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1. Introduction

Flexible hierarchical membranes of WS,
nanosheets grown on graphene-wrapped
electrospun carbon nanofibers as advanced
anodes for highly reversible lithium storaget

Longsheng Zhang,? Wei Fan*° and Tianxi Liu**®

It is still very challenging to achieve effective combination of carbon nanofibers and graphene sheets. In
this study, a novel and facile method is developed to prepare flexible graphene/carbon nanofiber (GCNF)
membranes with every carbon nanofiber wrapped by conductive graphene sheets, resulting in a remark-
able improvement of their electrical conductivity. This method only entails a moderate process of soaking
the pre-oxidized electrospun polyacrylonitrile (0PAN) nanofiber membranes in graphene oxide (GO)
aqueous dispersion, and subsequent carbonization of the GO/oPAN hybrid membranes. By using the
highly conductive GCNF membrane as a template, hierarchical WS,/GCNF hybrid membranes with few-
layer WS, nanosheets uniformly grown on GCNF nanofibers were fabricated as high-performance anodes
for lithium ion batteries. Benefiting from the synergistic effects of GCNF nanofibers and WS, nanosheets,
the resulting WS,/GCNF hybrid membranes possessed a porous structure, large specific surface area,
high electrical conductivity and good structural integrity, which are favorable for the rapid diffusion of
lithium ions, fast transfer of electrons and overall electrochemical stability. As a result, the optimized WS,/
GCNF hybrid membrane exhibited a high initial charge capacity of 1128.2 mA h g™* at a current density of
0.1 A g7 and outstanding cycling stability with 95% capacity retention after 100 cycles.

alternative anode materials with high specific capacity and
good cyclic stability are strongly desired.*
Recently, a variety of layered transition-metal dichalcogen-

The continuously aggravating energy and environmental crisis
have put forward the development of efficient energy storage
devices, such as supercapacitors, lithium-ion batteries, solar
cells and fuel cells." Among them, lithium ion batteries (LIBs)
have received tremendous attention owing to their high energy
density, long cycling life and environmental benignity, which
have become one of the prominent power sources for portable
electronics and electric vehicles.> Currently, graphite is the
most widely used anode material in commercialized LIBs; but
it cannot meet the requirements for next-generation LIBs due
to its low theoretical specific capacity (372 mA h g™).?
Therefore, in order to push the energy density limit of LIBs,
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ides (LTMDs) have been extensively studied as promising
anode materials for next-generation LIBs owing to their high
theoretical specific capacities and two-dimensional layer struc-
tures.” As a typical type of LTMDs, tungsten disulfide (WS,)
has a similar structure to graphite, consisting of three-atom
layers (S-W-S) stacked together through weak van der Waals
interactions.® Notably, the interlayer spacing (0.64 nm) of WS,
is much larger than that of graphite (0.34 nm), which can
ensure easy intercalation/deintercalation of lithium ions and
lead to significantly improved lithium storage performance.”
However, the practical application of WS, for LIBs is severely
hampered by its poor electrical conductivity and large volume
expansion/contraction during the lithiation/delithiation pro-
cesses, resulting in inferior structural stability and rapid
capacity fading.® To overcome these problems, one effective
approach is to optimize the WS, materials to nanostructures
and construct composites of WS, dispersed in a conductive
matrix such as graphene, amorphous carbon or carbon
nanotubes.”" On the one hand, reducing the size of WS,
materials to the nanoscale can effectively mitigate the volu-
metric expansion/contraction from the Li" insertion/extraction
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processes, leading to less structural destruction and pulveriza-
tion.'? On the other hand, the carbonaceous matrixes can not
only provide highly conductive pathways for rapid charge
transfer, but play a structural buffering role in accommodating
the interior strain caused by the volume changes of WS,
materials during the lithiation/delithiation process."® For
example, Du et al. synthesized WS,/graphene hybrids with
double carbon-coated WS, nanosheets that exhibited a high
capacity of 486 mA h g™" at a current density of 0.5 A g with
90% capacity retention after 200 cycles.'* Similarly, composites
of WS, nanosheets confined within porous graphene frame-
works delivered a capacity of 766 mA h g~ " at a current density
of 0.1 A g~" with negligible capacity fading after 100 cycles.'®
Nevertheless, these WS,-based anode materials need to be
mixed with polymer binders and conductive additives for
battery tests, which are complicated and time-consuming.
Besides, the polymer binders are insulating and electrochemi-
cally inert, which may severely block the diffusion channels of
ion transportation and impair the overall electrochemical
performance.'®

