12784 Wiley Online Library

Angewandte

Zuschriften

Supercapacitors

DOI: 10.1002/ange.201405325

Fabrication of Ultralong Hybrid Microfibers from Nanosheets of
Reduced Graphene Oxide and Transition-Metal Dichalcogenides and
their Application as Supercapacitors**

Gengzhi Sun, Juging Liu, Xiao Zhang, Xuewan Wang, Hai Li, Yang Yu, Wei Huang,

Hua Zhang,* and Peng Chen*

Abstract: Two-dimensional materials have attracted increasing
research interest owing to their unique electronic, physical,
optical, and mechanical properties. We thus developed a gen-
eral strategy for the fabrication of ultralong hybrid microfibers
from a mixture of reduced graphene oxide and transition-metal
dichalcogenides (TMDs), including MoS,, TiS, TaS, and
NbSe,. Furthermore, we prepared fiber-based solid-state super-
capacitors as a proof-of-concept application. The performance
of thus-prepared supercapacitors was greatly improved by the
introduction of the TMDs.

In recent years, fiber-based devices have attracted great
attention because of their potential applications in portable
and wearable electronics.!! So far, fiber-based electric gen-
erators,”! non-volatile memory,”! transistors,” sensors,"!
actuators,® solar cells,” Li-ion batteries,®! and supercapaci-
tor®” that could be woven into smart textiles, have been
reported. Because of their high conductivity and availability,
metallic fibers were first employed in the aforementioned
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applications.”’ However, their tendency to be oxidized under
ambient conditions, poor wearing comfort, and their high
weight limit their applications in wearable electronics.!"!
Alternatively, carbon nanotube (CNT) fibers spun from
vertically aligned CNT arrays exhibit excellent flexibility,!"
good mechanical strength, and electrical conductivity.
However, the fabrication of CNT fibers is technically non-
trivial, and CNTs, particularly in the densely packed form, are
chemically inert. Reduced graphene oxide (rGO), which can
be synthesized by low-cost, scalable solution processes and
equipped with abundant functional groups on its surface, is
a unique alternative for the fabrication of fibers. So far, a few
studies have demonstrated the fabrication and applications of
rGO fibers."”

In the past decade, the two-dimensional (2D) single
atomic layer material graphene has attracted increasing
research interest, owing to its unique electronic, physical,
chemical, optical, and mechanical properties.'¥ Besides
graphene, the interesting properties of 2D nanosheets of
transition-metal dichalcogenides (TMDs) led to many appli-
cations.™™ Herein, we present a general strategy for the
fabrication of ultralong hybrid microfibers from the nano-
sheets of rGO and TMDs (e.g. MoS,, TiS,, TaS,, and NbSe,).
As a proof-of-concept application, the hybrid-fiber-based
supercapacitors were prepared and studied.

The liquid crystalline behavior of highly concentrated
aqueous suspension of graphene oxide (GO) nanosheets
enables the assembly of GO nanosheets into macroscopic
fibers using a simple wet-spinning method.'®! The fiber-
spinning process is schematically illustrated in Figure 1 A.
After the preparation of GO nanosheets by a modified
Hummers method,"” AFM image showed the height of GO
to be approximately 1 nm (Figure S1), thus indicating that
GO was obtained in a single atomic layer."”'® The aqueous
GO suspension (20 mgmL™) was then injected into an
ethanolic KOH solution by a syringe. A polytetrafluoroeth-
ylene (PTFE) rod was used to collect the GO fibers from the
ethanolic KOH coagulation bath. During the spinning
process, several parameters could be tuned to control the
formation of GO fibers, including the injection rate of the GO
suspension into the bath, the fiber collection rate, and the
concentration of KOH in ethanol. In this study, an injection
rate of 5 mLmin ™', a collection rate of 55 rpm, and a saturated
ethanolic KOH solution were used. The GO fiber could be
spun-out continuously without a limitation to its length.
Figure 1B shows a single GO fiber around a PTFE rod.
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Figure 1. A) Schematic illustration of the fabrication of GO fibers.

B) Photograph of a single as-spun GO fiber around a PTFE rod.

C) Typical SEM image of an rGO fiber. Insets: Low (bottom left corner)
and high (top right corner) magnification of the SEM image of the
rGO fiber. D) XPS spectrum of rGO fibers. E) Raman spectra of GO
and rGO fibers. F) SEM image of rGO-MoS, hybrid fiber (2.2 wt% of
MoS,).

After the GO fiber was washed several times with ethanol,
it was chemically reduced by hydroiodic acid (HI), which,
compared with the commonly used hydrazine, is a safer, more
convenient, and effective reducing agent."”! As shown in the
scanning electron microscopy (SEM) images (Figure 1 C), the
obtained rGO fiber is composed of aligned rGO sheets with
numerous edges and wrinkles, which are believed to be more
electrochemically active.”” The reduction of GO was con-
firmed by X-ray photoelectron spectroscopy (XPS), which
indicates that the C—O and C=0O peaks (at 286.8 and
288.5 eV) were significantly reduced (Figure 1D) compared
to that of the GO fiber (Figure S2). This result is consistent
with the observation in the Raman spectrum, that is, the D
(1336 cm™") and G (1594 cm™") bands were slightly sharpened
and their intensity ratio (Ip/Ig) was increased after reduction
(Figure 1E). The conductivity of as-prepared rGO fibers is
approximately 200 Sm™".

