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Hybrid fibers of reduced graphene oxide nanosheets with MnO, were fabricated by a facile chemical
reduction and self-assembly strategy. FESEM images have shown that MnO, rods with diameters of
approximately 50-80 nm anchor on the reduced graphene oxide nanosheets as spacers in hybrid fibers,
and a certain degree of reduced graphene oxide nanosheets oriented along the main axis of the
obtained hybrid fibers has been observed. The electrochemical performance of MnO2/reduced
graphene oxide hybrid fibers (MGFs) as binder-free electrodes is evaluated by using a three-electrode
system. The hybrid fibers exhibit a high specific capacitance of 363.2 Fg™ at a constant current density
of 200 mAg™. The improved electrochemical performance can be attributed to the synergistic effect
between the MnO; and reduced graphene oxide nanosheets in the hybrid fibers and suggests that
MGFs with good performance will be a promising electrode material for supercapacitors.
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1. INTRODUCTION

Increasing demands for high-tech electronic products drive rapid advances in developing
flexible, lightweight and wearable energy storage systems, which have been utilized in applications
ranging from sports products to health monitoring over recent decades [1-5]. Due to their superior
power density, long cycle life and safe operation conditions compared with lithium-ion batteries,
supercapacitors are highly desirable as a significant class of energy storage devices, and the
miniaturization and flexibility of supercapacitors will also become an urgent challenge [6-9]. Flexible
and binder-free electrodes play a significant role in future applications for high-performance
supercapacitors, which have mainly been fabricated by using amorphous carbon, CNTs or graphene
[10-16]. Among these materials, 1D linear graphene fibers with good mechanical flexibility, a
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wearable design and high electrical conductivity have been extensively researched [17-20].
Nevertheless, graphene fibers tend to restack into a similar structure with graphite due to the
aggregating nature caused by strong m-m interactions, which undermine some excellent characteristics
of the individual graphene nanosheets and lead to the relatively low specific capacitance of the
electrode material for the supercapacitor [2].

To improve the electrochemical performance of 1D linear graphene fibers, considerable efforts
have been devoted to combining graphene fibers with pseudocapacitive materials, such as transition
metal oxides (MnO,, Co304 and CuO) or conducting polymers (polypyrrole and polyaniline) [1, 21-
23]. Among them, MnQO; has attracted significant attention as an electrode material due to its high
theoretical specific capacitance, low cost and environmental friendliness. MnO,/graphene hybrid fibers
have been widely reported as flexible electrodes for supercapacitors [1, 24-25]. The specific
capacitance of hybrid fibers is mainly dominated by the pseudocapacitance of the MnO, anchored on
the graphene fiber surface, and the electric double layer capacitance of the graphene nanosheets is less
utilized due to the aggregation of graphene nanosheets in the graphene fibers [1, 26]. Therefore, it is
important to develop a simple and low-cost strategy to construct MnO,/graphene hybrid fibers to
increase the utilization rate and combination of MnO; and graphene nanosheets in hybrid fibers to
achieve good flexibility and excellent electrochemical performance for supercapacitors.

In this paper, MnO-/reduced graphene oxide hybrid fibers (MGFs) were prepared by a facile
low-temperature-induced self-assembly strategy, and the formation process is shown in Fig. 1. The
fabrication of MGFs was conducted at 120°C until the hybrid fibers fully formed, and the reduction of
graphene oxide to reduced graphene oxide was accompanied by the formation of hybrid fibers,
ensuring a certain degree of reduced graphene oxide nanosheets oriented along the main fiber axis. The
MGFs deliver a high specific capacitance of 363.2 Fg™ at a current density of 200 mAg™, which is
mainly ascribed to the designed structure and synergistic effect between MnO, rods and reduced
graphene oxide. The combination of MnO, rods and reduced graphene oxide nanosheets can not only
mitigate volume changes of MnO; rods but also reduce the aggregation of graphene nanosheets in
hybrid fibers to improve their electrochemical performance. These hybrid fibers will be potential
candidate electrode materials for flexible and bendable supercapacitors.