To address these issues, a proper self-standing template
with excellent electrical conductivity and structural stability for
fabricating binder-free WS,-based anode materials are needed
for further improving their lithium storage performance. In
particular, extensive studies have proved that electrospun
carbon nanofiber (CNF) membranes are ideal matrixes owing
to their unique three-dimensional (3D) nanofiber networks,
large specific surface area, outstanding structural stability and
mechanical flexibility."”"° Besides, electrospinning is a facile
and efficient technique for preparing self-standing nanofiber
membranes, which can effectively avoid the tedious prepa-
ration process of electrodes by using polymer binders and con-
ductive additives.?® Until now, various CNF-based anode
materials (e.g. M0S,/CNF, SnS,/CNF and NiS/CNF) have been
reported previously, resulting in greatly enhanced electro-
chemical performance.*'*®> However, given the relatively low
electrical conductivity of the CNF membrane, the lithium
storage performance of CNF-based anodes is still limited.
Compared with CNF, graphene sheets possess significantly
higher electrical conductivity that can greatly improve the elec-
trical properties of the host materials after they are combined
with other materials to form hybrid structures.>* To the best of
our knowledge, only a few efforts have been devoted to the com-
bination of conductive graphene sheets and CNF membranes.
Unfortunately, those works about CNF/graphene composites
either involves complex techniques such as simultaneous elec-
trospray/electrospinning, or a conventional direct co-electro-
spinning process that cannot control the dispersion of
graphene sheets and subsequently undermined the spinning
stability.®® 1t still remains very challenging to develop a facile
and efficient assembly method to achieve effective combination
of graphene sheets and electrospun CNF membranes.

In this work, we report a novel and efficient method to
prepare a flexible hybrid membrane (GCNF membrane) of elec-
trospun CNF wrapped by conductive graphene sheets. As illus-
trated in Fig. 1, the GCNF membranes are facilely prepared
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Fig. 1 Schematic of the preparation of flexible WS,/GCNF hybrid
membranes.

through a moderate process of soaking the pre-oxidized elec-
trospun polyacrylonitrile (0PAN) nanofiber membranes in a
graphene oxide (GO) aqueous dispersion and subsequent car-
bonization of the GO/oPAN hybrid membranes. The resulting
GCNF membrane possesses a 3D porous structure, large
surface area and excellent electrical conductivity, which was
employed as a self-standing template to fabricate hierarchical
WS,/GCNF hybrid membrane of WS, nanosheets uniformly
grown on GCNF nanofibers. The highly conductive graphene
sheath of GCNF nanofibers can not only provide efficient
transport of electrons for fast reaction of WS, nanosheets, but
also maintain the overall structural integrity by mitigating
their volumetric expansion/contraction during long-term
cycling processes. Moreover, the 3D porous nanofiber net-
works of WS,/GCNF hybrid membranes can effectively facili-
tate the rapid diffusion of lithium ions throughout the whole
electrode structure to ensure sufficient contact and fast lithia-
tion/delithiation with WS, nanosheets. As a result, the opti-
mized WS,/GCNF hybrid membrane delivers a high capacity of
1128.2 mA h g™' at a current density of 0.1 A g™, and out-
standing cycling stability with 95% capacity retention after 100
cycles, showing great potential as a binder-free anode material
for high-performance LIBs.

2. Experimental section

2.1. Materials

Polyacrylonitrile (PAN) (M,, = 150 000 g mol™") was purchased
from Sigma-Aldrich. Natural graphite powder (325 mesh) was
purchased from Alfa-Aesar. All the other reagents were pur-
chased from Sinopharm Chemical Reagent Co. Ltd and used
as received without further purification. Deionized (DI) water
was used throughout all the experiments.

