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Abstract Graphene-carbon nanofiber/MnO, nanocomposite
paper (GMP) is prepared via a simple chemical reaction be-
tween KMnQO, and carbon materials in acidic solution, in
which MnO, nanosheets are uniformly deposited on the
graphene-carbon nanofiber paper. Owing to its freestanding
structure, GMP is directly used as an electrode in the electro-
chemical tests without addition of any binders or conductive
additives. Encouragingly, GMP exhibits an excellent capaci-
tive performance with a high specific capacitance
of 2982 F g 'at 1 A g'in 1 M Na,SOy electrolyte.
Meanwhile, this composite paper can withstand high scan rate
loads without a large decrease of capacitance, the specific
capacitance can be remaining at 370.4 F g ! even at
300 mV s . In the cycling test, the composite paper presents
an outstanding stability with 95.7 % capacitance retention
after 3000 cycles. Additionally, the asymmetric
supercapacitor is fabricated based on GMP electrode, it not
only shows a high operating voltage of 2.0 V but also exhibits
a high energy density of 23.0 Wh kg ' at 450.8 W kg .

Prime novelty statement 1. A simple route to synthesize flexible
graphene-carbon nanofiber/MnO, nanocomposite paper (GMP) .

2. The GMP has free-standing structure to be directly used as electrode
without any binders and conductive additives.

3. The GMP electrode exhibits excellent capacitive performance and
good cycling life at high current density.

4. GMP-based asymmetric supercapacitor shows a high energy density of
23.0 Whkg ' at 450.8 W kg .

5. The GMP electrode holds a promising application in flexible
supercapacitors.
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Therefore, this kind of composite paper would be promising
as electrode materials for flexible and high performance
supercapacitors.

Keywords Graphene - Carbon nanofiber - Supercapacitor -
Manganese dioxide - Composite

Introduction

Supercapacitors, one of the most promising modern energy
storage devices, have been widely explored for energy storage
applications due to their unique characteristics like high power
density, long cycle life (>100,000 cycles), and environmental
friendliness [1-3]. Based on the different charge storage
mechanisms, supercapacitors are usually categorized as either
electrochemical double layer capacitors (EDLCs) or
pseudo-capacitors [4]. But as the electrochemical performance
of supercapacitors is mainly dependent on their electrodes, the
researchers generally pay much more attention to the electrode
materials than the electrolyte and membrane. Now, various
materials have been investigated to be potential
supercapacitors electrode materials. Generally, the carbona-
ceous materials such as graphene [2, 5, 6], carbon nonofibers
(CNFs) [7], and carbon nanotubes (CNTs) [8, 9] are used for
EDLCs because of their high surface area, good processing
ability, and high conductivity. In contrast, conducting poly-
mers [10, 11] and transition-metal oxides [12, 13] are com-
monly used for pseudo-capacitors own to their reversible re-
dox reactions in electrolyte. However, noting that the maxi-
mum value of the energy and power density in carbon-based
double layer capacitors is greatly limited, while conducting
polymers and transition-metal oxides have the shortage of
poor electronic conductivity [14]. To achieve a high perfor-
mance supercapacitor, the most accepted strategy is to use
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composites of carbonaceous materials, conducting polymers,
or transition-metal oxides as its electrode materials [1, 2, 15].

Among the transition-metal oxides, manganese dioxides
(MnO,) have been extensively used as electrode materials for
supercapacitors for decades because of their high specific ca-
pacitance, abundance, and low toxicity [16, 17]. However, all
of the reported specific capacitance values are still far below the
theoretical specific capacitance (1370 F g ') of MnO, due to its
intrinsic shortage of low electrical conductivity (10—
10°°S cm™") [18]. Supercapacitors based on pure MnO, often
exhibit poor rate capability and low stability [19-21].
Therefore, to maximize utilization of MnO, pseudocapacity,
one of the most accepted strategies is to grow nanosized
MnO, on stable carbon substrates of high electronic conductiv-
ity (such as CNTs, CNFs, graphene, etc.) [22-24]. Although
these MnO,-based composites exhibit an enhanced capacitive
performance, but their rate capability still do not show a con-
spicuous improvement as the addition of binder or conductive
additives in preparation of electrodes increases the total elec-
trode weight and the electrode resistance to a degree [25, 26].
Therefore, there is a great significant to develop binder-free
electrode materials. Now, various freestanding MnO, compos-
ite electrodes have been explored using carbon cloth, graphene/
carbon nanotube paper, CNTs-embedded CNFs, CNTs paper,
and metal foil/foam as the substrate [26-30]. Encouragingly, all
these binder-free MnO, composites show a greater enhance in
specific capacitance, rate capability, and cycling stability com-
pared to the binder-dependent MnO, composites.

