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ABSTRACT: We have successfully fabricated an asymmetric
supercapacitor with high energy and power densities using
graphene hydrogel (GH) with 3D interconnected pores as the
negative electrode and vertically aligned MnO, nanoplates on
nickel foam (MnO,-NF) as the positive electrode in a neutral
aqueous Na,SO, electrolyte. Because of the desirable porous
structure, high specific capacitance and rate capability of GH and
MnO,-NF, complementary potential window of the two electro-
des, and the elimination of polymer binders and conducting
additives, the asymmetric supercapacitor can be cycled reversibly in
a wide potential window of 0—2.0 V and exhibits an energy density

Negative Electrode
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Asymmetric Supercapacitor

of 23.2 Wh kg™ with a power density of 1.0 kW kg™". Energy density of the asymmetric supercapacitor is significantly improved
in comparison with those of symmetric supercapacitors based on GH (5.5 Wh kg™') and MnO,-NF (6.7 Wh kg™"). Even at a
high power density of 10.0 kW kg™', the asymmetric supercapacitor can deliver a high energy density of 14.9 Wh kg™'. The
asymmetric supercapacitor also presents stable cycling performance with 83.4% capacitance retention after 5000 cycles.
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1. INTRODUCTION

Supercapacitors represent an emerging class of energy storage
devices that have attracted increasing attention because of a
number of important features including high power density, fast
charging/discharging rate, and excellent cycle stability.' > Such
outstanding properties make them promising in a wide range of
applications from hybrid vehicles and portable electronics to
military devices, where high power density and long cycle-life
are highly desirable. However, the low energy density (normally
less than 10 Wh kg™') of commercially available supercapacitors
has imposed significant challenges in employing them as
primary power sources to replace batteries.” Recently,
concentrated efforts have been made to tackle this problem
by developing nanostructured electrode materials with
improved specific capacitance and increasing the operating
voltage of a supercapacitor.”~” In particular, two strategies are
commonly explored for the design of high-voltage super-
capacitors, ie., replacing aqueous electrolytes with organic
electrolytes® or ionic liquids'®'' having wider potential
windows and developing hybrid (asymmetric) supercapacitors
with both capacitive electrode as power source and Faradic
electrode as energy source.'”~"* However, nonaqueous electro-
Iytes typically suffer from limited ionic conductivity and also
raise safety concerns about the potential environmental impact
in case of leakage. On the other hand, the construction of
asymmetric supercapacitors is an effective approach to extend
the cell potential window of aqueous electrolytes beyond the
thermodynamic limit of ~1.2 V and thus significantly improve
the energy density.'"~'® The combination of appropriate
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electrode materials working in well-separated potential
windows in the same electrolyte is essential to achieve high
energy density and power density of asymmetric super-
capacitors.'® !

In this Article, we reported a new design of asymmetric
supercapacitor based on graphene hydrogel (GH) with 3D
interconnected pores and a hierarchical composite of vertically
aligned MnO, nanoplates on nickel foam (MnO,-NF) as
negative and positive electrodes, respectively (Scheme 1).
Carbon materials, exhibiting complementary electrochemical
windows to various pseudocapacitive materials of transition
metal oxides and conducting polymers, are most widely used as
negative electrodes in asymmetric supercapacitors.z:)"23 Gra-
phene consisting of hexagonally bonded sp” carbon atoms is
actively investigated for supercapacitor applications due to its
high specific surface area, excellent electrical conductivity and
chemical stability.”*** However, the aggregation and restacking
of graphene nanosheets during processing leads to significantly
reduced surface areas and therefore becomes a serious obstacle
to take the full advantage of the structural characteristics of
graphene. Our results have shown that assembling graphene
nanosheets into GH with a 3D network structure during the
chemical reduction of graphene oxides (GO) can effectively
prevent the aggregation of graphene nanosheets. Consequently,
GH as electrode materials provides large active surface areas,
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Scheme 1. Schematic Illustration of the Fabrication Process of an Asymmetric Supercapacitor Based on GH as the Negative