2.2. Preparation of graphene-wrapped CNF hybrid
membranes

The preparation process of graphene-wrapped CNF (GCNF)
hybrid membranes is illustrated in Fig. 1. The PAN nanofiber
membrane was first prepared through a facile single-nozzle
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electrospinning technique using a commercial electrospinning
system (UCALERY Beijing Co., Ltd, China). Typically, 1 g PAN
was dissolved in 5 mL DMF at room temperature under vigor-
ous stirring to form a viscous transparent solution and then
transferred into a 5 mL plastic syringe. The electrospinning
process was carried out at an applied voltage of 20 kv with a
feeding rate of 0.3 mm min~" through a stainless steel needle
positioned 20 cm away from the aluminum drum collector. To
obtain oPAN membranes, the generated PAN nanofiber mem-
brane was pre-oxidized at 250 °C in air atmosphere for 2 h
with a heating rate of 1 °C min~". Graphene oxide (GO) was
synthesized from natural graphite powder by a modified
Hummers method.”” The resulting GO solid was dispersed in
water by ultrasonication for 30 min to make a homogeneous
GO aqueous dispersion. Then, the oPAN membranes were
immersed in the GO aqueous suspension (2 mg mL™") at room
temperature for 24 h to ensure sufficient contact and inter-
actions between GO sheets and oPAN nanofibers. The as-fabri-
cated GO/oPAN membranes were rinsed with absolute ethanol
several times to remove residual GO and water. Finally, the
GO/oPAN membranes were dried under vacuum and then car-
bonized in a conventional tube furnace at 950 °C for 2 h in N,
atmosphere to obtain GCNF membranes.

2.3. Preparation of WS,/GCNF hybrid membranes

The WS,/GCNF hybrid membranes was prepared via a facile
one-step solvothermal method. Typically, a certain amount of
(NH4),WS, (5 mg, 10 mg and 20 mg, respectively) was dis-
solved in 20 mL DMF solution under stirring to form a homo-
geneous solution. Then, the as-prepared GCNF membranes
were immersed in the above mixture solution, transferred in a
45 mL Teflon-lined stainless steel autoclave and maintained at
220 °C for 12 h to grow WS, nanosheets on GCNF nanofibers.
After the reaction cooled down to room temperature naturally,
the membranes were washed with water several times and
dried at 60 °C under vacuum. Notably, the content of WS,
nanosheets in the WS,/GCNF hybrid membranes was readily
tunable by adjusting the concentrations of (NH,),WS, during
the preparation procedure. Correspondingly, the WS,/GCNF
hybrid membranes thus prepared with increasing (NH,),WS,
concentrations were named as WS,/GCNF-1, WS,/GCNF-2 and
WS,/GCNF-3, respectively. Besides this, three WS,/CNF hybrid
membranes with increasing content of WS, nanosheets
directly grown on CNF membranes were also prepared via the
same solvothermal method, which were named as WS,/CNF-1,
WS,/CNF-2 and WS,/CNF-3, respectively. For the control
experiment, bare WS, was prepared through the same pro-
cedure without addition of CNF or GCNF membranes.

2.4. Material characterization

Field emission scanning electron microscopy (FESEM) charac-
terization was conducted with an Ultra 55 Zeiss FESEM at an
accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) observations were performed with a Tecnai G2 20
TWIN TEM under an acceleration voltage of 200 kV. All the
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TEM samples were firstly dispersed in aqueous solutions via
sonication to form homogenous suspensions. Then, the TEM
samples were prepared by dropping the suspensions onto
copper grids and drying in air. Atomic force microscopy (AFM)
images were taken under tapping mode with a Scanning Probe
Microscope Nanoscope IV from Digital Instruments. X-ray
diffraction (XRD) patterns of the samples were conducted on
an X'Pert Pro X-ray diffractometer with Cu K, radiation (1 =
0.1542 nm) under a voltage of 40 kV and a current of 40 mA.
Fourier transform infrared spectra (FTIR) were measured on a
Nicolet 6700 FT-IR spectrometer.

Thermogravimetric analysis (TGA, Pyris 1) was performed
under air flow from 100 to 800 °C at a heating rate of 10 °C
min~'. X-ray photoelectron spectroscopy (XPS) analyses were
made with a VG ESCALAB 220I-XL device. All XPS spectra were
corrected using the Cis line at 284.5 eV and curve fitting was
accomplished using XPS Peak 4.1 software. The Brunauer-
Emmett-Teller (BET) specific surface area was measured using
a Belsorp-max surface area detecting instrument by N, physi-
sorption at 77 K. The electrical conductivity of the prepared
samples was tested using a 4-Point Probes Resistivity
Measurement System (RTS-8).

