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ABSTRACT: Assembly techniques of graphene have attracted intense attention since their performance strongly depends on
the manners in which graphene nanosheets are arranged. In this work, we demonstrate a viable process to synthesize winged
graphene nanofibers (G-NFs) which could generate optimized pore size distribution by the fiber-like feature of graphene. The G-
NF frameworks were achieved by processing the precursor graphene oxide nanosheets with the following procedures: microwave
(MW) irradiation, salt addition, freeze-drying, and chemical reduction. The resultant framework composed of winged G-NFs
with a diameter of 200−500 nm and a length of 5−20 μm. Moreover, the crimp degree of G-NFs can be rationally controlled by
MW irradiation time. A formation mechanism of such winged G-NFs based on the synergistic effects from MW irradiation and
solution ionic strength change has been proposed. With a practice in flexible electrode, after decorated with amorphous MnO2,
the G-NF frameworks shows an enhanced specific capacitance compared to graphene nanosheets (G-NSs). This research has
developed a controllable method to synthesis G-NFs, which can offer hierarchical pore structures, this kind of graphene
nanostructure might enhance their performance in supercapacitor and related fields.
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1. INTRODUCTION

Since its discovery in 2004, graphene, as a typical two-
dimensional (2D) colloid made up of only several atomic layers
of sp2-hybridized carbon atoms in a honeycomb lattice, has
attracted persistent attention.1 And graphene-based materials
have been successfully applied into transistors,2,3 sensors, and
optoelectronics4 because of their superior electrical, mechanical
and optical properties.5,6 Nowadays, the integration technique
of graphene nanosheets (G-NSs) into macroscopic structures is
attracting more and more interests, since it is an essential step
in exploring the unique properties of individual 2D nanosheets
for practical applications.7 So far, using bottom-up self-assembly
or template-assembly methods, many macroscopic architectures
made up of G-NSs have been obtained, such as spheres,8,9

fibers/tubes,10,11 papers/films,12,13 and three-dimensional (3D)
frameworks.14−16

Among these architectures, 3D graphene architectures have
become one of the hotspot in the material field due to their
well-defined and cross-linked 3D porous structure as well as

high specific surface area, which make them commonly used as
electrodes of electrochemical capacitors (ECs).17 Furthermore,
to improve the porosity of 3D graphene architectures,
researchers usually introduce carbon nanofibers and nanotubes
into 3D graphene frameworks and obtained higher EC
performances as previously reported.15,16,18 However, accom-
panying with the excellent properties of the assemblies, the
complicated synthesize procedure of carbon nanotube/nano-
fibers on 3D graphene backbone and strict conditions have to
be involved into assembling the composited structure. To
address the problem, it is urgent to develop an effective method
to assemble the alternative G-NSs into graphene nanofiber (G-
NF)-based 3D frameworks in a controllable, uniform and a
large-scale manner for practical applications. It suggests that the
graphene-based nanofibers should possess high porosity and
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nanoscale dimension, which can result in better EC perform-
ance than traditional neat carbon fibers.19,20

In comparison, macroscopic neat graphene fibers have been
well-assembled with wet spinning high concentrated liquid
crystalline graphene oxide,11,21 or by a complex template
strategy,22 and using a self-assembling procedure.23 However,
most of these fibers are assembled by abundant 2D graphene
nanosheets with strong π−π interaction between each other. As
a result, the assembling method leads to the stacked graphene
fibers with thick diameter (several micrometers) and smooth
surface as well as low specific surface area,10 which would limit
its application in energy storage systems. Though many efforts
have been spent on the synthesis of graphene-based fibers, it
remains a great challenge to assemble one or several 2D
graphene oxide nanosheets (GO-NSs) into carbon nanofiber and
nanoscroll-like structures,24,25 mainly because of the asymmetric
sizes, irregular shapes, strong restacking tendency of G-NSs, as
well as the lack of the effective assembly technique. The unclear
formation mechanism of the G-NFs is another issue that hinder
their further development.26 Therefore, it is important to develop
a versatile and controllable method to synthesize 3D macroscopic
G-NF frameworks for their potential application in electro-
chemical energy storage systems.
In this work, we report a simple and controllable method to

synthesis 3D macroscopic G-NF frameworks. We directly assemble
2D GO-NSs into graphene oxide nanofibers (GO-NFs) in a
solution environment under the synergistic effects from microwave
(MW) irradiation and the change of solution ionic strength. In this
case, we proposed an electrostatic force induced crimping
mechanism for the formation of the G-NFs. Furthermore, as
expected, flexible electrodes constructed from the obtained G-NF
frameworks show enhanced electrochemical performances com-
pared to those of 3D G-NSs. This research suggests a more design-
rich strategy to build the G-NF-based 3D macroscopic graphene
frameworks using 2D graphene nanosheets.

