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A B S T R A C T

Developing advanced electrode materials for effective pseudocapacitive charge storage is one of effective stra-
tegies to enhance the rate capability and cycling stability of sodium ion storage devices. Herein, we fabricate
MoS2 nanoflowers with super wide interlayer spacing (nearly twice as large as that of the original MoS2) sup-
ported on carbon fibers (named as E-MoS2/carbon fibers) and demonstrate its superior electrochemical per-
formances as flexible and binder-free anodes for sodium-ion batteries (SIBs) and sodium-ion hybrid capacitors
(SIHCs). Grafting MoS2 nanoflowers onto the carbon fiber networks not only ensures the fast electron transfer,
but also endows it with flexible feature. The super wide interlayer spacing of MoS2 nanoflowers can not only
decrease the ion diffusion pathways and resistance, but also increase their available and accessible active surface
area, thus guaranteeing the rapid mass transport. Also, it can accommodate the large internal strain during
discharge/charge processes. Benefiting from these combined structure merits, the E-MoS2/carbon fibers elec-
trodes deliver an ultralong cycling stability up to 3000 cycles and the superior rate capacity of 104 mA h g−1 at
20 A g−1, which just takes ca. 18.7 s to fully charge/discharge. When further employed as the anode for SIHCs, it
delivers high energy and power densities due to the high pseudocapacitive charge storage of the super wide
interlayer spacing E-MoS2/carbon fibers.

1. Introduction

Recently, sodium-ion batteries (SIBs) have triggered tremendous
interests as the alternatives to lithium-ion batteries (LIBs) owing to the
advantages such as low cost and large resource availability of sodium
[1–4]. And there have been extensive researches on the development of
the high-rate and long-life anode materials for SIBs to meet the re-
quirements of high power density devices such as fast charging portable
electronics and electric vehicles [5–10]. Nevertheless, the present SIBs
still suffer from the inferior rate capability and poor cycling life due to
the sluggish kinetics of diffusion-controlled battery reaction along with
the large volume expansion [11–13]. However, how to alleviate the
severe kinetics barriers of SIBs related to the slow solid-state ion dif-
fusion processes and to accommodate the accompanying volume
change still remain a great challenge [14,15].

Pseudocapacitive energy storage, a kind of charge storage mode
based on the superficial faradic reaction mechanism, possesses the

battery-like high energy density and double layer capacitors-like high
power density [16]. Combining capacitance into battery system would
be a promising and potential approach to achieving the high power
density and long life span in sodium storage. In order to achieve im-
proved charge storage behavior via pseudocapacitance in sodium sto-
rage, three key points need to be considered: (1) rapid mass transport in
terms of short ion diffusion pathways and low ion diffusion resistance;
(2) fast electron transfer within the whole electrode matrix; (3) highly
available and accessible active surface area [9,17]. The rational con-
figuration of advanced electrode materials with high pseudocapacitive
charge storage is required to meet the high rate capability and long
cycling stability of sodium storage. Meanwhile, the development of this
kind of materials may represent and guide a new frontier in achieving
fast energy storage technology [16,18,19]. Moreover, compared with
LIBs, the larger ionic radius of Na+ and sluggish reaction kinetics make
it more difficult and challenging to seek appropriate anode materials to
meet these requirements [20–22].
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MoS2, a typical graphite-like layered structure with S-Mo-S motifs
stacked together by Van der Waals forces, has attracted extraordinary
attention as the anode material for rechargeable SIBs [23]. The well-
defined layered structure with a large interlayer spacing (0.62 nm) is in
favor of initial Na+ intercalation. While inherent chemical properties of
MoS2 feature a followed chemical conversion process, which can
eventually accommodate a large amount of Na+ [24,25]. Nevertheless,
when used as anode material for SIBs, big bulk and thick plate-shaped
MoS2 suffers from significantly increased diffusion distance of Na+ and
large internal strain during discharge/charge processes, resulting in
cracking of electrode materials [26]. Meanwhile, MoS2 also suffers from
a low inherent electronic conductivity, which will further cause serious
polarization and low electrode material utilization efficiency [27].
Therefore, tailoring and optimizing the nanostructure of MoS2 are vital
and effective to increase its mass and electron transportation, thus
achieving high pseudocapacitive charge storage. For example, con-
structing the MoS2 with open structure and the super wide interlayer
spacing can significantly enhance the rate of mass transport and re-
leases the internal strain during the discharge/charge processes [28].
Additionally, coupling MoS2 with highly conductive 3D carbon sub-
strate in a harmonious manner will further ensure the fast electron
transfer [29,30]. Combined with all these desirable merits together,
high-rate and long-life sodium storage can be achieved.

