digital picture (inset) of
MnO,/RGO hybrid films. (d) The MnO»/RGO hybrid films at different folding angle.
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The electrochemical characteristics and the cycling
stability of the prepared electrode was tested by a
CHI660e (Shanghai) electrochemical work station

and a LAND battery system, respectively.
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The electrochemical characteristics of the MnOo/

RGO hybrid films and fabricated SCs was tested in
the three-electrode electrochemical measurements,
containing electrolyte with 1.0 M NaSO, aqueous
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Fig. 2. (a) XPS survey of MnO, MPs. High resolution of (b) Mn 2p and (c) C 1s. (d) XRD patterns of GO, MnO, MPs and MnO,/RGO hybrid films.

Table I. The electronic performance of hybrid films with various mass ratios

GO: MnO; (wt.%)

Internal resistance (Q)

Specific capacitance (F g™1)

10:0
10:1
10:2
10:4
10:6
10:8
10:10

4.88 + 0.02
5.77 £ 0.03
5.59 + 0.03
5.64 + 0.04
6.01 + 0.03
5.94 + 0.04
6.75 + 0.05

172 £ 0.1
749 + 0.3
93.8 £ 0.4
175.0 £ 0.9
3339+ 1.1
1959 + 1.0
3154 £ 1.3

All the data in Table I have been measured three times for average value.
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solution, the working electrode with hybrid film
(1 x 1 cm?) and the reference electrodes with a Hg/
HgO electrode. The cyclic voltammetry (CV), gal-
vanostatic charge—discharge (GCD) tests and elec-
trochemical impedance spectroscopy (EIS) were all
measured in a 1.0 M NaSO4 aqueous electrolyte.
Furthermore, EIS was also measured by a small
amplitude of 5 mV at a range of frequencies from
100 kHz to 0.01 Hz. The cyclic stability of fabricated
SCs was measured via repeated charge—discharge
processes at the potential window of 0-0.7 V within
1.0 M NaSO, aqueous electrolyte. The specific
capacity (C), specific energy (E) and specific power
(P) of the SCs can be calculated by the charge—
discharge curves on the basis of the equations:
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Here, I is the discharge current, At is the discharge
time, m is the mass of the active material, and AV is
the width of the potential window.

RESULTS AND DISCUSSION

It can be found that MnO, MPs display a micro-
sphere structure with uniform diameter around
200-350 nm in field emission scanning electron
microscopy (FE-SEM) images (Fig. 1a). These
MnO, MPs are formed via the aggregation of
ultrathin nanosheets with a thickness of 2-4 nm,
as shown in transmission electron microscopy
(TEM) images (Fig. 1b). High resolution TEM
images exhibit interplanar spacing of 0.27 nm and
0.40 nm that are indexed to the (031) and (120)

C= (I xAt)/(m xAV), (1) lattice planes of the orthorhombic y-MnO, phase.?!
) Selected area electron diffraction (SAED) patterns
E = (C x AV )/ 2, (2) reveal four distinct diffraction rings, corresponding
to the (003), (160), (131) and (031) crystal planes of
P=E/At. (3) orthorhombic 7-MnO, (inset in Fig. 1b).2* The
hybrid films have typical layered structure, and
the MnO, MPs are dispersed and embedded in a
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Fig. 3. (a) CV curves of MnO,/RGO electrodes measured at different potential windows (inset shows GCD curves with a potential window at
0.7 Vand 0-0.8 V and 0.5 A g~ current density). (b) CV and (c) GCD curves of MnO./RGO electrodes measured under different scan rates,
nd (d) their specific capacitance under different current densities. The inset in (d) presents the digital picture and structure of fabricated SCs.
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Fig. 4. (a) The EIS of fabricated SCs (inset shows the high-frequency zone). (b) Specific capacitance retention against number of cycles (inset
shows the ‘Z’ shape LEDs lighted by fabricated SCs). (c) SEM image of MnO,/RGO electrode after 3000 cycles. (d) Energy density versus power

density variation in comparison with other SCs.

RGO layer to form hybrid films, as shown in Fig. 1c.
Figure 1d shows the MnOy/RGO hybrid films at
different folding angle which indicates they possess
an excellent flexible property.