2. EXPERIMENTAL SECTION
2.1. Preparation of GO-NSs and G-NSs. GO-NSs were

synthesized using high-purity graphite powder via a modified
Hummer’s method.27 In a typical fabrication process, 10 mL of GO
suspension (0.5 mg/mL) was first fed into a 25 mL beaker, the baker
was then dipped in liquid nitrogen in order to quickly freeze the
suspension into ice. The frozen suspension was then put into a high
vacuum chamber and processing vacuum drying 24 h to thoroughly
remove the residual water in the suspension (final vacuum of 1.0 ×
10−4 Pa was achieved). The GO aerogel can be obtained after these
procedures. The G-NS frameworks were obtained by reducing the as-
prepared GO-NS frameworks with hydroiodic acid (HI) for 1 h at
95 °C. Finally, to improve the mechanical performance, the obtained
G-NSs aerogel was cut into rectangular strips and pressed under an
optimal pressure (∼1 MPa) to form a flexible film (Figure 1c) with a
thickness of ∼100 μm and areal density of ∼1.5 mg/cm2.
2.2. Formation of GO- and G-NF Frameworks. The GO fibers

were typically synthesized with the following procedures: first, 10 mL
of GO suspension (0.5 mg/mL) was feed into an 80 mL sealed glass
bottle and irradiated for 0−9 min at 700 W with a microwave oven
(Galanz, G70D20P-TD, China). After the suspension naturally cooled
to room temperature, 200 μL of CaCl2 solution (10 mg/mL) was
injected into the MW treated GO suspension, followed by a 10 min
stirring procedure. Subsequently, the cold mixture was transferred into
a 25 mL beaker for 24 h of freeze-drying, and the GO-NF frameworks
were achieved. Finally, the G-NFs were obtained by reducing the as-
prepared GO-NFs with HI for 1 h at 95 °C. The flexible G-NFs film
was also prepared with a thickness of ∼98 μm and area density of
1.6 mg/cm2. In addition, to explore the formation mechanism of

GO-NFs, the influence of MW treating time, CaCl2, and GO
concentration were also investigated.

2.3. Deposition of MnO2 Active Layers. The obtained G-NF
frameworks were washed with ethanol and deionized water repeatedly.
A piece of 1 cm × 1 cm clean G-NF frameworks were then infiltrated
into an aqueous 0.1 M Na2SO4 solution and kept for 2 h. After that,
the G-NF frameworks were soaked in a mixture of Na2SO4 (50 mL,
0.1 M) and KMnO4 solution (50 mL, 0.1 M) for 1 h, and then washed
with deionized water for several times to remove the adsorbed
KMnO4. Finally, the as-obtained MnO2/G-NF composites were stored
in a 1 M Na2SO4 solution and waiting for further EC measurements.
For comparison, MnO2/G-NS composites were also prepared with the
same procedures.

2.4. Characterization Methods. The morphology of the obtained
samples was characterized by field emission scanning electron
microscope (FE-SEM, Hitachi S-4800, accelerating voltage of 5 kV).
The fine microstructures were systematically studied using high-
revolution transmission electron microscope (HR-TEM, FEI Tecnai
F30, operated at 300 kV). X-ray diffraction (XRD, Philips, X’pert pro,
CuKα, 0.154056 nm), and micro-Raman spectroscope (JY-HR800,
YAG laser, 532 nm, spot diameter ∼600 nm) were used to analysis the
phase and component. The chemical elements and bonds were
analyzed on a PHI-5702 multifunctional X-ray photoelectron spectro-
scope (XPS) using Mg Kα X-ray (hν = 1253.6 eV) as the excitation
source. The mass of the MnO2 deposited on the frameworks was
measured by a microbalance (Mettler, XS105DU). Electrochemical
measurements were performed on an electrochemical workstation
(RST5200, Zhengzhou Shiruisi, China) at ambient conditions.