Graphene, a flat monolayer of hexagonally bonded sp” car-
bon atoms, has been attracted extensive attention in electro-
chemical energy storage applications owe to its excellent me-
chanical property, high electronic conductivity, thermal conduc-
tivity, elasticity, and specific surface area [2, 31-33]. However,
the limits of easy aggregation and restacking between graphene
nanosheets have become a serious obstacle for taking the full
advantage of graphene [34]. To solve this problem, the usual
strategy is to incorporate other nanomaterials into graphene
nanosheets [31]. CNFs, another kind of outstanding carbon
materials, have also been well-known for not only high me-
chanical strength but also light, highly conductive, highly po-
rous, bendable [35-40] and can be served as scaffolds in their
composites [3]. In recent years, they also have been attractive as
excellent electrode materials in various energy storage devices.
Therefore, embedding CNFs into graphene nanosheets may
allow us to achieve a flexible substrate with light weight, high
conductivity, and rough surface; then if depositing nanosized
MnO, on this kind of substrate, we would obtain a flexible
composite paper of high capacitive performance.

Herein, graphene-carbon nanofiber paper (GCP) is pre-
pared using graphite oxide (GO) and CNFs as the precursors,
then the GCP is used as substrate for depositing MnO, nano-
sheets. Compared to other freestanding electrode materials,
the GCP can be facile and scalable synthesized. After dipping
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in KMnOy, solution for a certain time, the surface of GCP
would be uniformly covered by a layer of MnO, nanosheets.
As no any additional binders or conductive additives are used
in the preparation of electrodes, these MnO,-deposited com-
posite papers exhibit an excellent capacitive performance with
2082 F g 'at1 A g, outstanding rate capability, and high
stability. Hence, this work would be beneficial to develop high
electrochemical performance, flexible, and binder-free elec-
trode materials for supercapacitors.

Experimental
Materials preparation

Reagents used in this experiment, such as potassium perman-
ganate (KMnQy), sulfuric acid (H,SOy,), nitric acid (HNO3),
and ethyl alcohol, were of analytical grade without further
purification. CNFs, synthesized by a vapor-grown method,
was purchased from Shenzhen Dynanonic (China) and sodi-
um L-ascorbate was purchased from Sigma-Aldrich.

Synthesis of graphene-carbon nanofiber paper (GCP)

Graphite oxide (GO) was synthesized from graphite powder
(Sigma-Aldrich) according to a modified Hummer’s method
[41]. CNFs were acidified by a mixed acid (Vunosy/
Vizsoay=3:1) at 90 °C for 2 h to increase the dispersity of
CNFs in water as well as remove the impurities. GCP was
prepared by the following procedures. In detail, a certain
amount of CNFs were dispersed in 1 mL of 2 mg mL™' GO
suspension by ultrasonication to get a homogeneous GO-CNFs
solution. The weight ratio of CNFs/GO can be changed in the
experiment, which was 1:1 in this study, then uniformly cover-
ing the result solution onto a 6 cm x 8 cm Al foil and removing
most of the water by drying at 80 °C for 3 h. After cutting the Al
foil into round pieces with a diameter of 6 mm, the GO-CNFs
pieces were obtained after dissolution of Al foil using 3 mol L™
HCI. The reduction of GO was conducted by keeping
GO-CNFs pieces in 3 mL of 2 mg mL™" sodium L-ascorbate
solution at 90 °C for 3 h, then the graphene-CNFs pieces were
washed with absolute ethyl alcohol and deionized water several
times. For ease of description, all these graphene-CNFs pieces
were denoted as GCP. For comparison, the pure graphene paper
was also prepared without addition of CNFs.