Electrode and MnO,-NF as the Positive Electrode
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facilitates electrolyte ion transportation, and demonstrates an
enhanced energy storage capacity and a good rate capability.
One interesting finding is that an eco-friendly reagent of L-
glutathione allows for one to produce robust GH from GO
dispersion under mild conditions, offering greater flexibility
than the time-consuming hydrothermal method previously
reported.*%*”

MnO, with pseudocapacitance is a highly attractive positive
electrode material, benefiting from its low cost, abundance, and
remarkable electrochemical performance in aqueous electro-
lytes.”®> 3 Varieties of wet-chemical and electrochemical
methods have been developed to prepare nanostructured
MnO,.>" Structural parameters, such as crystal type, morphol-
ogy, and porosity, are the vital factors determining the
electrochemical performance of MnO,-based electrodes.*” In
this work, a hierarchical composite of MnO,-NF was prepared
by electrodeposition of MnO, nanoplates on highly conductive
porous nickel foam through cathodic electrodeposition and
directly used as electrodes for supercapacitors without further
processing. Importantly, the porous structure of nickel foam
allows a higher mass loading of active materials per area,
facilitates the electrolyte ion transportation and reaction with
the active materials, and eventually leads to improved utilization
efficiency of active materials. Compared with anodic deposition
in which a positive potential is applied to oxidize starting Mn**
into Mn* and deposit as MnO,,**** cathodic deposition of
MnO, can avoid the oxidation and dissolution of low-cost
metallic current collectors.>>>® Moreover, a robust contact
endowed by electrodeposition is formed between MnO,
nanostructures and the highly conductive nickel foam, which
can cope with the problems of poor electrical conductivity and
rate capability of MnO, when used as electrode materials.
Collectively, taking advantages of GH with 3D interconnected
pores, vertically aligned MnO, nanoplates with sufficient free
spaces, and robust contact between MnO, and nickel foam, we
have found that the fabricated asymmetric supercapacitor of
GH//MnO,-NF can be cycled reversibly in a wide potential
window of 0—2.0 V and exhibits a much higher energy density
of 23.2 Wh kg™ than that of the symmetric supercapacitors of
GH//GH (5.5 Wh kg™!) and MnO,-NF//MnO,-NF (6.7 Wh
kg™') at a current density of 1 A g '. Furthermore, the
asymmetric supercapacitor displays remarkable cycling stability
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with capacitance retention of 83.4% after 5000 continuous
charge/discharge cycles.

2. EXPERIMENTAL SECTION

2.1. Preparation of Samples. GO were synthesized from graphite
powder (Sigma-Aldrich) according to the modified Hummers’
method.>”*® GH was prepared by the following procedure using 1-
glutathione as the reducing agent. Briefly, GO aqueous dispersion (2.0
mg mL™") was loaded in a glass vial. Then, L-glutathione was added to
get a concentration of 4.0 mg mL™". After stirring for 60 min to
dissolve the L-glutathione, the as-prepared dispersion was heated at 95
°C for 3 h without any disturbance to produce GH. The dispersion of
reduced GO (RGO) was also prepared using L-glutathione as a
reducing agent at the same temperature under continuous stirring.
After the chemical reduction, the excess L-glutathione was removed by
dialysis.

MnO,-NF was prepared by electrodeposition of MnO, on nickel
foam (1 cm X 1 cm) which was first cleaned by ethanol and deionized
water. Platinum wire and saturated calomel electrode (SCE) were used
as the counter and reference electrodes, respectively. The cathodic
electrodeposition of MnO, nanoplate arrays was carried out in
aqueous solution containing 0.1 M manganese acetate and 0.1 M
sodium sulfate according to a method previously reported with some
modification.*® The electrodeposition of MnO, on nickel foam was
carried out at a constant potential of —1.6 V for different periods of
time from 50 to 200 s to control the amount of the MnO, deposited.
After deposition, the nickel foam was rinsed in deionized water for
several times and then dried at ambient temperature. The accurate
weight of electrodeposited MnO, was determined by a high-precision
balance with sensitivity of 0.01 mg (Denver Instrument).