3. RESULTS AND DISCUSSION
3.1. Morphology of Typical G-NFs Network. The GO-

NFs framework was obtained using a type of GO aqueous
suspension as material, which contains GO-NSs with an average
diameter of 36 μm (see the Supporting Information, Figure S1),
and the process consists of three steps: (i) treat the GO aqueous
suspension with MW irradiation; (ii) change the ionic strength of
the GO aqueous suspension with CaCl2; (iii) freeze-dry the
treated GO aqueous suspension to obtain 3D GO frameworks.
As shown in Figure 1a, after freeze-drying, a brown GO aerogel
with a diameter of about 10 cm was drawn out from the baker.
Then, the as-prepared aerogel was reduced into graphene one
using chemical reduction methods, as shown in Figure 1b. After
reduction, the color of the aerogel changed from brown to black.
Generally, the reduced aerogel has a loose structure, which lose
weak mechanical properties and limit its application in a flexible
supercapacitor. To improve their mechanical performance, the
obtained graphene aerogels were pressed into flexible films
(Figure 1c) under an optimal pressure (∼1 MPa) for further

Figure 1. Photographs of (a) GO aerogel with a diameter of 10 cm
prepared by freeze-drying the preprocessed GO solution, (b) reduced
graphene aerogel and (c) the obtained flexible graphene film by a
suitable pressure; (d) SEM image of graphene aerogel and (e) its
magnified image; (f) TEM image of single G-NF and (g)
corresponding HR-TEM image.
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characterization. The microstructures of pressed G-NSs and
G-NFs were shown in Figure S2 in the Supporting Information.
Pressed G-NFs exhibits a porous structure and G-NSs shows a
relatively compact structure. The interconnected pore structure
of pressed G-NFs are mainly attributed to the fiber-like feature of
graphene.
The morphologies of the graphene aerogels were investigated

by SEM and TEM. Figure 1d is a typical SEM image of
graphene aerogel. It can be seen that the 3D graphene aerogel
is consisted of winged G-NFs, the length of G-NFs was
obtained from several TEM images of detached G-NFs (like
Figure 1f) and ranges from 5 to 20 μm. The diameter was
obtained from high-magnification SEM and TEM images and
varies from 200 to 500 nm (Figure 1e, g). A high-magnification
SEM image (Figure 1e) indicates that the G-NFs intercon-
nected together, and these fibers formed a highly porous 3D
framework. Further TEM characterization shows that each winged
G-NF is composed by one or several G-NSs (Figure 1f). In
addition, HR-TEM image (Figure 1g) showed that these winged
G-NFs have a rough and crumpled surface, which is different from
the reported neat graphene fibers.22,23 In addition, SEM images of
GO fibers were also demonstrated in Figure S3 in the Supporting
Information, the morphology of GO fibers is nearly the same as
the G-NFs which indicates that the reduction procedure did not
change the fiber-like structure of GO. The conductivity of G-NSs
and G-NFs is 23 S/cm and 27 S/cm, respectively. The relatively
higher conductivity of G-NFs may be attributed to the
interconnected structure of graphene nanofibers, as shown in
Figure 1e.
3.2. Morphology Tuned by MW and Salt. To explore

the formation mechanism, we also investigated the effects of
MW and salt on the structures of the GO aerogels.
3.2.1. Effect of MW Irradiation. MW was chosen as the

induction source due to its selective heating effect generated by
high resonance with hydroxyl groups.28,29 Before MW irradiation,
the pristine GO-NSs are sheetlike as shown in Figure 2a. A higher

magnification image shown in Figure 2d shows that the NSs are
flat in the middle and slightly curling at the edge. After processing
by MW, the GO-NSs began to wrinkle and strongly crimped at
the edge, as shown in Figure 2b, e. The crimp degree of GO-NSs
is highly dependent on the treating time of MW as illustrated in
Figure S4 in the Supporting Information.
Furthermore, to explore why the flat GO-NSs can wrinkle

into the edge curved GO-NSs under the MW irradiation,
micro-Raman and XPS were used to investigate the change of
chemical bonds in the samples during the MW irradiation. The

