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igh-performance electrochemical

energy storage systems are very

important for electric vehicles and
hybrid electric vehicles.' > Great efforts
have been made to develop high-power
(10 kW kg™) electrochemical capacitors
(ECs) due to their faster charge and dis-
charge processes, in seconds, than those of
batteries.2 However, ECs suffer from a lower
energy density (normally =10 Wh kg™")
than batteries. To solve this problem,
asymmetric (hybrid) systems have been ex-
tensively explored by combining a battery-
like Faradic electrode (as energy source)
and a capacitive electrode (as power
source) to increase the operation voltage,
which leads to a notable improvement of
the energy density of high-power ECs so
that it approaches that of batteries.5 1

The keys to achieve high energy and

power densities of asymmetric ECs are to
use appropriate materials, usually carbon
materials, as a capacitive electrode, to de-
sign and synthesize suitable materials, espe-
cially nanostructured materials, as a Faradic
electrode, and to select a suitable electro-
lyte.2 Currently, activated carbon (AC) with
a high specific surface area and moderate
cost is the most widely used material for the
capacitive electrode of asymmetric ECs,
but capacitance increase is limited because
many of the pores in AC are smaller than 0.5
nm and not accessible to hydrate ions
(0.6—0.76 nm).""~'* Previous studies dem-
onstrate that the use of nanostructured
redox-active materials (such as MnO,,"”
Fes0,,'% NiO") as Faradic electrodes is help-
ful for an energy density increase at the
cost of cyclability. Among them, MnO; is
one of the most promising materials for
low-cost and environment-friendly asym-
metric EC devices with high specific
capacitance.'® ?? For example, a combina-
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ABSTRACT In order to achieve high energy and power densities, we developed a high-voltage asymmetric

electrochemical capacitor (EC) based on graphene as negative electrode and a Mn0, nanowire/graphene composite

(MGC) as positive electrode in a neutral aqueous Na,S0, solution as electrolyte. MGC was prepared by solution-

phase assembly of graphene sheets and «-Mn0, nanowires. Such aqueous electrolyte-based asymmetric ECs can

be cycled reversibly in the high-voltage region of 0—2.0 V and exhibit a superior energy density of 30.4 Wh kg™,
which is much higher than those of symmetric ECs based on graphene//graphene (2.8 Wh kg~") and MGC//MGC

(5.2 Wh kg™"). Moreover, they present a high power density (5000 W kg~ at 7.0 Wh kg ~") and acceptable cycling

performance of ~79% retention after 1000 cycles. These findings open up the possibility of graphene-based

composites for applications in safe aqueous electrolyte-based high-voltage asymmetric ECs with high energy and

power densities.
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tion of a carbon capacitive electrode with a
MnO, pseudocapacitive electrode can lead
to a 2 V high-voltage cell in aqueous elec-
trolytes because of the apparent water de-
composition overpotential on MnO, and
the high surface area of carbon.?*?* More-
over, it has been demonstrated that the use
of nanostructured MnO,/carbon compos-
ites as a Faradic electrode can improve the
electrical conductivity of the electrode and
thus offers the potential for improvement in
the cyclability of ECs.2>~?’ As far as the elec-
trolytes are concerned, neutral aqueous
electrolytes (Na,SO,, K;SO,) used in ECs
have the advantages of high ionic conduc-
tivity, low cost, nonflammability, good
safety, and convenient assembly in air, com-
pared to organic electrolytes.® Also,
aqueous-based ECs can deliver much
higher power density than organic
electrolyte-based ECs due to their high
ionic conductivity,'® and the ability of oper-
ating in neutral aqueous electrolyte does
not cause environmental problems.
Different from AC, graphene powders,
consisting of ultrathin two-dimensional
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Figure 1. (a) XRD pattern, (b) XPS, (c) O1s XPS, and (d) Mn 2p XPS of MGC. The blue solid ring and red dotted ring in (a) in-
dicate the diffraction peaks of disordered graphene and a-MnO,, respectively.