2. MATERIALS AND METHODS

2.1 Material preparations

All chemicals were of analytical grade and were used as received without further purification.
Graphene oxide (GO) suspensions with high concentrations were synthesized by a modified Hummer’s
method. As shown in Fig. 1, the preparation of MGFs could be divided into three steps: first, 0.1 mol
KMnQO, and 0.15 mol Mn(CH3COO), dissolved in 100 ml deionized water was put in an ultrasonic
bath for 30 min, and the mixed solution was placed into a 500-mL Teflon-lined autoclave. Then, MnO,
rods were prepared by a hydrothermal strategy at 90°C for 12 h and washed with deionized water.
Second, 6 ml GO solution was diluted to 7 mg ml™ and put in an ultrasonic bath for 30 min and then
mixed with the as-prepared MnO; rods (2 mg). Third, 0.06 g reducing agent (ascorbic acid) was added
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to the mixing solution, and the obtained mixtures were sealed into glass tubes with the specified
diameter and kept at 120°C until fibers fully formed to obtain the MnO,/reduced graphene oxide
hybrid fibers (MGFs). The formation of the graphene fibers is mainly due to the capillary forces and
surface-tension-induced sheet interactions.

MGFs
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Figure 1. Scheme of MGF synthesis processes.

2.2 Material characterizations

Fourier transform infrared spectra (FTIR, Nicolet Nexus 670) were recorded between 400 cm™
and 4000 cm™ using pressed KBr pellets. The morphologies and structures of the samples were
characterized by field emission scanning electron microscopy (FESEM, JEOL JSE-7500F). The other
auxiliary information of the products was observed by X-ray diffraction (XRD, X Pert MDP) and X-
ray photoelectron spectroscopy (XPS, ESCALAB 250).

2.3 Electrochemical characterization

The electrochemical performance of the as-synthesized MGFs was analyzed in applications of
this material as a binder-free and self-supporting electrode material in a three-electrode system using
Pt as the counter electrode and Hg/HgO as the reference electrode. Cyclic voltammetry (CV)
measurements were carried out at different scan rates (10, 20, 30, 40, 50, 80 and 100 mVs™) by
sweeping the voltage from -0.1 to 0.9 V. The galvanostatic charge-discharge performance was
conducted on a LAND instrument at various rates from 0.2 Ag™ to 8.0 Ag™. The specific capacitance
(C, F g% of MGFs was calculated by C = (I x At) / (AV x m), where I is the discharge current (A), At
is the discharge time (s), AV is the voltage difference in discharge (V) and m is the mass of the active
materials within the electrode (g) [27-28].

3. RESULTS AND DISCUSSION

The FTIR spectra of graphite, GO, MnO;and MGFs are shown in Fig. 2. The presence of an
oxygen-containing functional group is indicated by the representative peaks of GO, including C-O
epoxy groups (1072 cm™ and 1229 cm™) and C=0 stretching of carbonyl and carboxyl groups (1729
cm™) located at the edges of GO networks [29]. The FTIR spectrum of MnO, rods shows a Mn-O
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stretching vibration peak at 524 cm™ [30]. However, almost all these characteristic peaks relative to the
oxidized groups decreased dramatically in the FTIR spectra of MGFs, and some of them disappeared
entirely, which indicates that the oxygen-containing functional groups on the surface and edge of GO
are reduced during hybrid fiber formation.
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Figure 2. FTIR spectra of graphite, GO, MnO; and MGFs.
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Figure 3. (a) Mn 2p and (b) C 1s XPS spectra of MGFs.
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Fig. 3 shows the Mn 2p and C 1s XPS spectra of MGFs. As shown in Fig. 3a, the Mn 2p XPS
pattern displays peaks at 642.7 eV and 654.5 eV, which can be attributed to Mn 2p3/2 and Mn 2p1/2
with a spin energy separation of 11.8 eV. The peak values agree well with those reported for MnO; [1,
26, 31]. The XPS spectrum of Mn 2p suggests that Mn exists in the 4+ oxidation state, verifying the
formation of MnO,. In Fig. 3b, the MGFs have three typical peaks at 284.8 eV, 286.1 eV and 288.8
eV, corresponding to C=C or C-C, C-O, and C=0 or O-C=0, respectively [29]. It is noteworthy that
the oxygen-containing functional group peaks at 286.1 eV and 288.8 eV are too weak to detect in the
FTIR spectrum, with only a few oxidized groups. The presence of residual oxygen-containing
functional groups suggests that there is a C-O-Mn linkage between MnO; and reduced graphene oxide,
ensuring strong interfacial interactions and structural stability of MGFs.