Raman spectrum of pristine GO-NSs shows two characteristic
bands at 1369 cm−1 (D band) and 1608 cm−1 (G band),
respectively (Figure 3a). After MW irradiation for 9 min, the D and

G bands shift to 1355 and 1599 cm−1, as shown in Figure 3c. The
blue shift of D and G bands are proportional to MW irradiating
time, indicating the reduction of GO during microwave treat-
ment.30,31 The intensity ratio of D and G bands, i.e. ID/IG, gradually
changes from 0.69 to 0.84 (Figure 3d) as increasing the MW
irradiation time, which indicates an increase in the average size of
sp2 domain upon the deoxygenating of GO by microwave
treatment.32 The unexpected phenomena for the intensity
increasing of D band is also found by other groups.33,34 Stankovich
et al.32 suggested that reduction increases the number of aromatic
domains of smaller overall size in graphene, which would lead to an
increase of the ID/IG ratio.
XPS measurements could provide the direct evidence of the

deoxygenation of GO during the microwave treatment. Figure 3b
shows the XPS patterns of GO and the microwave treated GO (9
min). The C 1s XPS spectrum of pristine GO-NSs can be
deconvoluted into three peaks at 284.6, 286.7, and 288.0 eV,
which can be assigned to C−C, C−OH, and CO bonds,
respectively.35 After irradiated by MW, the intensity of C−OH in
the samples greatly decreases from 100% to 50%, while the
intensity of CO bonds decreases a little. At the same time, the
C/O ratio changes from 2.52 to 3.39, indicating the selective
dehydroxylation of GO as MW irradiation.
In addition, from the optical images of GO suspensions at

different MW treating time (see Figure S5 in the Supporting
Information), it can be more intuitively confirmed that the
color of the GO suspension changes from brown to black due
to their reduction reaction.36 Moreover, it can also be seen that
the volume of the obtained GO aerogel blocks decreases with
the MW treating time after freeze-drying (see Figure S6 in the
Supporting Information), indicating the stacking of the GO-NSs
after long time MW irradiation.

Figure 2. SEM images of (a) the pristine GO-NSs, (b) the edge
curved GO-NSs obtained from the 3 min MW-irradiated GO solution,
and (c) the GO clusters obtained from the GO solution added with
CaCl2, (d−f) corresponding higher-magnification SEM images of a−c.

Figure 3. (a) Raman and (b) C 1s XPS spectra for of the pristine and
MW-irradiated (9 min) GO-NSs, (c) ID/IG ratio change, (d) D and G
peak position shift of GO-NSs as a function of MW irradiation time.
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3.2.2. Effect of Ionic Strength. On the other hand, the ionic
strength of GO suspension can also influence the micro-
structures of the obtained GO aerogel. Figure 2c shows the
SEM images of GO-NSs obtained from pristine GO solution
by only adding with 3 mM CaCl2 and no MW-irradiation
treatments. It can be seen that the GO-NSs greatly aggregate into
clusters under the strong ionic strength. Furthermore, from the
high-magnification image (Figure 2f); it is found that the
obtained GO-NSs present a densely stacked structure, which is
rather different from that of the sheetlike structure of GO-NSs
(Figure 2d). Therefore, it can be indicated that the ionic strength
changing by adding CaCl2 shows stronger curly ability than that
of MW irradiation reduction. However, no matter how we
change the ion concentration of GO suspension without MW
irradiation, the GO-NSs could not form nanofibers structure, as
shown in Figure S7 in the Supporting Information.
Therefore, we could suppose that the MW irradiation play a

critical guiding role in the formation of the winged GO-NFs,
and the ionic strength of GO suspension enhanced by salt
addition will further improve the wrinkling rate of GO-NSs.
3.3. Formation Mechanism of Macroscopic GO Nano-

fibers. According to aforementioned investigations on chemical
bonds in GO-NSs, an electrostatic force induced crimping
formation mechanism for the formation of the winged GO-NFs
is proposed, as schematically shown in Figure 4, as follows

(i) Most of GO-NSs synthesized through the modified
Hummer’s method can well dispersed in water due to
abundant functional groups on its edges and basal planes
(especially on the edge of GO-NSs). These groups make
GO-NSs carry a negative charge and keep a flat morphology
in water under strong in-planar electrostatic repulsion.37