The obtained GH cylinder was freeze-dried, cut into pieces, and
directly used as electrode to fabricate symmetric supercapacitor of
GH//GH. MnO,-NF was also directly used to fabricate symmetric
supercapacitor of MnO,-NF//MnO,-NF. To construct the asym-
metric supercapacitor of GH//MnO,-NF, the loading mass ratio of
active materials (GH:MnO,) was estimated to be 1.2 according to the
specific capacitance calculated from their symmetric supercapacitors,
and each electrode contained about 1.0 mg of active material. The two
electrodes were separated by a glass-fiber separator and assembled in a
Swagelok-type cell. Aqueous Na,SO, solution (0.5 M) was used as the
electrolyte. The specific capacitance of a supercapacitor cell (C,) was
calculated using the equations C, = IAt/mAV, where I is the constant
discharge current, At is the discharging time, m is the total mass of
active materials in both electrodes, and AV is the voltage drop upon
discharging (excluding IR drop). In symmetric supercapacitors, the
specific capacitance (C,.) of the electrode (GH or MnO,-NF) was
calculated following the equations C,. = 4C,. The energy density (E)
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Figure 1. (A) AFM images of GO dispersion spin-coated on silicon wafer. (B) Photograph of aqueous mixture of GO and L-glutathione at different
reaction times of 0, 30, 60, and 180 min (from left to right). (C) High resolution XPS spectra of C 1s for GO and GH. (D and E) SEM images of
freeze-dried GH at low and high magnification. (F) SEM images of freeze-dried RGO.

and power density (P) of a supercapacitor cell in the Ragone plots
were calculated using the equations of E = CIAVZ/ 2 and P = E/At,
respectively.*>*!

2.2. Materials Characterization. The microstructures of the
materials were examined by field-emission scanning electron
microscopy (SEM) (JSM-6701F, JEOL) and atomic force microscopy
(AFM) (MFP3D microscope, Asylum Research). SEM was equipped
to perform elemental analysis by energy dispersive X-ray spectroscopy
(EDS). The AFM samples were prepared by spin-coating the GO
dispersion on silicon wafer with a 300 nm SiO, top layer and
characterized with a silicon cantilever operating in tapping mode.
Fourier transform infrared (FT-IR) spectra were obtained on a Perkin-
Elmer Spectrum One Spectrometer. Raman spectra were acquired with
a micro-Raman spectrometer (Reinshaw Raman Scope RM3000) at
room temperature in the backscattering configuration with wavelength
of 633 nm (1.96 V). X-ray diffraction (XRD) patterns were collected
with a Bruker AXS D8 X-ray diffractometer equipped with
monochromatized Cu Ka radiation (A = 1.54056 A, 40 kV, and 20
mA). X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos-Axis spectrometer with monochromatic Al Ka (hv = 1486.71
eV) X-ray radiation (15 kV and 10 mA) and a hemispherical electron
energy analyzer. All XPS spectra were corrected according to the C 1s
line at 284.6 eV. Curve fitting and background subtraction were
accomplished using Casa XPS software. Quantachrome Autosorb 6B
system was used to characterize the specific surface areas and pore
structures of the electrode materials using nitrogen sorption under
774 K. The specific surface areas and pore size distributions of the
electrode materials were calculated by Brunauer—Emmett—Teller
(BET) and Barrett—Joyner—Halenda (BJH) methods, respectively.
Cyclic voltammetry (CV), galvanostatic charge/discharge, and electro-
chemical impedance testes of supercapacitors were carried out on a
CHI 660D electrochemical workstation.