Synthesis of graphene-carbon nanofiber/MnO,
nanocomposite paper (GMP) and CNFs-MnO, composite
(CM)

The growth of MnO, nanostructures was carried out by im-
mersing the GCP piece into 2 mL acidic KMnOy, solution at
70 °C. The mass loading of MnO, can be strictly controlled by
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changing the concentration of KMnO,, which was
0.005 mol L™" in this study. The MnO,-deposited GCP piece
was taken out when the purple color of KMnO, was faded.
After being thoroughly rinsed with deionized water, the
MnO,-deposited GCP was dried at 80 °C for 12 h and denoted
as GMP (the main preparation processes of GMP are also
shown in Fig. 1). For highlighting the electrochemical per-
formances of the binder-free GMP electrodes, the
CNFs-MnO, composite (CM) was prepared by acidified
CNFs and KMnO,. Here, we chose out the CM that has
the best electrochemical performances. Detailedly, 50 mg
acidified CNFs was uniformly dispersed in deionized water
and 150 mg KMnO,4 was dissolved in under magnetic stir-
ring. After addition of some 1 mol L™ sulfuric acid, the
as-prepared solution was kept at 70 °C until the purple
color of KMnO, faded into golden brown. Finally, the
product was filtered out and rinsed with deionized water
several times and dried at 80 °C for 12 h. For comparison,
the graphene/MnO, composite paper was also prepared
under the same conditions using pure graphene paper as
the substrate.

Synthesis of 3D graphene-CNFs composite (GC)

To construct an asymmetric supercapacitor with GMP as the
positive electrode, the negative electrode material (3D
graphene-CNFs (GC)) was also prepared here with our method
[42]. In detail, a appropriate amount of CNFs were dispersed in
1 mg mL ™" GO suspension by ultrasonication to get a homo-
geneous GO-CNFs solution, in which the weight ratio of GO/
CNFs was 5:2 (the selection of mass ratio of GO/CNFs is based
on our earlier reports [42] and the reference [43]). Then the
result solution was loaded in a glass vial and 3-fold weight of
GO of sodium L-ascorbate was added in. Finally, the glass vial
was sealed and kept at 90 °C for 3 h without any disturbance to
produce GC. After washed with ethyl alcohol and deionized
water, GC was freeze-dried for use.

Fig. 1 Schematic illustration of
the formation processes of the
GMP

Graphite oxide-CNFs paper

mm— (NFs

MnO, nanoflake

Materials characterizations

The phase identification of as-prepared samples were conduct-
ed by a MXPAHF X-ray diffractometer (Xpert, Philips) using
a Cu Ko radiation. Raman spectra were obtained using a
LabRAM HR UV/vis/NIR spectrometer (Horiba Jobin
Yvon, France) with an Ar ion CW laser (514.5 nm) as the
excitation source. The microstructures of the samples were
examined by a field-emission scanning electron microscope
(FE-SEM, FEI Nova Nano-230). The energy dispersive spec-
troscopy (EDS, Bruker EDS Quantax 4010) was used to ana-
lyze the elements in the products. The surface chemistry of
GMP was investigated by a PHI Quantera Imaging X-ray
photoelectron spectroscopy (XPS). The mass of MnO, in
GMP was obtained by the thermogravimetric analysis
(TGA) which was carried out on a DTA-50 thermal analyzer
(Shimadzu, Japan) in the temperature range of 30-800 °C
with a heating rate of 5 °C/min in air atmosphere.

Electrochemical measurements
Fabrication of working electrodes

To evaluate the electrochemical performances of the products.
The GCP and GMP were directly pressed on 1 cmx 1 cm
stainless foil at 15 MPa to use as the working electrode in
the tests, while the CM electrode was made through a tradi-
tional method that we previously reported [4]. In brief, CM,
carbon black, and polytetrafluoroethene (PTFE, 10 wt%) were
mixed in a weight ratio of 8:1:1 to get a mixture. The mixture
was then rolled into a thin film. Finally, the film was pressed
onto a | cmx 1 cm stainless foil at 15 MPa and dried at 60 °C
for 12 h. The mass of active materials in all electrodes were
about 1.2—1.6 mg. All electrochemical tests were carried out in
1 mol L' Na,SO, solution by a three-electrode cell at ambient
temperature. A platinum plate and a saturated calomel elec-
trode (SCE) were used as the counter electrode and the

MnO,/Graphene-CNFs paper
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reference electrode of the cell, respectively. The electrochem-
ical instrument was the CHI660B electrochemical workstation
(Shanghai, China).