(2D) graphene sheets, have a flexible porous structure
mainly with mesopores and macropores, in addition to
their high electrical conductivity, superior mechanical
properties, good electrochemical stability, and high sur-
face area.?® 3¢ Therefore, graphene is a good candi-
date for the capacitive electrode since it can provide a
large accessible surface area for fast transport of hy-
drate ions to achieve high double-layer capacitance in
aqueous electrolytes.3”8 In addition, the superior elec-
trical conductivity of graphene makes a nanostructured
MnO,/graphene composite promising for the use as Fa-
radic electrode in asymmetric ECs. More importantly,
the presence of nanostructured MnOQ, is able to effi-
ciently prevent the aggregation of graphene sheets
caused by van der Waals interactions, consequently
leading to an increase in the available electrochemical
active surface area and a suitable porous structure for
energy storage. Therefore, asymmetric ECs constructed
from a nanostructured MnO,/graphene composite as
positive electrode and graphene as negative electrode
are expected to exhibit high voltage, high energy, and
power densities in neutral aqueous electrolytes.

Here we report the preparation of a MnO, nanowire/
graphene composite (MGC) by solution-phase assem-
bly of graphene sheets and MnO, nanowires and the as-
sembly of asymmetric ECs based on MGC as positive
electrode and graphene as negative electrode, which
were studied in an aqueous Na,SO, solution. The aque-
ous electrolyte-based asymmetric EC could be cycled
reversibly in a high-voltage region of 0—2.0 V and ex-
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hibits a superior energy density of 30.4 Wh kg™, much
higher than those of symmetrical ECs based on
graphene//graphene and MGC//MGC and significantly
higher than those of other aqueous MnO,-based asym-
metric ECs.'>?339744 Moreover, it has a high power den-
sity and reasonable cycling performance.

RESULTS AND DISCUSSION

Figure 1a shows the X-ray diffraction (XRD) pattern
of the as-prepared MGC. The low and broad (002) dif-
fraction peak detected at 26 between 20 and 30° con-
firms a marginal disordered stacking of graphene
sheets, while the other two peaks at 26 = 37° (211)
and 65.7° (002) indexed to a-MnO, (JCPDS No.44-0141)
are broadened, indicating the poor crystallinity of
a-MnO, in the composite.?° Further information on the
composition of the as-prepared composite was ob-
tained from X-ray photoelectron spectroscopy (XPS)
measurements (Figure 1b). Besides the carbon (C 1s,
284.5 eV) and oxygen (O 1s, 532.0 eV) signals from
graphene sheets,* the O 1s peak observed at 530.0 eV
is assigned to the oxygen bonded with manganese
(Mn—0) in a-MnO; (Figure 1¢)."”” The Mn 2p XPS spec-
trum exhibits two characteristic peaks at 642.0 and
653.5 eV, corresponding to the Mn 2ps,; and Mn 2p;,,
spin—orbit peaks of a-MnO, (Figure 1d), further con-
firming the presence of a-MnO, in the composite.*® On
the basis of the quantitative analysis of XPS data, the
atomic percentages of C, O, and Mn in the composite
are estimated to be 32.6, 45.7, and 21.7%, respectively,
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from which the weight ratio of the MnO, component
in MGC is estimated to be ~81.5 wt %. It is worth not-
ing that the graphene sheets in the composite have
very few residual oxygen-containing functional groups,
with a C/O ratio of 14.2 after subtracting the oxygen
content bonded in O—Mn of a-MnO, in the compos-
ite; therefore, a good electrical conductivity is
expected.48

Figure 2 shows scanning electron microscope (SEM)
and transmission electron microscope (TEM) images of
MGC. It can be seen that the a-MnO, component in the
composite is MnO, nanowires, which are several hun-
dred nanometers to several micrometers in length and
homogeneously and densely attached on the surface of
graphene sheets (Figure 2a,b and Figure S1 in the Sup-
porting Information). TEM characterization further con-
firms the intimate contact between the graphene
sheets and MnO, nanowires with diameters of 10—20
nm (Figure 2c,d and Figure S2). Moreover, high-
resolution TEM (HRTEM) shows that the crystallinity of
the a-MnO; nanowires on the graphene surface is not
very high (Figure 2d and Figure S2), consistent with the
XRD results. It is believed that, on the one hand, the as-
sembly of nanowires on the surface of graphene sheets
to some extent prevents the stacking of graphene
sheets due to van der Waals interactions, leading to a
large available surface area and rich porous structure for
energy storage, while on the other hand, the presence
of graphene with high electrical conductivity is favor-
able to improve the dispersion of MnO, nanowires and
the electrical conductivity of the composite electrode.