(ii) When irradiated by the MW, the polar molecules such as
hydroxyl (−OH) groups will selectively fall into a high
resonance.38−40 As a result, the −OH groups absorbed
on the edge of GO-NSs will quickly escape as described
by the following equation

− ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ − + −− bC O (OH) C O (OH) ( OH)x y x y b6
MW irradiation

6

(1)
in which x and y (≤6) are the number of O and −OH
groups in carbon hexahydric rings of the GO-NSs,
respectively. The dehydroxylation process is similar to
the typical chemical reduction process by alkaline.41 As
part of the hydroxyl groups on the GO-NSs are removed,
the flat GO-NSs will crimp first from the edge because of
the unbalance of the electrostatic state of GO-NSs.37

(iii) Generally, once CaCl2 is added into the pristine GO
suspension, GO-NSs will quickly stack under strong ionic

strength because of the surface charge of GO destabilized
by addition of salt.37,42 However, when GO-NS was first
irradiated by MW, the CaCl2 addition will prompt the
formation of GO-NFs instead of stacking into clusters of
GO-NSs. Here, it can be stated that after the MW
irradiation, the GO-NSs will initially crimp under the
unbalance of the electrostatic state between GO-NSs. Once
the CaCl2 was added, the unbalance of the electrostatic state
would increase, which enhances the crimping of the NSs
and form winged GO-NFs. Furthermore, the crimping
degree of GO-NFs is strictly controlled by MW treating
time, as shown in Figure S8 in the Supporting Information.

Subsequently, freeze-drying process was used to prepare
GO-NF frameworks. Further control experiments (see Figure S9
in the Supporting Information) indicate that freeze-drying
process can help to avoid the deformation of GO-NFs and
obtain 3D frameworks. Finally, a HI chemical reduction was
employed to obtain black G-NF frameworks. On the other hand,
the GO concentration will determine the final morphology of the
graphene (fiber-like or sheet-like). It can be seen that the amount
of fibers decreases when the GO concentration increases from
0.5 to 2 mg/mL, and no visible fiber-like GO formed at high
concentration (see Figure S10 in the Supporting Information). For
GO solution at high concentration, the limited space between two
adjacent GO sheets (as shown in Figure S10c in the Supporting
Information) hinders the crumpling process of GO nanosheets
which leads to the formation of 3D GO sheets structure.

3.4. EC Measurements. Before EC measurements, MnO2
was chosen as an active material and loaded on the obtained
graphene networks to improve their capacitive performances.
To obtain MnO2/G-NF composites, we dipped the G-NFs
frameworks into a solution of 0.1 M KMnO4/0.1 M Na2SO4 at
neutral PH value for 1 h. During this procedure, MnO2 can be
uniformly coated onto the 3D porous structures based on self-
limiting deposition.43 After the deposition of MnO2, the
obtained 3D macroporous MnO2/G-NF composites were
investigated by scanning TEM (STEM). Figure 5a is the
typical high-angle annular dark-field STEM (HAADF-STEM)
of the MnO2/G-NF composites. As shown in the high-
resolution HADDF image (Figure 5f), flocculent-like MnO2
were uniformly coated on G-NF backbones and fiberlike feature
of G-NFs was not affected by the MnO2 deposition (Figure 5a).
Figure 5b is an energy-dispersive X-ray spectroscopic (EDX)
spectrum of the obtained MnO2/G-NF composites, which
indicates that the fibers are mainly made up of C, Mn, and O.
The Cu elements are attributed to the TEM grids used in the
measurements. EDX elemental mapping images of C, O, and
Mn within the area marked with a red square frame in Figure 5a,

Figure 4. Schematic illustration of the crumpling mechanism of the graphene nanofiber.
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was further conducted, as shown in Figures 5c−e. These results
clearly verify that most MnO2 are homogeneously coated
throughout the 3D fiber-like porous networks. This uniform
coating of MnO2 should be attributed to a self-limiting
deposition during the redox reaction between KMnO4 and
the carbon on G-NFs. In addition, Raman spectroscopy and
XRD patterns were further employed to check our designed