Fabrication of the asymmetric supercapacitor and data
analysis of electrochemical measurements

To fabricate GMP//GC asymmetric supercapacitor, the mass ratio
of the loaded active materials was estimated based on the
calculated specific capacitances of GMP and GC from their dis-
charge curves according to Eq. (2). The positive and negative
electrodes of GMP//GC supercapacitor was separated
with a glass-fiber separator before assembling into a
two-electrode cell. The electrochemical properties of
GMP//GC supercapacitor were also tested by cyclic volt-
ammetry (CV) and galvanostatic charge/discharge tech-
niques on the CHI660B electrochemical workstation. The
specific capacitances of all electrodes and the asymmetric
supercapacitor were calculated based on the CVs and dis-
charge curves according to Eqgs. (1) and (2), respectively.
The energy density (£, Wh kg ') and power density (P,
kW kg™') for asymmetric supercapacitors were calculated
using the following Egs. (3) and (4), respectively [34].

_9 _ 1 g
C=—2= mv(VaVc)/Val(V)dV (1)
I x At
C=Arxm @)
E=05C(AV)*/3.6 (3)
P = E 3600/ At (4)

where m is the total mass of the active materials on both
electrodes, v is the potential scan rate (mV s ), 7 is the

constant discharge current, Az is the discharging time, and
AVis the voltage drop upon discharging (excluding /R drop).

Results and discussion
Structures characterization

The in situ growth of MnO, nanostructures on GCP can be
attributed to the redox reaction between KMnO, and carbon
materials in acidic solution. The chemical reaction is formu-
lated as follows [9].

4KMnO, + 3C + 4H"—4MnO, + 3CO,1 + 2H,0 (5)

X-ray diffraction (XRD) patterns of GO, GCP, CM,
and GMP are shown in Fig. 2a. As observed, both pat-
terns present the characteristic diffraction peaks of
birnessite-type MnO, (6-MnQO,) at 12°, 37°, and 66°
(20) (JCPDS No. 42-1317) [44-46], while the other two
peaks at 26° and 43°(26) are indexed to the characteristic
peaks of CNFs [24, 45]. Different to CM, an additional
peak at 24° (26) is observed for GMP because of the
existence of graphene [24]. Note that the characteristic
peak of GO, which usually appeared at 10.3° (26), is not
found on the XRD pattern of GMP, indicating that GO has
been successfully reduced to graphene in the preparation
of GCP [47].

Raman spectra of GO, GCP, CM, and GMP are displayed
in Fig. 2b. Both spectra show the D and G bonds at 1357 and
1591 cm ', respectively. For higher intensity ratio of D-bond
to G-bond (Ip/Ig) in GMP (0.27) comparing to that of CM
(0.23), it can be assigned reasonably to the fact that some
structural defects exist in graphene in GMP [48, 49]. The
increased Ip/lg ratio of graphene after chemical reduction
has been commonly reported in the literature [50], while the
Ip/Ig ratios of GMP is much lower than that of GO (0.8) here.

Fig. 2 XRD patterns (a) and
Raman spectra (b) of GO, GCP,
CM, and CMP
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This can be attributed to the existence of CNFs in GMP. The
CNFs, which were synthesized by a vapor-grown method,
have few structural defects. The CNFs account for about
50.0 wt% in GCP; thus, the GMP would show a low level
of defects in its structure. The more sharp 2D peaks at
2693 cm' in both GCP and GMP than that of CM indicates
the existence of graphene in GC and GCM [51]. Additionally,
the intense peak at 630 cm ' on both spectra can be attributed
to the symmetric Mn-O stretching vibration of the
MnOg in MnO,, further indicating the formation of MnO, in
GMP [52].

To better understand the chemical composition and the ox-
idation state of the Mn element in GMP, the XPS measure-
ment was conducted as shown in Fig. 3a. The signals of Mn,
0, K, and C elements can be observed on the spectrum. For
the presence of K element in the spectrum, it can be attributed
to the hydrated K cations in the interlayer of 5-MnO5. In the
Cls peak (Fig. 3b), the oxygen-containing functional groups
present only smaller intensities indicates that the GO is well
reduced by sodium L-ascorbate. The peaks at 284.5, 285.7,
286.6, and 288.3 eV can be owned to the non-oxygenated
carbon, carbon in C-O (hydroxyl and epoxy groups), C=0
(carbonyl groups), and O-C=0 (carboxyl groups), respective-
ly [4]. In Mn 2p spectrum (Fig. 3c), the characteristic binding
energies of Mn 2p;, and Mn 2p;), peaks can be detected at
654.1 and 642.3 eV, respectively. As no peak at 647 eV is
found on the spectrum and the binding energies separation
of Mn 2p is 11.8 eV, indicating that MnO, was successfully