The MnO, rods were prepared by a low-temperature hydrothermal strategy. The XRD pattern
of the MnO; rods is shown in Fig. 4a. All characteristic peaks at (110), (200), (310), (211), (301),
(411), (600) and (521) are in good agreement with the a-MnQO; crystal (JCPDS 44-0141), and no other
impurities are observed [1, 32]. In Fig. 4b-d, the FESEM images are characteristic of MnO, rods with
different diameters in the range of 50-80 nm and lengths extending from 200 to 500 nm. The rods are
constructed with massive MnO; nanoparticles, and the average diameter of the nanoparticles is almost
30 nm. The loosely packed MnO, nanoparticles can lead to a special structure with a large amount of
void spaces, which is beneficial for the contact between active materials and the electrolyte, thus
improving the electrochemical performance of the electrode.
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Figure 4. (a) XRD pattern and (b-d) FESEM images of MnO, rods.
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Figure 5. FESEM images of MGFs: (a) low-resolution FESEM image, (b) cross-section morphologies
and (c-d) the axial external and inner surface of MGFs.

The morphologies and structures of MnO,/reduced graphene oxide fibers (MGFs) are
characterized by field emission scanning electron microscopy (FESEM), and the experimental results
are shown in Fig. 5. The surfaces of the hybrid fibers are not smooth at the microscale, and the
diameter is approximately 300 um (Fig. 5a). The inner cross-section FESEM image of MGFs (Fig. 5b)
displays rough and irregular morphologies of the fracture surface. Fig. 5¢-d shows the axial external
and inner surface morphologies and structures of MGFs. Reduced graphene oxide nanosheets tend to
restack into an ordered and porous structure, and the stacked reduced graphene oxide is aligned along
the main axis of the fibers. The MnO; uniformly disperses between reduced graphene oxide sheets, and
the abovementioned combination can effectively reduce the volume change in MnO; during the
charge-discharge process and prevent the reduced graphene oxide sheets from restacking, thus
enhancing the utilization rate of MnO, and reduced graphene oxide and increasing the accessible
surface area for ion adsorption/desorption, which is beneficial for improving the electrochemical
performance of hybrid fibers as binder-free and flexible electrodes for supercapacitors [33-34].

The electrochemical capacitive performance of MGFs was evaluated in 6 M KOH in a three-
electrode system. Fig. 6 shows the cyclic voltammogram (CV) curves of the as-synthesized MGFs
between -0.1 V and 0.9 V at various sweep rates of 5 mV/s™, 10 mVs™, 20 mVs™, 50 mVs™, 80 mVs™
and 100 mVs™. With increasing scan rates, the MGFs maintain similar shapes, and the current
response shows corresponding increases, revealing good capacitive behavior and kinetic performance
of the MGF electrode [26, 35].
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Figure 6. CV curves of MGFs at different sweep rates between 5 mVs™ and 100 mVs™.
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Figure 7. (a) Galvanostatic charge-discharge curves and (b) specific capacitance of MGFs at different
current densities of 0.2 Ag™, 0.5 Ag™, 1 Ag?, 2 Ag™t, 4 Ag™* and 8 Ag™.
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Figure 8. Cycle performance of MGFs at a current density of 0.2 Ag™.

The results demonstrate the good electrochemical stability of MGFs as electrode materials for
supercapacitors. Fig. 7a shows the galvanostatic charge-discharge curves for the MGF electrode at
different current densities between 0.2 Ag™ and 8 Ag™. As the current density increases up to 8 Ag™,
the charge-discharge curves of the MGFs retain their pristine triangle shape, and no obvious distortion
is observed. The specific capacitance values are calculated to be 363.2, 292.5, 255.6, 194.4, 122.4, and
86.4 Fg™ at current densities of 0.2, 0.5, 1, 2, 4, and 8 Ag™, respectively. Fig. 7b displays the rate
performance of the MGFs. With increasing charge-discharge current density, the specific capacitance
of the MGFs decreases slowly, indicating that MGFs have good rate performance.