The MoS, nanosheets were prepared by the electrochem-
ical intercalation method, which was developed in one of our
previous studies.”!! After the exfoliation, the as-prepared
single-layer MoS, nanosheets were resuspended in deionized
water and ultrasonicated prior to use. In order to fabricate the
rGO-MoS, hybrid fiber, GO (20 mgmL~!, 5mL) and MoS,
(02mgmL™", 11 mL) dispersions were well-mixed with
a vortex mixer. After centrifugation, the gel-like suspension
at the bottom was collected and used for the fiber spinning.
As shown in the SEM image, the obtained hybrid fiber
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showed a morphology that was similar to that of an rGO fiber
(Figure 1F). Energy dispersive spectroscopy (EDS) con-
firmed the incorporation of MoS, in the hybrid fiber (Fig-
ure S3). The conductivity of this hybrid fiber with 2.2 wt % of
MoS, was approximately 175 Sm™!, which is similar to that of
the rGO fiber (around 200 Sm™).

Owing to their unique optoelectronic properties, TMD
materials (particularly MoS,), when coupled with conducting
materials, have various potential applications, such as in
hydrogen evolution,” Li-ion batteries,” solar cells,”! and
supercapacitors.”! As a proof-of-concept application, the
rGO-MoS, hybrid fiber was used in a solid-state fiber-based
supercapacitor. Figure 2 A schematically shows how this kind
of supercapacitor was fabricated. After the hybrid fibers were
coated with a gel electrolyte consisting of polyvinyl alcohol
(PVA) and H,SO,, two of the fibers were slightly twisted to
produce a fiber-based supercapacitor. For the electrochemical
measurements, Ag paste was applied at both ends of the
twisted fiber. A photograph of such a supercapacitor is shown
in Figure 2B. The SEM image shows that the two fibers are
slightly interwoven (Figure 2C) and that their surface is
covered by the PVA-H,SO, gel electrolyte (Figure 2D).

The capacitive performance of bare rGO fibers and rGO-
MoS, hybrid fiber based devices was tested in a two-electrode
configuration. The volumetric capacitance (at a discharge
current of 1 pA) of the rGO-MoS, hybrid fiber based device
depended on the ratio of MoS, (Figure 3 A). It increased from
1.5 Fem™? for the bare rGO fiber to 16.5 Fem ™ for the hybrid

A rGO-MoS, hybrid fiber

coating with
PVA-H,S0, gel electrolyte

slight twisting of
two coated hybrid fibers

brid
fiber

PVA-H,SO,
gel electrolyte

twisted region

1.5cm

Figure 2. A) Schematic illustration of the fabrication of an rGO-MoS,
hybrid fiber based supercapacitor. B) Photograph and C) SEM image of
an as-fabricated rGO-MoS, fiber based supercapacitor. The two black
pins in (B) are used as markers to indicate the twisted region.

D) Cross-sectional SEM image of an rGO-MoS, hybrid fiber coated
with the PVA-H,SO, gel electrolyte.
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Figure 3. A) MoS,-concentration-dependent volumetric capacitance of
the rGO-MoS, hybrid fiber based supercapacitor. B) Cyclic voltammo-
grams of supercapacitors based on bare rGO fibers and rGO-MoS,
(2.2 wt %) hybrid fibers. C) Typical charge—discharge curves with dis-
charge currents from 0.1 to 1.0 pA. D) Current-dependent capacitive
performance of a bare rGO fiber and rGO-MoS, hybrid fibers with
different MoS, concentration (0.2, 0.5, 2.2 wt%). E) Cycling stability of
an rGO-MoS, (2.2 wt%) hybrid fiber based supercapacitor. F) Relation
between power density and energy density of the rGO-MoS, fiber
based supercapacitor. The error bars in (A) and (D) indicate the
standard deviation (n=3).