In order to obtain the surface area and porous struc-
ture, we measured the liquid nitrogen cryosorption of
the as-prepared MGC. The nitrogen adsorption and de-
sorption isotherm shows typical Il/IV characteristics
(Figure 3a), and its corresponding specific surface area
is about 107 m? g~'. Moreover, the pores constructed
by the graphene sheets and MnO, nanowires in MGC
are mainly mesoporous structure with a broad pore size
distribution of 2—50 nm and an average pore size of
~8.9 nm (Figure 3b). Such a sheet—nanowire structure
with high specific surface area and mesopores is favor-
able for improving both the main pseudocapacitance of
«-MnO, and the electric double-layer (EDL) capaci-
tance of graphene since the hydrated ions in the elec-
trolyte are easily accessible to the exterior and interior
pore surfaces.!

To evaluate the electrochemical properties and
quantify the specific capacitance of the as-prepared
MGC and graphene, we performed cyclic voltammo-
gram (CV) measurements on these two electrode mate-
rials in a 1 M Na,SO,4 aqueous solution using a three-
electrode system (Figure 4). The graphene electrode
was measured within a potential window of —1.0 to
0.4 V vs a saturated calomel electrode (SCE), and MGC
was measured within a potential window of 0.0 to 1.0 V
vs SCE at a scan rate of 10 mV s™'. The CV curve of
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Figure 2. (a) Low-magnification and (b) high-magnification SEM
images of MGC, (c) TEM image of MGC, and (d) HRTEM image of
the a-MnO, nanowires in MGC. The black and white arrows in (b)
and (c) indicate the a-MnO, nanowires and graphene sheets,
respectively.

graphene electrode exhibits a nearly ideal rectangular
shape, and no peaks of oxidation and reduction are ob-
served, indicating a typical characteristic of EDL capaci-
tor behavior.3' The CV shape of the MGC electrode in
the potential range of 0.0—1.0 V vs SCE is very differ-
ent from that of the graphene EDL capacitor because
the overall capacitance derives from the combined con-
tribution of the main redox pseudocapacitance of MnO,
and partly from the EDL capacitance of graphene in
the composite. Moreover, the CV curve of the MGC elec-
trode exhibits nearly a mirror-image current response
on voltage reversal, indicating a good reversibility.’> On
the basis of these results, we can see that the stable
voltage window is between 0.0 and 1.0 V for MGC and
between —1.0 and 0.4 V for graphene with capacitive
behavior, with regard to the SCE. Therefore, it is ex-
pected that the operating cell voltage could be ex-
tended to about 2 V in mild aqueous solutions if the
MGC electrode with a higher cutoff potential (1.0 V) and
the graphene electrode with a useful electrochemical
window of a lower cutoff potential (—1.0 V) are as-
sembled into asymmetric ECs.

To confirm our hypothesis, we constructed asym-
metric ECs by using MGC as the positive electrode and
graphene as the negative electrode and usinga 1 M
Na,SO, solution as electrolyte. Figure 5 shows the sche-
matic of the assembled structure for such asymmetric
ECs. To avoid the damage of the cell under high-voltage
level during early cycles, it is necessary to polarize each
electrode at the same potential and thus to estimate
the stable electrochemical windows before cycling the
hybrid cell.* The CV and galvanostatic
charge—discharge measurements were used to evalu-
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Figure 3. (a) Nitrogen adsorption and desorption isotherm and (b) BJH adsorption pore size distribution of MGC.