3. RESULTS AND DISCUSSION

3.1. Negative Electrode Materials. Homogenous GO
solution, synthesized from graphite powder according to the
modified Hummers’ method, was deposited on silicon wafer by
spin-coating for AFM observation. As shown in Figure 1A, GO
nanosheets are flat with a typical thickness of about 1.0 nm,
indicating the complete exfoliation of graphite oxide into single-
layered GO nanosheets.*® L-Glutathione, an efficient, low-cost,

A
:\; M
[0]
[$]
C
8
c (22N} (e}
© Q] L0
= °©6 290 9
'}
2000 1600 1200 800
Wavelength (cm™)
B
GH(002)

; /\ b
&
2 | Go(002)
(2]
c
[J]
=

a

10 20 30 40 50 60 70 80
20 (degree)
C
D

_ G
3
s b
2
B
c
(0]
£

a

1 1 1
1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 2. FT-IR spectra (A), XRD patterns (B), and Raman spectra
(C) of GO (a) and GH (b).
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Figure 3. Electrochemical performance of the symmetric supercapacitor of GH//GH. (A) Cyclic voltammograms at different scan rates of 10, 20, 40,
60, 80, and 100 mV s™" (from inner to outer). (B) Galvanostatic charge/discharge curves at different current densities of 1, 2, 4, 6, 8, and 10 A g™".
(C) Capacitance retention ratio as a function of discharge current densities. (D) Galvanostatic charge/discharge curves of symmetric supercapacitors

of GH//GH (a) and RGO//RGO (b) at current density of 1 A g™".

Figure 4. (A) Photographs of nickel foam before (left) and after (right) electrodeposition of MnO,. (B and C) SEM images of bare nickel foam with
low and high magnification. (D, E and F) SEM images of MnO, nanoplates electrodeposited on nickel foam at —1.6 V for 100 s with different

magnifications.

and eco-friendly reducing agent, was selected for the chemical
reduction of GO. Stable dispersion of graphene was obtained
previously when a low concentration (0.1 mg mL™") of GO was
reduced with r-glutathione under continuous stirring.* In this
Article, we found that the use of concentrated GO dispersion
(2.0 mg mL™") and the elimination of physical disturbance are
essential for the self-assembly of graphene nanosheets into 3D
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structures of GH in this reaction system. A series of GO and L-
glutathione dispersion was reacted at 95 °C for different time
spans to investigate the gelation process (Figure 1B). Before
the chemical reduction, GO was well dispersed in water
forming a stable dark-brown colloidal suspension. After the
addition of L-glutathione, gelation could not take place if the
reaction time was less than 30 min. Further prolonging the
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Figure S. (A) EDS spectra of MnO,-NF. (B) High resolution XPS
spectra of MnO,-NF for Mn 2p,/, and Mn 2p;,. (C) XRD pattern of
MnO,-NF.

reaction time to 60 min, a black cylinder of GH was obtained.
After being treated for 180 min, the apparent size of the black
cylinder decreased, and little change was observed subse-
quently.

The formation of 3D structured GH is attributed to the
partial overlapping or coalescing of flexible reduced GO
nanosheets via supramolecular interactions such as 7—x
stacking and hydrogen bonding.**** Reduction degree is also
an important factor contributing to the formation of GH.*” As
the reduction proceeded, the graphene nanosheets assembled
more tightly to form GH with 3D interconnected network
structures (Figure S1, Supporting Information). The well-
defined and interconnected 3D network of the resulting GH
was revealed by typical SEM images (Figure 1D,E) of its freeze-
dried sample. Plenty of pores with a wide size distribution are
observed, and the solid walls of these pores are composed by
randomly cross-linked and intertwisted graphene nanosheets.
The BET specific surface areas of GH after reduction of 30, 60,
and 180 min were measured to be 230.4, 259.8, and 3152 m?
g~!, respectively (Figure S2, Supporting Information). Most
pores of GH prepared at different times are in the mesoporous
range with peaks centered at 2—10 nm. The increase of BET
specific surface areas with the prolonged reaction time indicates
the formation of 3D network of GH can effectively prevent the
agglomeration and restacking of graphene sheets. The well-
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preserved 3D structure of GH can also greatly shorten the
diffusion and migration paths of electrolyte ions during the
rapid charge/discharge process. In addition, this unique 3D
structure of GH enables the fabrication of self-supported
supercapacitor electrodes, which is beneficial for improving the
overall energy density of the supercapacitor by avoidin§ the
utilization of conducting additives and polymer binders.* For
comparison, a common strategy was employed to prepare the
dispersion of reduced GO (RGO) using L-glutathione as a
reducing agent but under continuous stirring. After filtration
and freeze-drying, serious aggregation was observed due to the
strong interactions between RGO nanosheets (Figure 1F), and
the BET specific surface area of RGO is 2109 m* g/,
significantly smaller than that of GH (315.2 m* g™') (Figure S2,
Supporting Information).