grown on GCP [8, 36, 45]. Additionally, the Mn 3s spectrum
is shown in Fig. 3d to further determine the oxidation state of
Mn. The peak splitting width (AE) of the Mn 3s doublet is
4.94 eV and the average valence of Mn in GMP is calculated
to be 3.7 according to the method reported previously [7].

Morphologies characterization

Figure 4 presents the SEM images of graphene paper (GP)
(Fig. 4a—) and GCP (Fig. 4d-h). GP shows a quite smooth
surface with tightly stacked graphene nanosheets. After incor-
poration of CNFs, the GCP displays a highly wrinkled surface
(Fig. 4d—f) which would be beneficial to the growth of MnO,
nanostructures. In addition, the existence of CNFs in GCP
greatly prevent the aggregation of graphene nanosheets, then
resulting in a much wider interlayer spacing (about 2 pum,
Fig. 4g—i) compared to that of GP. Figure 5 shows the SEM
images of CM and GMP. In the low- (Fig. 5a) and high mag-
nification (the inset of Fig. 5a) SEM images of CM, we can
see that MnO, nanoflakes were uniformly grown on the sur-
face of CNFs without bulk agglomeration, while these
MnO,-deposited carbon nanofibers agglomerate each other.
In contrast, the thinner MnO, nanoflakes are observed to be
uniformly grown on GCP (Fig. 5b, ¢) with the walls of MnO,
nanoflake interconnected each other. In Fig. 5d, the EDX
spectroscopy of GMP further indicates the existence of
C, O, and Mn elements, while the signal of K element
can be attributed to K' ion in birnessite-type MnO, well

Fig. 3 XPS spectra of a survey (a)
scan; b Cls region; ¢ Mn 2p 3 5 (b)
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Fig. 4 Low- and high-
magnification SEM images of GP
(a—¢); low- and high-
magnification SEM images of
GCP (df); cross-section SEM
images of GCP (g—i)

consistent with the result of XPS spectrum [3].
Furthermore, the MnO, content in GMP has been inves-
tigated by the TGA. As seen from the TGA spectra of
GCP, GMP, and CM (Fig. 5e), there are two steps for

Fig. 5 SEM images of GMP (a);
low- and high-magnification
SEM images of GMP (b, ¢); EDX
spectroscopy of the selected area
of GMP (d); the thermal
gravimetric analysis (TGA)
spectra of GCP, CM, and GMP
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mass loss with the temperature increasing. The mass
loss before 300 °C can be ascribed to the removal of
absorbed water in the hybrids, while the removal of
carbon atom in GMP composites can be detected to
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Fig. 6 a CVs of GCP, CM, and GMP at 5 mV s’ b CVs of GMP at
various scan rates from 5 to 300 mV s™'; ¢ a comparison of specific
capacitance of GCP, CM, and GMP electrodes at different scan rates; d
galvanostatic discharge curves of GCP, CM, and GMP electrodes at

the mass loss at 500-600 °C [4]. Therefore, the mass
ratio of MnO, in hybrids is demonstrated to be
42.5 wt%.

Electrochemical performances of GMP

Figure 6a shows the cyclic voltammetry curves (CVs) of GCP,
CM and GMP electrodes in 1 M Na,SO, at a scan rate of
5 mV/s. The potential window for cycling is confined between
—0.1 and 0.9 V versus SCE to avoid the oxygen evolution

1.0 A g'; e galvanostatic charge—discharge curves of GMP at different
current densities (0.5 to 15 A g™"); f Nyquist plots for GCP, CM, and
GMP electrodes

reaction at higher potentials and manganese dissolution at
lower potentials [9, 53, 54]. Three CVs display a
rectangular-like shape and the GMP electrode has the largest
CV curve area, indicating the best capacitive performance of
GMP electrode [9]. Gravimetric current of GMP is much
higher than GCP and CM electrodes due to the existence of
pseudocapacitive MnO, and freestanding structure, which re-
sults in higher gravimetric capacitance. The rate-dependent
CVs of GMP electrode was investigated at various scan rates
from 5 to 300 mV s™, as shown in Fig. 6b. The rate capability