ate the stable electrochemical windows of the asym-
metric cell. As expected, the results demonstrate that
the stable electrochemical windows can be extended to
2.0 V (Figures S3 and S4 in the Supporting Informa-
tion). The high operating voltage of the asymmetric
ECs is due to the perfect combination of the positive
and negative stabilities of the two electrodes in differ-
ent ranges of potentials.”® Figure 6a shows a typical CV
of the asymmetric EC with a voltage of 2.0 V at a scan
rate of 10 mV s~ . It is interesting to note that the asym-
metric ECs show ideal capacitor behavior with a nearly
rectangular CV shape in a neutral aqueous electrolyte.
From the charge—discharge curve of the asymmetric
ECs (Figure 6b), it can be seen that the potentials of
charge—discharge lines are nearly proportional to the
charge or discharge time in the Na,SO, electrolyte, indi-
cating a rapid /—V response. Moreover, the asymmet-
ric EC has acceptable cycling stability performed in the
voltage window from 0 to 2 V at a current density of 0.5
A g~ (Figure 6¢). A slight capacitance loss is observed
after 100 cycles, and the Coulombic efficiency remains
above 98%. After 1000 cycles, the asymmetric capacitor
retains a high specific capacitance of 24.5 F g™, about
~79% of the initial capacitance (31.0 F g™"). This cycling
performance is comparable to that of some other asym-
metric ECs, such as AC//MnQ, in KOH (20% retention
after 1500 cycles) or LiOH electrolyte (more than 80%
retention after 1500 cycles),*! AC//a-MnO; - nH,0 (93%
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Figure 4. CV curves of graphene and MGC electrodes per-
formed in a three-electrode cell in a 1 M Na,SO, solution at
ascan rate of 10 mVs™'.
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retention after 100 cycles),’ AC//MnO; cell without N,
bubbling (53% retention after 50 000 cycles),** AC//
Fes0, (82% retention after 500 cycles),'® and multi-
walled carbon nanotubes (MWCNTSs)//MnO,/MWCNT
composite (72.3% retention after 300 cycles).® It was as-
sumed that the capacitance fading is due to the corro-
sion of the current collector caused by the dissolved
oxygen in electrolytes together with the excessive posi-
tive potential on the MnO, electrode*?** and/or match-
ing problems.>%>" We believe that the cycling perfor-
mance of graphene//MGC asymmetric ECs can be
further improved via removal of dissolved oxygen in
the aqueous electrolyte and optimizing the matching
of the mass ratio of positive and negative electrodes, ca-
pacitor parameters (such as current and potential
matching), volume ratio of the two electrodes, and the
ion concentration and pH value of the electrolyte.>®
To further evaluate the electrochemical perfor-
mance of the graphene//MGC asymmetric ECs, Ragone
plot relative to the corresponding energy and power
densities was calculated from the galvanostatic capaci-
tance tested in a voltage window of 0—1.5, 0—1.8, and
0—2 V, with current densities of 100mA g 'to5Ag™!
(Figure 6d). For comparison, we also fabricated two-
electrode graphene//graphene and MGC//MGC sym-
metric ECs, which were tested galvanostatically be-
tween 0 and 1.0 V. It is worth noting that the maximum
energy density obtained for graphene//MGC asymmet-
ric ECs with a cell voltage of 2.0 V, based on the total
mass of active materials, is 30.4 Wh kg™, which is much
higher than those of symmetrical graphene//graphene
ECs (2.8 Wh kg™ "), MGC//MGC ECs (5.2 Wh kg™"), AC//AC
ECs (<10 Wh kg™"),%2 and MnO,//MnO, ECs with
0.6—1.0 V of cell voltage (1.9—3.3 Wh kg ").243%4 A
rough comparison indicates that this value is also sig-
nificantly higher than those of other MnO,-based asym-
metric ECs with aqueous electrolyte solutions, such as
AC//MnO; (7.0—28.8 Wh kg™ 1),>#39742 AC//NaMnO,
(19.5 Wh kg™ "),* Fe;04//MnO, (8.1 Wh kg™"),*® polya-
niline//MnO, (5.86 Wh kg~"),* polypyrrole//MnO, (7.37
Wh kg~ '),* and poly(3,4-ethylenedioxythiophene)//
MnO, (13.5 Wh kg™ ").* In addition, this assembled
asymmetric cell exhibits a good power characteristic of
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Figure 5. Schematic of the assembled structure of asym-
metric ECs based on MGC as positive electrode and
graphene as negative electrode.