The successful reduction of GO by L-glutathione was
confirmed by high resolution XPS spectra of Cls and FT-IR
spectra. As shown in Figures 1C and 2A, the peaks of oxygen
functionalities decreased significantly after the chemical
reduction for 180 min, revealing that most of the oxygen
functional groups on GO were removed. A two-step Sy’
nucleophilic reaction is the possible mechanism for the
chemical reduction of GO by vr-glutathione (Figure S3,
Supporting Information).46 The thiol group in L-glutathione
is susceptible to oxidation and ready to release a proton,
functioning as a nucleophile with high binding affinity to
oxygen containing groups, such as hydroxyl and epoxide groups
on GO to form water molecules.*” Eventually, L-glutathione is
oxidized into glutathione disulfide leading to the formation of
RGO nanosheets. In the FT-IR spectra (Figure 2A), the
characteristic stretching vibration peaks of C—S bonds in the
range of 710—580 cm™' were not detectable,*® and no peaks
from sulfur are observed in the EDS spectra of GH (Figure S4,
Supporting Information). These results support the proposed
reaction mechanism and also suggest the excess L-glutathione
and glutathione disulfide were successfully removed by dialysis.

The structure of GO and GH was also studied by X-ray
diffraction (XRD). According to the XRD patterns (Figure 2B),
GO has a large interlayer distance of 0.85 nm (26 = 10.3°) due
to the presence of hydroxyl, epoxy, and carboxyl groups. After
chemical reduction for 180 min, a broad peak centered at 26 =
24.4° corresponding to an interlayer distance of 0.37 nm
emerged, suggesting the poor ordering of graphene sheets
along their stacking direction in GH.* The change of structure
after the reduction process is further reflected in the Raman
spectra of GO and GH (Figure 2C). Both of the spectra of GO
and GH display the existence of D and G bonds located at 1352
and 1594 cm™". The intensity ratio (I/Ig) of D and G bands is
0.8 in GO and increases to 1.2 in GH, demonstrating that the
chemical reduction altered the structure of GO and introduced
a large number of structural defects.”*>"

The electrical conductivity of GH was measured to be ~2 S
m~! based on a two-probe method.*® This remarkable
conductivity and its mechanical stability enable GH to be
directly used as electrodes to fabricate supercapacitors without
the need of polymer binder and conducting additives.® The
performance of the symmetric supercapacitor of GH//GH was
tested by cyclic voltammetry (CV) and galvanostatic charge/
discharge in aqueous Na,SO, electrolyte. The nearly
rectangular CV curves manifest the ideal capacitive behavior
of the supercapacitor (Figure 3A). Even at a high scan rate of
100 mV s7', the shapes of CV curves remain undistorted,
implying low contact resistance in the supercapacitor. The
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Figure 6. Electrochemical performance of the symmetric supercapacitor of MnO,-NF//MnO,-NF. (A) Cyclic voltammograms at different scan rates
of 10, 20, 40, 60, 80, and 100 mV s~" (from inner to outer). (B) Galvanostatic charge/discharge curves at different current densities of 1, 2, 4, 6, 8,
and 10 A g™". (C) Galvanostatic charge/discharge curves at a constant current density of 2 A g™*. (D) Capacitance retention ratio as a function of

discharge currents.