Table1 Comparison of capacitive performance of supercapacitors based on various binder-free MnO,/carbon composites presented in literatures and
the present work

Samples C Electrolyte E T Cr% Ref
MnO,-CNT-textile 410.0 (5 mV s 0.5 M Na,SO, 17.5 (10) 10,000 60.0 % [8]
Whisker-like MnO,/carbon fiber paper 2741 (01 A g™ 1.0 M Na,SO4 - 5000 95.0 % [28]
MnO,-graphene on carbon fiber paper 393.0(0.1 A g™ 0.5 M Na,SO,4 - 2000 98.5 % [55]
MnO,/CNT/papers 5400 2 mV s™) 0.1 M Na,SO, 20.5 (1.5) 1000 95.0 % [56]
Graphene/MnO, papers 256.0 (0.5 A gfl) 0.1 M Na,SO4 - 1000 74.0 % [57]
Graphene/MnO, paper 217001 Agh 1.0 M Na,SO4 - 3600 93.0 % [58]
Graphene-patched CNT/MnO, papers 2250(10 A g 1.0 M Na,SO,4 24.8(0.2) 800 92.8 % [59]
MnO, nanowires/CNT paper 167.5(0.077 A g1 0.1 M Na,SO,4 - 3000 88.0 % [60]
MnO, nanoflakes/carbon paper 306.5(05A g ) 1.0 M Na,SO,4 20.8 (0.09) 6000 97.1 % [18]
MnO, nanoflakes/graphene-CNF paper 2082 (1 Agh 1.0 M Na,SO,4 23.0 (0.45) 3000 95.7 % This work

5155(5mVs )

C the specific capacitance (F g '), calculated based on the scan rate (mV s ') or the current density (A g ') in a three-electrode system, £ the energy
density (Wh kg™ ) based on the power density (kW kg ) in a supercapacitor, T'cycles of cycle life test, C;% retention rate of specific capacitance after

cycle life test

@ Springer



1192

Ionics (2016) 22:1185-1195

100 p-20-9-9-9-9-9-9.

999-99-2-9-9-99-9-99-9-99-9-99-9-9-9-¢

60 -

40 |

Capacitance retention (%)

0 " 1 n 1 n 1 n 1 " 1
0 500 1000 1500 2000 2500

3000
Cycle number

Fig. 7 Cycling performances of GMP electrode at 5.0 A g '

of GMP electrode is excellent, and it maintains a good rectan-
gular CV shape with only small distortions even at
300 mV s ', which results in only ~28.2 % loss of capacitance
compared to those measured at 5 mV s~ (Fig. 6¢). In contrast
to previous work, this result also shows a good improvement
in the rate capability, which is summarized in Table 1. As for
the 92.5 % of capacitance retention of GCP electrode, it sug-
gests that GCP has not only good electronic conductivity but
also could offer a certain amount of double electric layer ca-
pacitance (DELC). For ~95.6 % loss of capacitance in CM
electrode, it can be attributed to the addition of binders in the
electrode preparation, which greatly increases its inner

resistance. Furthermore, the high gravimetric capacitances of
GMP electrode at high scan rates are superior or comparable
to those of previous studies (Table 1).

Galvanostatic charge/discharge curves of GMP, CM, and
GCP electrodes at a current density of 1 A g~' are shown in
Fig. 6d; three curves present a typical triangular-shape with
good symmetry and fairly linear slope, indicating the good
capacitive characteristic of these electrodes. The specific ca-
pacitance of GMP electrode is calculated to be 298.2 F g
(1 A g ") based on the discharge curve via Eq. (2), which is
much higher than that of GCP and CM electrodes. The
rate-dependent galvanostatic charge/discharge curves of
GMP electrode was investigated at various current densities
from 0.5 to 15 A g~', as shown in Fig. 6e. The excellent rate
capability of GMP electrode is further demonstrated as the
voltage (IR) drop on curves can be negligible until the high
current density of 10 A g '. Electrochemical impedance spec-
troscopy measurements were performed under open circuit
potential in an alternating current frequency range of 0.01 to
100,000 Hz with an excitation signal of 5 mV. The electro-
chemical impendence spectra (EIS) acquired are shown as the
Nyquist plots in Fig. 51, all which exhibit a typical arc at the
high-frequency region and a spike at the low-frequency region
[61]. The diameter of semicircle presents the charge-transfer
resistance (R.) in the electrochemical system. The R of the
GCP electrode is only ~1.1 €2, indicating that it is an excellent
substrate with high electronic conductivity for depositing
nanosized MnO,. Meanwhile, the R, values of the GMP