The x-ray photoelectron spectra (XPS) are shown
in Fig. 2a. It confirms the presence of Mn, C and O
elements. The high-resolution Mn 2p spectrum
shows the binding energy values of two main peaks
at 641.8 eV (2p3/2) and 653.3 eV (2p1/2) (AE = 11.5
eV), indicating the presence a of main valence state
of Mn** (Fig. 2b).2¢ The weak intensity of the peaks
of oxygenate bonds indicates the successful reduc-
tion of GO (Fig. 2¢).?” All the reflection peaks
observed can be indexed to a tetragonal symmetry
of MnO, with a y- rgystallographic phase from XRD
patterns (Fig. 2d).%° The lyophilized GO shows a
characteristic 20 peak at ~ 9.5°. In contrast, the
diffraction peak in the hybrid films disappears and
two wide diffractions at ~ 13.2° and 25.3° appear,
indicating the GO is reduced successfully and obtain
a highly stacked structure.?’

The hybrid films with various mass ratios of
MnO,; and GO are prepared to determine the
optimal composition of electrodes. Table I shows
the specific capacitance value of the electrodes with
various mass ratios of MnO, and GO. The compo-
sition difference has no singnificant effects on the
morphology and flexibility of composite films. How-
ever, the MnOo/RGO electrodes with mass ratio of
MnO; and GO at 10:6 exhibit the highest specific
capacitance, which have been chosen as the ideal
model for evaluation of the electrochemical proper-
ties of MnOy/RGO electrodes. CV curves of the
electrodes appear as a symmetric rectangular shape
within an electrical window of — 0.1V to 0.7 V.
Different operation voltages of SCs devices are
measured to confirm the appropriate potential
window in the range from 0V to 0.7V in 1.0 M
NaySO, aqueous solution at the scan rate of
20 mV s~ !, as shown in Fig. 3a.'” All of the CV
curves are almost ideally rectangular with high
symmetry features, indicating a good reversibility
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and capacitive Eroperty of the MnOy/RGO hybrid
films (Fig. 3b).? The galvanotactic charge—dis-
charge (GCD) of electrodes display nearly symmet-
ric and linear, indicating excellent reversibility and
high coulombic efficiency (Fig. 3c). The maximum
specific calpacitance of MnOo/RGO electrodes is
3339 F g ! at the current density of 0.5A g L.
The maximum specific capacitance of device is
162.7 F g1 at the current density of 0.5 A g !, as
shown in Fig. 3d.

The electrochemical impedance spectroscopy
(EIS) of the fabricated SCs displays a single small
semicircle at the high frequency and a straight line
with the angle of 45° at low frequency, demonstrat-
ing the low internal resistance (Rr) and excellent
capacitance characteristics. Additionally, the elec-
trical impedance (R,) of the fabricated symmetrical
SC is 10.9 Q (Fig. 4a), illustrating good electrical
conductivity.?! The specific capacitance of the fab-
ricated symmetrical SC retained 140.9 F g1 (only
13% fading) after 3000 cycles at the current density
of 0.5 A g !, indicating a high cycling stability. The
morphology and structure of our MnOo/RGO hybrid
films still can be maintained after 3000 cycles
(Fig. 4b). In order to study the potential application
of MnOo/RGO hybrid films, the fabricated SCs are
prepared using MnOy/RGO hybrid films as elec-
trodes which can light the ‘Z’ shape LEDs (inset in
Fig. 4b). After 3000 cycles, no significant change can
be found on the morphology of MnOy/RGO electrode,
indicating the high stability of the electrode (Fig. 4-
¢). The energy density and power density of the
fabricated SCs are summarized on the Ragone
diagram. The obtained SCs provides a maximum
energy density of 23.5Whkg ! at 05A g!
(352.8 W kg~ ! power density), which is higher than
those of the other reported supercapacitors
(Fig. 4d).32735

CONCLUSIONS

In summary, we present a facile filtration depo-
sition and thermal reduction method for the prepa-
ration of MnOy/RGO hybrid films as a
supercapacitor electrode material. The obtained
MnOo/RGO hybrid films possess a high specific
capacitance of 333.9 F g~ ! at the current density of
0.5 A g !. The flexible and sandwich type solid-
state-symmetrical SCs based on MnOy/RGO hybrid
films have been fabricated and exhibited a safe
working range with a potential window of 0-0.7 V
with a maximum energy density of 23.5 Wh kg ! at
0.5Ag ! (352.8 Wkg ! power density) and the
maximum power density of 17169 Wkg ' at
2.25 A g1 (6.2 Wh kg ! energy density). This excel-
lent capacitance performance can be attributed to
create electrolyte-accessible channels within the
electrode because MnO; MPs are tightly anchored
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and sandwiched in the highly conductive graphene
restacking. Such an asymmetric supercapacitor
offers great promise in the application of high-
performance energy storage systems because of its
advantages of a low-cost, facile fabrication process,
high energy and power density, and eco-friendly
nature.
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