galvanostatic charge/discharge curves of the supercapacitor are
linear and symmetric in the total range of potential (Figure 3B).
From the slope of galvanostatic charge/discharge curves, the
specific capacitance (C,.) of GH is calculated to be 157.7 F g™
at a current density of 1 A g~'. When the current density
increases to 10 A g™, the specific capacitance is 92.0 F g/,
maintaining 58.3% of that at the current density of 1 A g™'
(Figure 3C). The high-rate capability is possibly due to the 3D
porous structure and improved conductivity of the L-
glutathione reduced GH. The aggregated RGO was mixed
with carbon black as the conducting agent and PVDF as the
binder in a mass ratio of 8:1:1 to fabricate a symmetric
supercapacitor of RGO//RGO. The aggregation of graphene
nanosheets lead to reduced active sites for electrolyte ions, and
consequently, in comparison with GH, RGO exhibits a much
lower specific capacitance of 114.5 F ¢! at a current density of
1A g_1 (Figure 3D).

3.2. Positive Electrode Materials. Nickel foam, with
excellent electrical conductivity, is featured of cross-linked grids,
providing higher porosity and surface area than conventional
metal plates (Figure 4A,B).>>> After electrodeposition in
aqueous solution of manganese acetate at —1.6 V, the smooth
surface of the nickel foam skeleton (Figure 4C) became
decorated with a dark brown thin film of MnO, (Figure 4A).
The deposited MnO, with nanoplate structure is uniformly
coated on the grid of nickel foam and builds up an
interconnected network with highly porous structures (Figure
4D,E,F). The formation of nanoplate structure is probably due
to the generation of H, bubbles at the negative enough
potential (—1.6 V), which function as dynamic templates for
the electrodeposition.””>> Importantly, the hierarchical struc-
ture of MnO,-NF is beneficial for improved electrochemical
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performance of the active materials, because it would lead to
fast ion/electron transfer and sufficient contact between active
materials and electrolytes. The unique network structure
constituted of vertically aligned MnO, nanoplates can also
provide necessary free spaces between the individual nano-
structures to relax the volume change during continuous
charge/discharge reactions.

EDS measurement confirms the presence of the elements of
manganese and oxygen in the deposited materials, whereas no
other chemical elements, such as sodium and sulfur present in
the salt precursors, were detectable (Figure SA). XPS was
conducted for a better understanding of the chemical
composition of the cathodic-deposited material. The Mn
2p;), peak is at 641.9 eV, and the Mn 2p,,, peak centers at
653.4 eV, with a spin-energy separation of 11.5 eV (Figure SB).
These results are in accordance with the reported data of Mn
2p3/, and Mn 2p, , in MnO,.%° The XRD pattern of MnO,-NF
exhibits the diffraction peaks from nickel substrate and several
broad peaks with low intensity, which can be assigned to &-
MnO, (Figure 5C).”” The formation of MnO, is probably the
result of a sequential process that involves electrolysis of water
and electrochemical reduction of O, which leads to increased
local pH, precipitation of Mn(OH),, and finally oxidation of
Mn(OH), in air to form MnO,.*®