Fig. 8 a CVs of an optimized
GMP//GC asymmetric
supercapacitor measured in a 4
potential window from 1.4 to
20Vat100mVs ;b
galvonostatic charge/discharge
curves of GMP//GC asymmetric
cell at 1.0-10 A g™'; ¢ Ragone
plots of the GMP//GC and GC// 2
GC supercapacitors; d EIS

spectrum of the GMP//GC 4
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and CM electrodes are ~2.1 and ~8.8 (2, respectively, suggest-
ing that no addition of any binders in GMP electrode allows it
to have good electronic conductivity.

The cycling stability of the GMP electrode is carried out by
repeating the galvanostatic charge—discharge test within —0.1 to
0.9 Vat a current density of 5 A g~' (Fig. 7). The GMP electrode
exhibits an excellent electrochemical stability with only 4.3 %
deterioration of its initial specific capacitance after 3000 cycles.
Generally, the capacitance loss is attributed to the factors such as
the dissolution of MnO; in the electrolyte, mechanical faults of
the electrodes (e.g., expansion, agglomeration and detachment
of MnO,, corrosion of the current collectors) and the instability
of the electrode potential caused by imbalanced capacity on two
electrodes [62]. Here, we ascribe the long-term cycling stability
of GMP electrode to the good attachment between MnO, and
GCP substrate, and the microstructure of MnO,.

Finally, to investigate the practical performance of the
GMP electrode, we assembled a GMP//GC asymmetric
supercapacitor (the detailed fabrication method is shown in
the experimental portion). Figure 8a presents the CV curves
of the asymmetric supercapacitor at various potential win-
dows with a scan rate of 100 mV s™'. It is found that the
CVs keep well of a rectangular-like shape until 2.0 V, indicat-
ing that the GMP//GC asymmetric supercapacitor has good
capacitive performance and can be operated at high voltage.
Its corresponding charge/discharge curves at different current
densities are shown in Fig. 8b. The supercapacitor shows a
stable Coulombic efficiency (CE) near 90 %. Its CE is kept at
85.7 % even at the high current of 10 A g~'. Figure 8c shows
the Ragone plot of the energy density versus power density
considering the total mass of active materials from positive
and negative electrodes. According to the Egs. 2, 3, and 4,
the supercapacitor exhibits a maximum energy density of
23.0 Whkg ' at450.8 W kg™, in which the operating voltage
is 1.8 V. Compared to similar systems reported previously
using symmetric MnO,//MnO, [63], or other hybrid MnO,//
carbon-based materials (CNTs or active carbon) [34, 54,
64—66]Jor MnO,//PEDOT [67], this asymmetric
supercapacitor exhibits comparable energy density. Nyquist
plot of the asymmetric supercapacitor over the frequency
range of 0.01-100,000 Hz is presented in Fig. 8d. Its R is
about 8.2 (), further indicating that this asymmetric
supercapacitor has a low internal resistance for high-rate pow-
er delivery.

Conclusions

In summary, we have successfully prepared flexible and
free-standing graphene-carbon nanofiber/MnO, nanocompos-
ite paper (GMP) via a simple method. The MnO, nanoflakes
are uniformly deposited on the surface of paper and exhibit a
porous structure by interconnecting each other. The capacitive

performance of the GMP electrode was studied by electro-
chemical techniques. We found that the as-prepared composite
paper showed high specific capacitance, excellent rate capa-
bility, and good stability due to its binder-free porous structure
and the wrinkled structure of MnO, nanoflakes. In a practical
application test, the GMP-based asymmetric supercapacitor
also exhibits an excellent electrochemical performance with
a high operating voltage of 2.0 V and a high energy density of
23.0 Whkg ' at450.8 W kg '. We believe that the composite
paper would be potentially promising as electrode materials
for flexible and high performance supercapacitors.
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