Herein, we report a high-rate and long-life sodium storage enabled
by expanded and super wide interlayer spacing MoS2 supported on
carbon fibers (E-MoS2/carbon fibers) via increasing the pseudocapaci-
tive charge storage. Benefiting from the enhanced mass transport and
electron transfer, the as-made E-MoS2/carbon fibers deliver a superior
rate capacity of 104 mA h g−1 at an ultrahigh current density of
20 A g−1 and an ultralong cycling stability up to 3000 cycles due to its
high pseudocapacitive charge storage. The electrochemical analysis
shows that the ratio of the capacitive contribution even reaches as high
as 89.4% at a scan rate of 2 mV s−1. When being made to sodium-ion
hybrid capacitors (SIHCs) with the commercial activated carbon (AC) as
the counter electrode, it also delivers a high energy density of
54.9 Wh kg−1. The superior electrochemical performance of E-MoS2/
carbon fibers is attributed to (1) the open structure of MoS2 nano-
flowers that is capable of increasing the contact area between the
electrode materials and electrolyte and shortening the ion diffusion
pathways; (2) the expanded and super wide interlayer spacing of MoS2
that can decrease the ion diffusion resistance and increase the available
and accessible active surface area; (3) the interwoven carbon fiber
networks as the flexible substrate that enable the smooth electron
transfer for the gifted MoS2 nanoflowers.

2. Experimental section

2.1. Synthesis of carbon fibers

The polyacrylonitrile (PAN)-based carbon fibers were prepared by a
typical electrospinning method with PAN as the precursor, followed by
annealing process. Firstly, the polymer solution of 10 wt% PAN in N, N-
Dimethylformamide (DMF) was electrospun from a syringe tip to a
rotating metal collector (aluminium foil, at a drum rotation rate of
300 rpm) under a highly supplied voltage of 22 kV. Then, the obtained
PAN-based fiber precusors were aged at a rate of 1 °C min−1 from room
temperature to 280 °C, and kept at this temperature for 2 h in air. Then,
the atmosphere was changed to N2, and the temperature was heated to
800 °C at a ramping rate of 5 °C min−1 and kept at this temperature for
1 h. After that, the carbon fibers were infiltrated into 60 mL of HNO3

solution (69.2 wt%) and kept at 100 °C for 1 h in 80 mL of Teflon-line
stainless-steel autoclave. Finally, the pre-treated carbon fibers were
washed and dried for further use.

2.2. Synthesis of the E-MoS2/carbon fibers

Typically, 0.2 g of (NH4)6Mo7O24·4H2O, 0.18 g of thiourea, and
0.55 g of polyvinylpyrrolidone (Mw≈55000) were dissolved into
30 mL of deionized water under strong stirring. Then, 20 mg of pre-
treated carbon fibers were infiltrated into the prepared solution and
kept at 190 °C for 18 h in 40 mL of Teflon-line stainless-steel autoclave.
After cooling down, the precursors were washed with a large amount of
deionized water and ethanol, and dried at room temperature. Finally,
the sample was heated at 500 °C for 3 h with a ramping rate of
5 °C min−1 in N2, yielding the E-MoS2/carbon fibers. For comparison,
E-MoS2 and MoS2/carbon fibers were also synthesized in the absence of
carbon fibers and PVP, respectively.

2.3. Materials characterization

The morphology, crystalline structure and composition of the as-
made samples were analyzed by scanning electron microscopy (SEM,
Hitachi S-4800), transmission electron microscopy (TEM, FEI TF30),
powder X-ray diffraction (XRD, Bruker D8 Advance, Cu K α X-ray
source).

2.4. Electrochemical measurements

The SIBs performance for the as-made samples was evaluated by
using 2032-type coin cells with a voltage window of 0.01–3.0 V. The
free-standing carbon fibers and E-MoS2/carbon fibers can be directly
used as the anode after cutting into slices with the diameter of ca.
1.0 cm without any auxiliary binders and conductive additives. The
coin cells can be assembled with a sodium metal slice, electrolyte (1 M
NaClO4 in ethylene carbonate (EC) and diethyl carbonate (DEC) (vo-
lume ratio of 1:1) with 10 wt% fluoroethylene carbonate (FEC) ad-
ditive), a glass fiber separator and a slice of the as-made sample in an
argon-filled glovebox. The galvanostatic discharge-charge test was
performed on an Arbin battery testing system. The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) tests were
carried out by using a Bio-logic VSP electrochemical workstation with a
voltage widow of 0.01–3.0 V at different scan rates and the frequency
range between 100 kHz and 0.01 Hz at open circuit potential, respec-
tively. All the electrochemical performance was tested at the tem-
perature of 25± 1 °C. The average areal loading of the active material
was ca. 1 mg cm−2, and the specific capacity was calculated based on
the total mass of the active material.