fiber with 2.2 wt % of MoS,. Note that once the concentration
of MoS, exceeded 2.2 wt %, aggregation occurred in the GO-
MoS, gel-like mixture formed after centrifugation. Figure 3B
shows the cyclic voltammograms (CV) of a bare rGO fiber
based device and a rGO-MoS, (2.2 wt % ) hybrid fiber based
device at a scan rate of 10 mVs ™. The CV curve of the tGO
fiber based supercapacitor has a slightly distorted rectangular
shape, which indicates that the typical electric double-layer
capacitance (EDLC) behavior dominated the charge—dis-
charge process.” In contrast, the rGO-MoS, (2.2 wt%)
hybrid fiber based supercapacitor has a much higher current
density and a distorted CV curve, owing to the pseudo-
capacitive contribution from MoS,.”>?" Figure 3C displays
the galvanostatic charge—discharge curves of the rGO-MoS,
(22wt%) hybrid fiber based supercapacitor at charge—
discharge currents ranging from 0.1 to 1 pA. Figure 3D
compares the specific capacitances at various currents of
supercapacitors based on rGO fibers and rGO-MoS, hybrid
fibers at different ratios of MoS,. The average volumetric
specific capacitance of the rGO-MoS, (2.2 wt % ) hybrid fiber
based device is around 30 Fem ™ (at a current of 0.1 pA). This
value is higher than that of fiber-based solid supercapacitors
consisting of ZnO nanowires/graphene films (0.36 Fcm )]
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and MnO,/CNT composite fibers (4.5Fcm™),”) but is
comparable to the value of supercapacitors based on coaxial
CNT fibers (32 Fcm™).B

The cyclic stability of the rGO-MoS, (2.2 wt %) hybrid
fiber based supercapacitor was evaluated next. The specific
capacitance decayed slightly in the first 200 cycles, but
remained relatively stable up to 1000 cycles (Figure 3E).
The energy density and power density can be calculated by
E=1/2CV*and P = Eltgicharge, Where C, V, and fgigeparge are the
capacitance, working voltage, and discharging time, respec-
tively. £ and P depend on the conductivity of the electrodes,
the diffusion kinetics of ions, and the kinetics of the pseudo
capacitance of MoS,. As observed at a given power density,
the MoS, loading leads to a large improvement in energy
density in a concentration-dependent manner (Figure 3F). By
employing the same protocol, other TMD materials (TiS,,
TaS,, and NbSe,) were successfully used to fabricate rGO-
TMD hybrid fibers. Their capacitive performance was also
tested, which is improved compared to that of the bare rGO
fiber (Figure S4).

The bare rGO fiber exhibited a small capacitance
originating from the EDLC,?! as ions can hardly penetrate
into the interior of the fiber because of the restacking of the
rGO sheets."!] The strong coupling in hybrid films between
graphene and adopted elements, such as CNT and titanate
nanosheets, has been reported.®? Therefore, the improved
performance of the rGO-MoS, hybrid fibers introduced in
this study could be attributed to three main reasons. First, the
intercalated TMD sheets serve as spacers to alleviate
restacking between rGO sheets.?" Second, the electrochemi-
cally active TMDs lead to large pseudo-capacitance.”
Finally, the interconnected rGO network provides EDLC
and also serves as a highly conductive material for charge
transfer and transport.”

In summary, a general and facile strategy to fabricate
ultralong hybrid microfibers from rGO and 2D TMD nano-
materials has been developed. As a proof-of-concept appli-
cation, solid-state supercapacitors based on rGO-TMD
hybrid fibers were fabricated, showing an improved perfor-
mance compared to devices based on bare rGO fibers.

Experimental Section

GO sheets were prepared following the protocol described in our
previous study.””! The obtained aqueous GO suspension was centri-
fuged at 10000 rpm for 30 min, and the gel-like suspension at the
bottom was collected for GO fiber spinning. The saturated ethanolic
KOH solution was used as coagulation bath. The GO suspension
(20 mgmL™") was injected into an ethanolic KOH solution by
a syringe at a rate of 5SmLmin~". A PTFE rod was used to collect
the GO fiber from the ethanolic KOH bath with a collection rate of
55 rpm. After washing several times with ethanol, the GO fiber was
chemically reduced with HI to produce rGO fibers."” The transition-
metal dichalcogenides (TMDs, such as MoS,, TiS,, TaS,, and NbSe,)
were synthesized using the electrochemical intercalation method.!!
The suspension of exfoliated TMD nanosheets was centrifuged and
washed several times with water prior to use. Hybrid fibers were
fabricated using a wet-spinning process as described in text. Briefly,
a certain amount of the as-prepared aqueous dispersion of TMD
nanosheets was mixed with GO with a vortex mixer. After centrifu-
gation, the gel-like suspension at the bottom was collected and used
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for the spinning of hybrid fiber. The experimental conditions for
fabrication of rGO-TMD hybrid fibers are the same as those used for
preparation of rGO fibers.

In order to demonstrate their potential application, the hybrid
fibers were first coated with PVA-H,SO, gel electrolyte and then
slightly twisted to produce a fiber-based supercapacitor. The PVA-
H,S0O, gel electrolyte was prepared by mixing an aqueous solution of
H,SO, (1m) with PVA powder (1 g), and then heating the resulting
mixture at 90°C with vigorous stirring to obtain a homogeneous gel-
like suspension. For electrochemical measurements, Ag paste was
applied at both ends of the twisted fiber. The capacitive performance
was tested in a two-electrode configuration. The maximum charge—
discharge current that was used (1 pA) corresponds to the current

density of around 1 Acm™>.
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