MnO2/G-NF composites as shown in Figure 5g and Figure S11
in the Supporting Information, respectively. The HR-TEM
images of MnO2 on the G-NFs (see Figure S12 in the Supporting
Information) show amorphous structure which was agree well with
XRD spectra. It can be seen from Figure 5g that the characteristic
D and G peaks of the reduced G-NFs are located at ∼1360 and
1580 cm−1, respectively, and the other two peaks at 570 and
650 cm−1 can be assigned to the characteristic peaks of MnO2,

44

indicating that the composite fibers contain the MnO2
components. Furthermore, no obviously diffraction peaks from
MnO2 can be observed in XRD spectra (see Figure S11 in the
Supporting Information), which indicating the coated MnO2
layers are amorphous. This result is consistent with the previous
reports which based on redox-deposited MnO2 on carbon
materials.45

Electrochemical performances of the flexible G-NF and MnO2/
G-NF electrodes were examined using a cyclic voltammetry (CV)
method in 1 MNa2SO4 solution with a three-electrode system, with
flexible freestanding graphene or MnO2/Graphene film, a platinum
sheet and a saturated calomel electrode (SCE) as the working,
counter and reference electrodes, respectively. It is worth noting
that there are no metal support or current collectors used in the
tests, which can greatly reduce the mass of the electrode. As shown
in Figure 6a, the CV curves of G-NS and G-NF electrodes are
symmetric and rectangular, indicating an ideal electrical double layer
capacitive behavior. When MnO2 is loaded, the higher current
response is observed for both MnO2/G-NF and MnO2/G-NS
electrodes, which suggests that the introduction of MnO2 can
contribute pseudocapacitance to the total electrode. Moreover, as
is expected, the current densities of G-NF and MnO2/G-NF
electrodes are almost double those of the G-NS and MnO2/G-NS
ones, respectively. In order to analyze the electrochemical
performance increasing of these electrodes, BET surface area and
pore size distribution were measured (as shown in Figure S13 in the
Supporting Information). The adsorption−desorption isotherms of

Figure 5. (a) HADDF-STEM image and (b) EDX spectrum of
MnO2/G-NF composites; (c−e) EDX mapping images of C, O, and
Mn elements, respectively; and (f) corresponding high-resolution
HADDF-STEM image. (g) Representative Raman spectrum of MnO2/
G-NF composites.

Figure 6. (a) CV curves measured at a scan rate of 10 mV/s for G-NSs, G-NFs, MnO2/G-NSs, and MnO2/G-NFs; (b) CV curves of MnO2/G-NFs
at various scan rates within the voltage window of 0−1 V; (c) specific capacitances of the total electrodes based on G-NSs, G-NFs, MnO2/G-NSs,
and MnO2/G-NFs as a function of scan rate; (d) TGA curves of MnO2/G-NSs and MnO2/G-NFs; (e) specific capacitance of MnO2 on G-NS- and
G-NF-based electrodes as a function of scan rate; and (f) Nyquist plots of the G-NS, G-NF, MnO2/G-NS, and MnO2/G-NF electrodes.
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G-NSs and G-NFs reveal that the BET surface area of G-NSs and
G-NFs is 554 and 477 m2/g, respectively. The specific surface area
of G-NFs is a little smaller than G-NSs, which is may attribute to
the curly feature of G-NFs. However, the pore size distribution
of G-NFs and G-NSs shows a distinct results. Although both of
the pore size mainly distributed in the range from 1 to 2 nm
(micropores), the G-NFs shows higher mesopore ratio range from
2 to 50 nm. Furthermore, SEM images (as shown in Figure S2 in
the Supporting Information) show that the pressed G-NFs exhibits
a porous structure and G-NSs shows a relatively compact structure.
The SEM images are consistent with the pore size distribution
result. Thus, these differences in current densities of the MnO2/G-
NF and MnO2/G-NS electrode can be attributed to the optimized
pore structure of 3D G-NFs network, which can offer more
effective pathway for effective ion migrating into the inner graphene
backbone sites.
Figure 6b shows the rate-dependent CV curves from the