MnO,-NF can also be directly used to fabricate super-
capacitors by eliminating the need of polymer binders and
conducting additives. The specific capacitance was found to be
dependent on the amount and morphology of MnO, on nickel
foam. With the electrodeposition time increasing from 50 to
200 s, MnO, with multilayered structures evolved from
monolayer nanoplates (Figure S5, Supporting Information),
the weight of MnO, increased from 0.6 to 1.7 mg, and its
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specific capacitance (C,.) decreased from 266.8 to 110.8 F g™*
at the current density of 1 A g~' (Figure S6, Supporting
Information). The formation of thick nanoplates could reduce
the specific surface area of MnO, exposed to electrolyte ions
and result in the decrease of the specific capacitance. Taking
into account the mass and specific capacitance of MnO,, the
electrodeposition time was fixed at 100 s for further
investigations. The specific capacitance of MnO, deposited
for 100 s is 194.6 F g~' at the current density of 1 A g '. The
obtained MnO, nanoplates exhibit a large BET specific surface
area of 59.0 m* g~' with a pore size distribution in the range of
2—10 nm (Figure S7, Supporting Information). Figure 6A
shows the CV and galvanostatic charge/discharge curves of the
symmetric supercapacitor of MnO,-NF//MnO,-NF in aqueous
Na,SO, electrolyte. The typical rectangular shape of all CV
curves measured at different scan rates indicates the perfect
capacitive behavior of the supercapacitor (Figure 6A). The
galvanostatic charge/discharge curves are very symmetrical in
the total range of potential, and the slope of every curve is
potential independent with a constant value at a specified
current density (Figure 6B,C). Resulting from the unique
hierarchical structure of MnO,-NF and the robust contact
between MnO, nanoplates and nickel foam endowed by the
electrodeposition method, the supercapacitor possesses supe-
rior rate capability. When the current density increased to 10 A
g™!, the specific capacitance still reached 120.0 F g™/, about
62% of that at 1 A g~ (Figure 6D).

3.3. Asymmetric Hybrid Supercapacitor. An asymmetric
supercapacitor was fabricated using MnO,-NF and GH as the
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positive and negative electrodes, respectively (Scheme 1).
Cyclic voltammetry was first used to estimate the electro-
chemical potential windows of the electrodes in a three-
electrode system with Pt foil and saturated calomel electrode
(SCE) as the counter and reference electrodes (Figure 7A).
The stable potential window is between —1.0 and 0 V for GH
and between 0 and 1.0 V for MnO,-NF. The cell voltage can be
expressed as the sum of the potential range of GH and MnO,-
NF, and consequently, it can be extended up to 2.0 V in 0.5 M
aqueous Na,SO, solution for the asymmetric supercapacitor of
GH/ /MnOZ—NF.Sg’60 To obtain a 2.0 V operating potential
window, it is necessary to balance the charges stored at the
positive and negative electrodes. The stored charges (q) are
related with the specific capacitance (C,.), the potential window
(AV), and the mass (m) of the electrode according to g = C,. X
AV X m.S" Therefore, on the basis of the specific capacitance
values and the potential windows of the two materials, the mass
ratio between GH and MnO, of m(GH)/m(MnO,) = 1.2 was
selected in the asymmetric supercapacitor cell, and indeed, the
fabricated asymmetric supercapacitor of GH//MnO,-NF
exhibits a stable potential window up to 2.0 V (Figure 7B).
Because the energy density is proportional to the square of the
potential, the enlarged potential window gives rise to a
remarkably enhanced energy density of supercapacitors.
Accordingly, the potential window of 0—2.0 V was chosen for
further investigation of the overall electrochemical performance
of the asymmetric supercapacitor.