The electrochemical stability of MGFs is examined in a 6 M KOH aqueous electrolyte solution
through constant charge-discharge at a current density of 0.2 Ag™, as shown in Fig. 8. The specific
capacitance of MGFs is 363.2 Fg™ at a current density of 0.2 Ag™ and remains at 262.8 Fg™ after 1500
charge-discharge cycles. The good specific capacitance is obviously higher than that of graphene fibers
reported in our previous report (109.4 Fg™ at 200 mAg™ and maintained at 93.6 Fg™ after 500 cycles)
[20]. By combining the electric double layer capacitance of reduced graphene oxide with the
pseudocapacitance of MnO,, the MGFs exhibit good specific capacitance and stable electrochemical
performance. This may be attributed to the high theoretical specific capacitance of pseudocapacitive
materials and the synergistic effect between MnO, and reduced graphene oxide [1, 26]. The
incorporation of pseudocapacitive MnO, during the formation of hybrid fibers can not only mitigate
the aggregation of reduced graphene oxide nanosheets as spacers in hybrid fibers but also reduce the
volume change in MnO, during the charge-discharge process to increase the utilization rate of the
active material and the accessible surface area for ion adsorption/desorption, which is beneficial for
improving the electrochemical performance of hybrid fibers as binder-free and flexible electrodes for
supercapacitors. According to previous reports, the electrochemical performance of some similar fibers
as electrode materials for supercapacitors, such as graphene fibers or MnO,/graphene hybrid fibers, is
listed in table 1 [1, 8, 26, 31, 36-37]. In general, the results show that the MGFs are potential flexible
and binder-free electrode materials for supercapacitors.
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Table 1. Electrochemical performance of similar fibers used as electrode materials for supercapacitors.

Materials Preparation method Electrolyte Scan rate Capacitance Ref
RGO fiber Wet-spinning, 45% HI, 95°C for 8 h IMH2804 0.2A¢g! 279F gt [8]
RGO fiber Wet-spinning, 40% HI, 80°C for6h.  PVA/HeSOs4  39.7 mAcm™ 228 mFem2 [36]
RGO@3D-G Glass pipeline, coated with 3D

PVA/H:SO4 25-40F g! [37]
fiber graphene.
MnO2/rGO o
Wet-spinning H3PO4-PVA 60 mAcm™ 82.6 mlFicm? [1]
fibers
0-MnO»/ Wet-spinning, 6-MnQ: coated on
1M H2SO4 1 Ag! 245F g1 [31]
HRGO fiber fiber surface
Self-assembly, electrolysis, Applied current
MnO»2/G/GF o H2S04-PVA 34-36 T ¢! [26]
clectrodeposition of 2 nA
. 363.2T ¢! )
Sclf-asscmbly, ascorbic acid 90°C for This
MGFs 6 M KOII 0.2 Ag! 262.8 F g'!
2h and 120°C for2 h work

after 1500th

4. CONCLUSIONS

In summary, MnO,/reduced graphene oxide hybrid fibers (MGFs) were prepared by a facile
chemical reduction and self-assembly strategy. The MnO,/reduced graphene oxide hybrid fibers
display ordered and porous structures, and the stacked reduced graphene oxide nanosheets are aligned
along the main fiber axis. The specific capacitance of MGFs is up to 363.2 Fg™ and remains at 262.8
Fg™ after 1500 charge-discharge cycles at a current density of 0.2 Ag™, exhibiting a good specific
capacitance, rate capability and cycle stability. These results may be attributed to the high specific
capacitance of pseudocapacitive materials and the high utilization rate of MnO; and reduced graphene
oxide. The hybrid fibers are potential candidate materials for use as flexible and binder-free electrode
materials for supercapacitors. The method presented in this paper can be extended to induce the
assembly of graphene nanosheets and other functional nanophase materials into special structures for
various applications.
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