ECs, and the power density can reach 5000 W kg™
when it keeps a reasonable energy density of 7.0 Wh
kg~ in a voltage window of 0—2 V. It should be noted
that, to some extent, the applied energy/power densi-
ties of the cell can be controlled by selecting a suitable
working voltage to satisfy practical requirements (Fig-
ure 6d). All of the above results demonstrate that the
aqueous graphene//MGC asymmetric ECs can simulta-
neously achieve high energy density of MGC as appro-
priate battery-like Faradic electrode and high power
density of graphene as suitable capacitor-like electrode.
Combined with the other advantages of MnO,/carbon
composites,'® such as low cost, low toxicity,
environmental-friendliness, good safety, and conve-
nient device assembly in air, the aqueous graphene//
MGC asymmetric ECs are expected to be a promising
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energy storage system in electric vehicles and hybrid
electric vehicles.

The high-energy electrochemical behavior of
graphene//MGC asymmetric ECs can be ascribed to
the following factors: (1) The energy density of ECs is
proportional to the square of cell voltage; therefore, in-
creasing the cell voltage is an effective way to increase
energy density.>3* As shown above, compared to the
symmetric graphene//graphene (0—1.0 V) and MGC//
MGC (0—1.0 V) ECs, the operating cell voltage of
graphene//MGC asymmetric ECs is extended to 2 V,
consequently resulting in a great increase in energy
density. (2) Graphene powders have a flexible porous
structure mainly with mesopores and macropores, in
addition to their high electrical conductivity, superior
mechanical properties, good electrochemical stability,
and high surface area.?®3¢ This structure provides a
large accessible surface area for fast hydrate ion trans-
port, which makes graphene powders superior as ca-
pacitive electrode materials to the commercially used
AC with limited mesoporous structure. (3) The unique
sheet—nanowire structure of MGC (positive electrode)
effectively prevents the aggregation of graphene and
MnO, nanowires and consequently provides a higher
specific surface area and richer mesoporous structure,
which is favorable for the migration of hydrated ions in
the electrolyte to the surfaces of both MnO, nanowires
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Figure 6. (a) CV curve of the graphene//MGC asymmetric EC with a voltage of 2 V measured at a scan rate of 10 mV s™". (b)
Galvanostatic charge—discharge voltage profile of the graphene//MGC asymmetric EC at a current density of 200 mA g~". ()
Cycle performance of the graphene//MGC asymmetric EC with a voltage of 2.0 V at a current density of 500 mA g~'. (d)
Ragone plot related to energy and power densities of graphene//MGC asymmetric ECs with various voltage windows,

graphene//graphene and MGC//MGC symmetric ECs.
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and graphene. Furthermore, the excellent electrical
conductivity of graphene can significantly decrease
the internal resistance of a MGC electrode by the con-
struction of a conductive network. The one-dimensional
structure of MnO, nanowires with small diameters is
also helpful for shortening ion diffusion path, which can
greatly reduce the ionic diffusion resistance and charge
transfer resistance.>>*® Therefore, the sheet—nanowire
structure of MGC enables high dynamics of charge
propagation and short electron transport paths and
consequently improves the electrochemical perfor-
mance of the positive electrode. These findings open
new opportunities for graphene and graphene-based
composites to develop high-energy electrochemical
energy-storage cells by reasonable material design and
device construction. We believe that the performance
of such devices can be further improved by optimizing
the mass (volume) ratio of positive and negative elec-
trodes, the quality and electrical conductivity of
graphene, the structure and crystallization of MnO,, and
the graphene content in the MGC positive electrode.