2.5. Electrochemical measurements

The electrochemical measurements were carried out in 2025
coin cells assembled in an argon-filled glovebox (M. Braun
Inertgas Systems Co. Ltd) with concentrations of moisture and
oxygen below 0.1 ppm. Pure lithium foil was used as the
counter electrode and a polypropylene film (Celgard-2400) was
used as the separator. The electrolyte consisted of a solution of
1 M LiPFs in ethylene carbonate (EC)/dimethyl carbonate
(DMC)/diethyl carbonate (DEC) (1:1:1 by volume). The flex-
ible GCNF, WS,/CNF and WS,/GCNF hybrid membranes were
directly used as working electrodes without adding any
polymer binders or conductive additives. Therefore, the
specific capacities of these hybrid membranes were calculated
based on their total mass. By comparison, the bare WS, elec-
trodes were prepared by a slurry coating procedure. The slurry
consisted of WS,, carbon black and poly(vinylidene fluoride)
dissolved in N-methyl-2-pyrrolidinone (NMP) at a weight ratio
of 8:1:1. The as-prepared slurry was pasted on pure copper
foil and dried at 80 °C under vacuum. For clarification, the
specific capacity of the bare WS, electrode was calculated
based on the weight of WS,, excluding carbon black and poly
(vinylidene fluoride). The mass loading density of the active
material on the WS,/GCNF electrode was calculated to be
about 1.6-2.2 mg cm™>. Cyclic voltammetry (CV) curves were
collected on a CHI660D electrochemical workstation (Chenhua
Instruments Co. Ltd) in the potential range from 0.01 to 3.0 V
at a scan rate of 0.1 mV s '. The galvanostatic discharge-
charge and rate-performance tests under different current den-
sities were performed in the voltage range from 0.01 to 3.0 V at
room temperature using a CT2013A cell test instrument (LAND
Electronic Co. Ltd). The electrochemical impedance spectro-
scopy (EIS) was measured in the frequency range from 100 kHz
to 0.01 Hz with an AC voltage amplitude of 5.0 mV.
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3. Results and discussion

3.1. Structure and morphology of WS,/GCNF hybrid
membranes

As shown in Fig. 2a, the electrospun CNFs had an average dia-
meter of 250-350 nm, a smooth surface without any defects
and they were interconnected with each other to form a
unique 3D nanofiber network (Fig. S1, see ESI}). In order to
further improve the electrical conductivity of CNF, highly con-
ductive graphene sheets were employed as a “conductive
sheath” to wrap every single carbon nanofiber. It can be seen
that the surface of graphene-wrapped carbon nanofibers
(GCNF) become rough and wrinkled due to the wrapping of
edge-curled graphene sheets (Fig. 2b and c¢). The TEM image
(Fig. 2d) and cross-sectional FESEM images (Fig. S21) of GCNF
membranes unambiguously confirm the successful wrapping
of graphene sheets on every individual carbon nanofiber, even
including those in the internal portion of GCNF membranes.
It is the hydrogen bond between amino groups of pre-oxidized
PAN (oPAN) nanofibers and oxygen-containing groups of gra-
phene oxide (GO) sheets that realize the synthesis of the GCNF
hybrid membrane. On the one hand, PAN nanofiber mem-
branes are pre-oxidized to introduce amino groups into PAN
chains, which can hinder the nanofibers from melting in the
subsequent carbonization process.?® In comparison with that
of PAN membranes, the FTIR spectrum of oPAN membranes
(Fig. 2e) shows the emergence of three new peaks located at
1591, 1255 and 790 cm™?, corresponding to the C=N, C-C and
C-N stretching vibration and =C-H out-of-plane wagging
vibrations, respectively.”® These results verify the introduction
of amino groups in oPAN nanofibers during the pre-oxidation
process. On the other hand, the TEM image of GO sheets
(Fig. S31) shows that the exfoliated GO sheets are slightly
scrolled on sheet edges and their lateral size are in the range
from several hundred nanometers to a few micrometers. The