The asymmetric supercapacitor shows relatively rectangular
CV curves at scan rates up to 100 mV s™', indicating a nearly
ideal supercapacitor behavior and a desirable fast charge/
discharge property (Figure 8A). Galvanostatic charge/discharge
tests were also performed with different current densities in a
potential window of 0—2.0 V (Figure 8B). The symmetric
charge/discharge curves and the linear potential-time profile in
the whole potential range also demonstrate a good capacitive
behavior with a rapid I-V response of our asymmetric
supercapacitor. From the slope of the discharge curve, the
specific capacitance (C,) of the asymmetric supercapacitor is
calculated to be 41.7 F ¢! based on the total mass of active
materials in the two electrodes at a current density of 1 A g™
and still reaches 26.8 F g™' at a high current density of 10 A g™
(Figure 8C). Ragone plots, depicting the relationship of power
densities (P) and energy densities (E), were further used to
evaluate the performance of the three types of supercapacitors
(Figure 8D). The energy density of the asymmetric super-
capacitor of GH//MnO,-NF with a cell voltage of 2.0 V is
much higher than that of the symmetric supercapacitors of
MnO,-NF//MnO,-NF and GH//GH with a cell voltage of 1.0
V at the same power density. Specifically, compared with the
symmetric supercapacitors of MnO,-NF//MnO,-NF (6.7 Wh
kg™') and GH//GH (5.5 Wh kg™"), an about 3-fold increase of
energy density is obtained for the asymmetric supercapacitor of
GH//MnO,-NF (23.2 Wh kg™") at a current density of 1 A g™".
More importantly, the asymmetric supercapacitor can provide a
high energy density without sacrificing power density. When
the power density increases to 10.0 kW kg™, the energy density
of GH//MnO,-NF still reaches 14.9 Wh kg™" at current density
of 10 A g”'. The maximum energy density obtained for the
asymmetric supercapacitor of GH//MnO,-NF at a current
density of 1 A g™" is comparable or higher than those of MnO,-
based asymmetric supercapacitors with aqueous electrolyte
solutions, such as PEDOT//MnO, (13.5 Wh kg™', at a current
density of 0.25 A g_l),é2 FeOOH//MnO, (24 Wh kg™!, at a
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current density of 0.5 A g™),%® activated carbon//MnO, (17.3
Wh kg™!, at a current density of 0.55 A g_l),é4 activated
carbon//NaMnO, (19.5 Wh kg™, at a current density of ~0.04
A g_l),65 activated carbon//mesoporous MnO, (10.4 Wh kg ™/,
at a current density of ~0.3 A g_l),66 and activated carbon//
Ko,7Mn0,-0.6H,0 (25.3 Wh kg™', at a current density of
~0.06 A g).%7

In addition, our asymmetric supercapacitor exhibited
excellent cycling stability, which is one of the most important
requirements in practical applications. The cycling test of our
device shows capacitance retention of 83.4% over 5000 cycles
(Figure 9A). Although occasional cracks were observed in
MnO,-NF electrode after the cycling test, MnO, was still
uniformly coated on the branches of nickel foam and
maintained its nanoplate structure (Figure S8, Supporting
Information). Electrochemical impedance spectroscopy (EILS)
was used to investigate the resistance change of the asymmetric
supercapacitor before and after the cycle tests. Nyquist plots
were analyzed by the software of ZSimpWin on the basis of the
equivalent circuit (Figure 9B). In the low-frequency region, the
impedance plot increases sharply and tends to become vertical
lines, which are the characteristics of pure capacitive behavior.
At the high frequencies, the intercept at real axis (Z’) represents
the combined resistance (R,) including ionic resistance of
electrolyte, intrinsic resistance of substrate, and contact
resistance at the interface of active material/current collector.
The semicircle represents the charge transfer resistance (R,) at
the electrode/electrolyte interface.’® After S000 cycles, nearly
no change was observed for R; (4.9 Q), and only a slight
increase of R, from 2.0 to 3.7  was observed. These EIS
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results further demonstrate the exceptional stability of the
asymmetric supercapacitor.

4. CONCLUSIONS

GH with 3D interconnected pores was successfully prepared by
reducing GO with an eco-friendly reagent of L-glutathione
under mild conditions. Vertically aligned MnO, nanoplates
were uniformly deposited on porous nickel foam under
cathodic conditions. Asymmetric supercapacitor was fabricated
using these two materials as negative and positive electrodes,
respectively. Benefitting from 3D GH with well-preserved
graphene nanosheets, vertically aligned MnO, nanoplates with
sufficient free spaces, and the robust contact between MnO,
and nickel foam, the asymmetric supercapacitor of GH//
MnO,-NF exhibits stable cycling performance and remarkable
energy density of 232 Wh kg™'. Such asymmetric super-
capacitor offers great promise in the application of high-
performance energy storage systems because of its advantages
of low-cost, facile fabrication process, high energy and power
density, and eco-friendly nature.
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