METHODS

Synthesis of MGC. First, chemically derived graphene sheets
(with number of layers =3) were prepared from natural flake
graphite powder (500 mesh) as previously reported,*” and K-type
layered manganese oxide (K,MnO,) was synthesized by reduc-
tion (Figure S5, Supporting Information).>”>® Then, the obtained
KMnO, (1 g) was treated with a 0.5 M NH,S,04 solution at 70 °C
for 10 h, followed by intercalation and complete exfoliation in a
tetrabutylammonium (TBA™) hydroxide solution (0.35 M) at 70 °C
for 10 h to obtain free-standing TBA*-exfoliated MnO, sheets.>®
It is necessary to point out that the colloidal exfoliated MnO,
sheets are not stable under such hydrothermal flocculation con-
ditions due to the reduced electrostatic interaction between
neighboring sheets® and thus are spontaneously transformed
into a-MnO, nanowires (Figure S6). Then, the graphene sheets
(50 mg) were added to the above suspension, stirred for 5 h, and
then kept at 70 °C for 6 h. Finally, the resulting deposit was fil-
tered, washed several times with deionized water, and dried in
a vacuum oven at 70 °C for 12 h to obtain MGC (Figures 1 and 2).

Characterization of MGC. The morphology and microstructure of
the as-prepared MGC were characterized by XRD (D-MAX/2400
instrument with Cu Ka radiation between 5 and 80° and an inci-
dent wavelength of 0.154056 nm), XPS (ESCALAB 250 instrument
with Al Ka radiation), liquid nitrogen cryosorption (Micromerit-
ics, ASAP2010M), SEM (FEI Nova Nano 430 system), and HRTEM
(JEOL JEM 2010, 200 kV, and Tecnai F30, 300 kV).

Electrochemical Measurements of MGC and Graphene Electrodes. The
MGC used for the positive electrode was prepared by mechani-
cally mixing 70 wt % MGC, 20 wt % acetylene black, and 10 wt %
polytetrafluoroethylene (PTFE) binder dispersed in ethanol sol-
vent. Then the mixture was pressed on a Ni-foam grid at a pres-
sure of 6 MPa and dried at 70 °C for 2 h. The graphene negative
electrode was prepared by the same procedure with 80 wt %
graphene, 10 wt % acetylene black, and 10 wt % PTFE. To con-
struct an asymmetric EC, the loading mass ratio of active materi-
als (MGC/graphene) was estimated to be 7:13 from specific ca-
pacitance in term of their CV curves in a three-electrode cell. The
cyclic voltammetry test of the individual electrode was per-
formed in a three-electrode cell, in which Ni-foam and a SCE
were used as counter electrode and reference electrode, respec-
tively, in a T M Na,SO, electrolyte. The cyclic voltammetry and
galvanostatic charge—discharge tests of the symmetric ECs
(graphene//graphene, MGC//MGC) and the combined asymmet-
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CONCLUSION

We prepared MGC by solution-phase assembly of
graphene sheets and a-MnO, nanowires and used
graphene sheets and MGC as the two electrodes of
asymmetric ECs. Asymmetric ECs based on MGC as posi-
tive electrode and graphene as negative electrode
were assembled and investigated in an aqueous Na,SO,
solution. These ECs can be cycled reversibly in the high-
voltage region of 0—2.0 V and exhibit an energy den-
sity of 30.4 Wh kg~', which is much higher than those
of symmetric ECs based on graphene//graphene (2.8
Wh kg~") and MGC//MGC (5.2 Wh kg™") and higher than
those of other MnO,-based asymmetric ECs. Moreover,
they have a high energy density of 7.0 Wh kg™' even at
a power density of 5000 W kg~ and present an accept-
able cycling performance. It is believed that graphene
and graphene-based composites have great potential
applications in hybrid electric vehicles and electric ve-
hicles where high power and energy storage systems
are highly required.

ric ECs based on MGC and graphene electrodes separated by a
porous nonwoven cloth were performed in a two-electrode cell
in the 1 M Na,SO, electrolyte. All of the above electrochemical
measurements were carried out by using an electrochemical
workstation Solartron 1287.
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