Nanoscale

AFM observation of GO sheets (Fig. S4, see ESIt) displays that
the thickness of single-layered GO sheets is about 1.0-1.1 nm,
revealing that large amounts of oxygen-containing groups are
introduced onto the GO sheets during the Hummers oxidation
process.” Intriguingly, the electrospun oPAN membranes and
GO sheets are able to self-assemble with each other in
aqueous media, resulting in hierarchical structures whereby
every oPAN nanofiber was fully wrapped by GO sheets. The
appearance of C=0 (1723 cm™ '), C-OH (1218 cm ') and C-O
(1050 cm™") groups of GO sheets in the FTIR spectrum of GO/
oPAN membranes (Fig. 2e), as well as the presence of charac-
teristic diffraction peak of GO (26 = 10.2°) in the XRD pattern
of GO/oPAN membranes (Fig. 2f), both strongly confirm the
co-existence of GO sheets and oPAN nanofibers in the GO/
OPAN membranes.’® Then, GO/oPAN membranes were con-
verted into GCNF membranes under calcination, where GO
sheets were reduced to graphene and oPAN nanofibers were
carbonized into CNFs. Notably, the resulting GCNF mem-
branes possess good mechanical flexibility (inset of Fig. 2b)
and significantly enhanced electrical conductivity (27.6 S m™)
in comparison with that of the CNF membranes (1.8 S m™)
and those of other graphene/CNF composites reported else-
where. Considering the above results, GCNF membranes with
3D porous architecture, large specific surface area, good mech-
anical flexibility and excellent electrical conductivity are prom-
ising carbonaceous matrixes to construct hierarchical
nanocomposites.

By utilizing GCNF membranes as a template, flexible WS,/
GCNF hybrid membranes were facilely prepared via a one-step
solvothermal reaction. WS, nanosheets are in situ grown on
the surface of GCNF nanofibers (Fig. 3), and the growth of WS,
nanosheets can be readily controlled by adjusting the concen-
trations of (NH,),WS, solutions. As displayed in Fig. S5 (see
ESIY), the size and loading amount of WS, nanosheets on the
GCNF nanofibers clearly increases with increasing concen-

Absorbance (%)

GCNF
*

GO/oPAN
oPAN

PAN

Intensity (a.u.)

3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 2 Characterization of GCNF membrane with conductive graphene sheath wrapping the carbon nanofibers. FESEM and TEM images of (a) CNF
and (b—d) GCNF membranes. (e) FTIR spectra and (f) XRD patterns of PAN, oPAN and GO/oPAN membranes. The inset of (b) is the digital photograph

of the flexible GCNF membrane.

16390 | Nanoscale, 2016, 8, 16387-16394

This journal is © The Royal Society of Chemistry 2016



Nanoscale

Fig. 3 Microstructure of WS,/GCNF-2 hybrid membrane. (a, b)
FESEM images, (c) TEM and (d) HRTEM images of WS,/GCNF-2
nanofibers.

trations of (NH,),WS,. Only small WS, flakes were evenly scat-
tered on the carbon nanofibers of the WS,/GCNF-1 hybrid
membrane (Fig. S5c¢t), while a thick layer of large-sized WS,
nanosheets and spherical WS, agglomerates were formed on
WS,/GCNF-3 nanofibers (Fig. S5df). As for the WS,/
GCNF-2 membrane, the optimized amount of WS, nanosheets
were uniformly and perpendicularly anchored on the surface
of GCNF nanofibers (Fig. 3c), and the lateral size of WS,
nanosheets were in the range of 100-200 nm. The HRTEM
image (Fig. 3d) reveals that WS, nanosheets exhibit the typical
lamellar structure with an interlayer spacing of 0.64 nm and a
thickness of about 3-6 nm, corresponding to 5-10 sandwiched
S-W-S layers. Based on the TGA results (Fig. S6, see ESIf), the
weight ratios of WS, in the WS,/GCNF hybrid membranes can
be calculated from the residual fractions of the WS,/GCNF
samples, and the weight ratios of WS, were 54.8%, 74.6% and
88.3% in the WS,/GCNF-1, WS,/GCNF-2 and WS,/
GCNF-3 hybrid membranes, respectively. Furthermore, the
EDX elemental mapping images of WS,/GCNF-2 membranes
(Fig. 4) reveal the corresponding distribution of tungsten,
sulfur and carbon elements, further verifying the successful
preparation and homogeneous dispersion of WS, nanosheets
on GCNF nanofibers. Derived from the 3D porous nanofiber
networks and hierarchical nanostructures, the specific surface
area (198.6 m> g~') of WS,/GCNF-2 hybrid membrane calcu-
lated from BET analysis (Fig. S7, see ESIf) was significantly
larger than that of bare WS, nanosheets (7.3 m”> g~'), which
was favorable for effective diffusion of lithium ions throughout
the whole electrode structure to ensure sufficient contact with
electrode materials.** Besides, the morphological compatibility
between two-dimensional WS, nanosheets and graphene sheets
can greatly increase the electrical contact areas for the rapid
transfer of lithium ions and electrons across the interfaces. The
morphology of the WS,/CNF hybrid membranes with different
contents of WS, nanosheets were also investigated (Fig. S8, see