MnO2/G-NF electrode at scan rates from 2 to 200 mV/s within
0−1 V voltage window. It was found that CV profiles retain a
relatively rectangular shape without obvious distortion with the
increasing potential scan rates, demonstrating excellent high-
rate performance.
Figure 6c shows the specific capacitances based on the total

electrode mass of G-NSs, G-NFs, MnO2/G-NSs, and MnO2/
G-NFs at scan rates from 2 to 200 mV/s. It can be found that
the specific capacitance of the total G-NF electrode was
calculated to be about 60 F/g at 2 mV/s, which is higher than
that of G-NS ones (20 F/g). This increase in specific capacitance
of G-NF electrode mainly attributed to their 3D porous
structure, which is beneficial to the effective ion migrating into
the active sites. On the other hand, the specific capacitance of the
total MnO2/G-NF electrode is as high as 225 F/g at 2 mV/s,
which is more than 2 times higher than those of MnO2/G-NS
ones (102 F/g at 2 mV/s). Therefore, for nanofiber-based G-NF
and G-NF/MnO2 composite electrodes, their electrochemical
performances are superior to those of nanosheet-based G-NS
and MnO2/G-NS composite electrodes, which can be attributed
to their optimized porous structure.
To further make clear the main reason for the increase in specific

capacitances of the two different kinds of graphene structures, the
MnO2 mass loadings were estimated using TGA. As shown in
Figure 6d, the TGA curves show the MnO2 mass loadings of 38.6
and 27.2% for G-NF and G-NS-based electrodes, respectively.
These results indicate that the 3D macroporous structure of G-NF
frameworks can benefit for the MnO2 mass loadings.
Furthermore, the specific capacitive of MnO2 on the G-NF-

and G-NS-based electrodes were also investigated by cyclic
voltammetry experiments at scan rates from 2 mV/s to 200 mV/s,
as shown in Figure 6e. It is seen that the specific capacitance of
MnO2 on the MnO2/G-NF electrode is as high as 432 F/g at
2 mV/s, which is approximately 1.5 times higher than that on
G-NS ones (302 F/g at 2 mV/s). In addition, the specific
capacitance of MnO2/G-NF electrode gradually decreases with the
scanning rates, but maintains a value as high as about 250 F/g
even at 200 mV/s. Therefore, combined with the above analysis, it
can be concluded that 3D graphene nanofiber network can serve
as a freestanding flexible electrode as well as an ideal support for
active materials.
For a deep understanding of our graphene nanofiber

structure, a Nyquist plots of the G-NS, G-NF, MnO2/GS and
MnO2/G-NF electrodes were conducted in a frequency range
0.1 Hz to 100 kHz at open-circuit voltage with an ac amplitude
of 5 mV as shown in Figure 6f. The charge transfer resistances

of the electrodes are calculated to be 3.2, 3.8, 5.4, and 7.2 Ω for
G-NFs, G-NSs, MnO2/G-NFs, and MnO2/G-NSs, respectively. It
was demonstrated that the nanofiber-based electrode are more
beneficial to ion diffusion than that of naosheet one. In addition,
the increase in the resistance is mainly attributed to the low
conductivity of MnO2. These low values of the resistances suggest
a good contact between the MnO2 and 3D graphene networks,
which can also benefit a fast electron transfer.

4. CONCLUSION
In conclusion, the flexible 3D frameworks composed of winged
G-NFs have been prepared by freeze-drying method assisted by
MW irradiation and salt addition, followed with a scalable
highly efficient chemical reduction. Furthermore, we propose
an electrostatic force induced crimping mechanism for the
assembly of G-NFs, where the MW irradiation can play a
critical guiding role in the formation of the winged GO-NFs
with edge crimped first, and the ionic strength of GO solution
enhanced by salt addition will further wrinkling GO sheets into
nanofibers. Benefiting from the highly porous structure and
good conductive skeletons of G-NF networks, the MnO2
loaded on G-NF frameworks exhibits a remarkably enhanced
capacitance than that of G-NS ones. EC measurements indicate
that the specific capacitance of MnO2 on G-NF-based
electrodes is enhanced by 43% compare to that of G-NS-
based ones. Moreover, the total specific capacitance of MnO2/
G-NF electrodes is almost double that of the MnO2/G-NS
ones. This new kind of 3D structure composed of G-NFs show
enhanced properties, which will make them have potential
applications in the fields of high-performance catalysts, sensors,
and energy storage systems.
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