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) FESEM image of WS,/GCNF-2 hybrid membrane and the
corresponding EDX mapping of (b) tungsten, (c) sulfur and (d) carbon
elements.

ESIt), which were slightly different from those of WS,/GCNF
hybrid membranes. In sharp contrast, bare WS, nanosheets pre-
pared without CNF or GCNF membranes severely aggregate into
larger spherical agglomerates (Fig. S9, see ESIf), implying the
significance of nanofiber membrane templates for effectively
dispersing WS, nanosheets.

The WS,/GCNF-2 electrode demonstrated the best electro-
chemical performance as a binder-free anode for LIBs, and we
thus focused investigations on the optimized WS,/
GCNF-2 hybrid membrane in this work. From the XRD analysis
of the WS,/GCNF-2 membrane (Fig. 5a), four diffraction peaks
at 20 = 14.3°, 33.6°, 39.7° and 59.4° were observed, which
could be indexed to the (002), (100), (103) and (110) planes of
WS, (JCPDS 08-0237), respectively. Moreover, the broad (002)
diffraction peak of GCNF could also be observed in the XRD

d b c1
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3 (002) 3
& (100) 8
2 (103)  (119) ws, 2
® @
5 Ws,GeNF [ 5
= I=
= P ___GCNF | —
10 20 30 40 50 60 70 80 700 600 500 400 300 200 100 0
26 (degree) Binding energy (eV)
c d s (2
o= W) | = (2P o)
3 3
& s
> > S (2p 112)
= =
® ®
c c
E W (5p 312) E
42 40 38 36 34 32 30 168 166 164 162 160 158
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Fig. 5 Characterization of WS,/GCNF-2 hybrid membrane. (a) XRD
patterns, (b) XPS survey spectrum, high resolution (c) W 4f spectrum and
(d) S 2p spectrum.
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pattern of the WS,/GCNF-2 hybrid membrane, confirming the
co-existence of crystalline WS, nanosheets and GCNF nano-
fibers. The surface electronic state and composition of the
WS,/GCNF-2 hybrid membrane were further investigated by
XPS analysis. The survey scan revealed the co-existence of W, S,
C and O elements in the hybrid membranes (Fig. 5b). The
high-resolution W 4f spectrum shows characteristic peaks
located at 32.8, 35.1 and 38.5 eV corresponding to W 4f;,,
W 4f;;, and W 5p;3,, binding energies, respectively, indicating
the dominance of W(wv) in the WS,/GCNF-2 hybrid membrane
(Fig. 5¢).>> From the high resolution S 2p spectrum (Fig. 5d),
two peaks at 162.3 eV and 163.5 eV could be observed, which
were attributed to S 2p;, and S 2p,, orbitals of divalent
sulfide ions (S*>7), respectively.”® These results were in good
agreement with those reported previously for WS,, further veri-
fying the successful synthesis of WS, nanosheets grown onto
GCNF nanofibers. Besides this, the Cls peak intensities of
oxygen-containing functional groups (-C-O and -C=0 groups)
greatly decreased for the WS,/GCNF-2 hybrid membrane in
comparison with GO sheets (Fig. S10, see ESIf), suggesting
that the graphene sheath of GCNF nanofibers was highly
reduced after the calcination process.>® Thus, remarkably
enhanced electrical conductivity of GCNF nanofiber mem-
branes was achieved and this lead to efficient electron trans-
port across the interfaces for fast lithiation/delithiation of the
electrochemically active WS, nanosheets.

3.2. Electrochemical performance of WS,/GCNF hybrid
membranes

Without adding any polymer binders or conducting additives,
the flexible self-standing WS,/GCNF hybrid membranes were
directly used as binder-free anode materials to evaluate their
electrochemical performance for LIBs. Cyclic voltammetry (CV)
tests were performed to reveal the electrochemistry of the
lithiation/delithiation process of WS,/GCNF hybrid mem-
branes (Fig. 6a). In the initial cycle, a strong reduction peak at
0.57 V was observed, which could be ascribed to the conver-
sion reaction of Li* with WS, nanosheets to form metallic W
nanoparticles embedded in the Li,S matrix.>* The first anodic
scan displayed a strong peak located at 2.32 V, corresponding
to the oxidation of Li,S into S, which was consistent with those
characteristics reported previously for the bare WS, elec-
trode.*® In subsequent cycles, the reduction peak at 0.57 V dis-
appeared and two new peaks at 1.76 V and 1.95 V were
observed, which could be ascribed to the multistep conversion
of S with Li* to the formation of Li,S.3” The as-formed W nano-
particles did not alloy with lithium, which can facilitate the
charge transfer and offer additional interfacial lithium storage
sites.®® CV curves of the subsequent cycles overlapped, indicat-
ing excellent structural stability and lithium storage reversibil-
ity. Fig. 6b shows the galvanostatic charge and discharge
curves of the WS,/GCNF-2 hybrid membrane at a constant
current density of 0.1 A g~'. The potential plateau located at
0.7 V in the initial discharge curve was in accordance with the
CV results, representing Li" intercalation into layered WS, and
conversion into the Li,S phase and W nanoparticles. The
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Fig. 6 Electrochemical performance of the WS,/GCNF anodes. (a) CV
curves and (b) galvanostatic discharge—charge curves of the WS,/
GCNF-2 anode in the 1%, 2" and 5% cycles. (c) Cycling performance of
WS,, GCNF, WS,/CNF-2 and WS,/GCNF-2 anodes at a current density of
0.1 A g7*. (d) Rate performance of WS, GCNF, WS,/GCNF-2 and WS,/
CNF-2 anodes at various current densities.

potential plateau at about 1.8 V in the subsequent discharge
curves as well as the potential plateau located at 2.3 V in the
charge curves were attributed to the reversible conversion reac-
tions of S with Li" to Li,S, which also agrees well with the CV
curves. Notably, the initial discharge and charge capacities of
the WS,/GCNF-2 electrode were 1624.3 and 1128.2 mA h g™*
respectively, which were significantly higher than those
(1305.6 and 693.4 mA h g™') of the WS, electrode. These
results could be attributed to the highly conductive pathways
provided by GCNF nanofiber membranes and the effective dis-
persion of WS, nanosheets, which can greatly facilitate the
rapid transport of electrons and the insertion/extraction of
lithium ions into layered WS,. In addition, the insulating and
electrochemically inert binders used for preparing WS, electro-
des severely decreased the overall lithium storage capacity,
while the binder-free WS,/GCNF-2 membrane can avoid this
problem and ensure direct access to active materials by
lithium ions with no resistance from binders.*”

The cycling performances of WS,, GCNF and WS,/GCNF
hybrid membranes at a cutrrent density of 0.1 A g~ are shown
in Fig. 6c. The GCNF membrane manifests excellent cycling
stability, but its reversible capacity is merely about
250 mA h g~'. Contrarily, the WS, electrode displays severe
capacity fading, whose specific capacity dramatically decreases
to 336.2 mA h g~ after 70 cycles, owning to their serious
aggregation and pulverization during the cycling process. By
comparison, the WS,/GCNF-2 electrode delivers significantly
improved electrochemical performance with a high initial
charge capacity of 1128.2 mA h g~ and retains 1068.5 mA h
¢~ ! after 100 cycles. Among all the WS,/GCNF electrodes, the
WS,/GCNF-2 electrode delivered the highest reversible capacity
after 100 cycles (Fig. S117), which can be ascribed to the
optimized amount of WS, nanosheets grown on the conduc-
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tive GCNF membranes as well as the enhanced electrical
contact and charge transfer between WS, nanosheets and
GCNF nanofibers. Similarly, the WS,/CNF-2 electrode also
exhibited the highest specific capacity after 100 cycles among
all the WS,/CNF electrodes (Fig. S12t). Notably, the WS,/
GCNF-2 electrode exhibited much higher reversible capacity
than the WS,/CNF-2 electrode, which could be attributed to
the conductive graphene sheath of GCNF nanofibers. The gra-
phene sheath provided highly conductive pathways to ensure
efficient transport of electrons for fast lithiation/delithiation of
WS, nanosheets. Additionally, except for the initial several
cycles, the Columbic efficiency of the WS,/GCNF-2 electrode
(Fig. S13, see ESIt) was almost 100% during the entire cycling
process. The post-mortem FESEM observation of the WS,/
GCNF-2 electrode after long-term discharge-charge cycle tests
(Fig. S14, see ESI}) revealed that the structural integrity and
hierarchical surface of the WS,/GCNF-2 hybrid membrane
were still maintained, though WS, nanosheets were inevitably
converted into W nanoparticles and Li,S phase.*® This strongly
confirmed that the GCNF nanofiber played a significant role in
mitigating the volumetric expansion of WS, nanosheets, thus
leading to remarkable electrochemical cyclic stability of the
WS,/GCNF-2 electrode upon long-term cycling.

The rate capabilities of bare WS, and WS,/GCNF-2 electro-
des were further investigated under various current densities
(Fig. 6d). The specific capacity of the WS, electrode faded to
less than 80 mA h g" as the current density increased to 2 A
g~', and only regained 229 mA h g~ when the current density
decreased back to 0.2 A g~ '. In sharp contrast, the WS,/
GCNF-2 electrode exhibited a high reversible capacity of
624 mA h g~ as the current density increased to 2 A g, and
regained 910 mA h ¢™! when the current density changed back
to 0.2 A g~'. The specific capacities of GCNF and WS,/CNF-2
electrodes were 80 and 495 mA h g~ when the current density
increased to 2 A g7, and regained 214 and 802 mA h g~! when
the current density decreased back to 0.2 A g™, respectively.
The significantly enhanced rate performance of WS,/
GCNF-2 hybrid membranes could be ascribed to rapid charge
transfer between WS, nanosheets and GCNF nanofibers that
mainly derived from the highly conductive pathways provided
by the graphene sheath. This was further verified by the EIS
measurements of WS,, WS,/CNF and WS,/GCNF-2 electrodes
(Fig. S15, see ESIf). Generally, the Nyquist plot consisted of a
semicircle in the high-frequency region and a straight line in
the low-frequency region, corresponding to the charge transfer
resistance and ion diffusion resistance in the electrode,
respectively.*! It can be clearly seen that the WS,/GCNF-2 elec-
trode displayed a much smaller semicircle diameter at high
frequencies and a more vertical line at low frequencies com-
pared with those of the WS, and WS,/CNF electrodes, illustrat-
ing its greatly decreased resistance for charge transfer and ion
diffusion. These results directly confirmed that the GCNF
nanofibers were able to provide an enhanced transfer rate of
electrons during the lithiation/delithiation process, thus
resulting in remarkably improved electrochemical perform-
ance for the WS,/GCNF-2 electrode.
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4. Conclusions

In summary, we have developed an innovative and efficient
approach to fabricate a flexible GCNF membrane with electro-
spun CNF wrapped by conductive graphene sheets; and then,
hierarchical WS,/GCNF hybrid membranes of WS, nanosheets
uniformly grown on GCNF nanofibers were prepared as high-
performance anodes for LIBs. Benefiting from the synergetic
effect of GCNF nanofibers and WS, nanosheets, the optimized
WS,/GCNF hybrid membrane with 3D porous structure greatly
enhanced the electrical conductivity and structural integrity,
and exhibited a high reversible capacity of 1128.2 mA h g™" at
a current density of 0.1 A g~' and outstanding cycling stability
with 95% capacity retention after 100 cycles. This work, with
encouraging results, highlights the great potential of the
GCNF membrane, derived from the effective combination of
an electrospun CNF core and conductive graphene sheath, and
this novel WS,/GCNF hybrid membrane, with excellent electro-
chemical performance, could be further explored as a promis-
ing anode materials for next-generation LIBs. Moreover, such
an efficient approach to prepare conductive GCNF membranes
can provide a new pathway for the large-scale production of
various functional GCNF-based nanomaterials for advanced
energy storage and conversion.
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