The AC electrodes were prepared by casting the slurry consisting of
80 wt% commercial activated carbon (BET2000, ACS MATERIAL),
10 wt% carbon black and 10 wt% polyvinylidene difluoride (PVDF)
binder in N -methyl-2-pyrrolidone (NMP) onto an Al foil current col-
lector, followed by drying at 80 °C for 12 h in vacuum oven. The elec-
trolyte and separator of the SIHCs were the same to those of the SIBs as
mentioned above. Before the assembly of SIHCs, the E-MoS2/carbon
fibers anodes were cycled for five cycles at the current density of
100 mA g−1 in SIBs. The current density and energy density were cal-
culated based on the total mass of the anode and cathode active ma-
terials. The capacitance (C), energy density (E), and power density (P)
of SIHCs were calculated based on the followed Eqs. (1)–(3):

= ⋅Q ΔVC 3.6 / (1)

where Q is the discharge capacity (mA h g−1), ΔV is the discharge/
charge voltage window.

= ⋅ ⋅E C ΔV0.5 2 (2)

=P E Δt/ (3)

where Δt is the discharge time.
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3. Results and discussion

The architectures made of MoS2 nanoflowers with expanded and
super wide interlayer spacing supported on carbon fibers were syn-
thesized by a polyvinylpyrrolidone (PVP)-assisted hydrothermal reac-
tion and following annealing, of which the schematic illustration is
shown in Fig. 1a. The morphology and structure of the as-made samples
were investigated by SEM. The representative SEM images of carbon
fibers are displayed in Fig. S1, revealing a typically interconnected
network structure made of the interwoven electrospinning carbon fibers
with an average diameter of 250 nm. And, the architectures can be well
inherited after being grafted with MoS2 nanoflowers, as shown in
Fig. 1b. The high-magnification SEM images in Fig. 1c, d and Fig. S2
show that the MoS2 nanoflowers with an average size of 140 nm are
uniformly and densely anchored on the 1D carbon fibers with an in-
timate and electronic contact, which is in favor of rapid electron
transfer during discharge/charge processes [31]. It also can be evi-
denced by the high conductivity of E-MoS2/carbon (0.18 S m−1) in-
heriting from the carbon fibers (0.48 S m−1). The uniform distribution
of MoS2 nanoflowers on carbon fibers can also be evidenced by energy
dispersive X-ray spectroscopy (EDS) elemental mapping images
(Fig. 1e). Moreover, after a series of severe folds, the E-MoS2/carbon
fibers can be well kept and recovered (Fig. 1f), indicative of the po-
tential and feasibility as free-standing and flexible electrode materials.

The nanostructure of MoS2 nanoflowers was further analyzed by
TEM and high resolution TEM (HRTEM), of which the detailed results
are shown in Fig. 2a-c. Fig. 2a, b and Fig. S3 further confirm the uni-
form distribution of MoS2 nanoflowers on the surface of carbon fibers
and reveal the open structure of MoS2 nanoflowers, which is in favor of
the intimate contact and sufficient interaction between electrode and

electrolyte, as well as shortening ion diffusion pathways [32]. The
further HRTEM image of E-MoS2/carbon fibers in Fig. 2c demonstrates
that the interlayer spacing of MoS2 nanoflowers is sufficiently expanded
to more than 1.34 nm (much larger than the 0.62 nm of commercial
MoS2). The increased interlayer spacing can obviously reduce the ion
diffusion resistance and increase the available and accessible active
surface area to electrolyte [28,33]. For comparison, the composites of
the normal MoS2 grafted on carbon fibers (MoS2/carbon fibers) were
also fabricated in the absence of PVP, and the representative SEM and
TEM image are shown in Fig. S4. It can be found that the MoS2 in MoS2/
carbon fibers featuring a sheet-shaped structure is uniformly fixed on
the surface of carbon fibers. The HRTEM image further demonstrates
that the interlayer spacing of the MoS2 is ca. 0.68 nm, which is much
less than that of the MoS2 with super wide interlayer spacing in E-
MoS2/carbon fibers.

The XRD patterns shown in Fig. 2d and Fig. S5 suggest that the as-
made E-MoS2/carbon fibers exhibits the characteristic diffraction peaks
of carbon and MoS2, suggesting the successful configuration. Compared
with the (002) peak of commercial MoS2, a large shift of 8.1° is pre-
sented on the as-made pure MoS2 with super wide interlayer spacing (E-
MoS2), which further confirms that the interlayer spacing of the as-
made MoS2 was successfully and sufficiently expanded [28]. The broad
(002) characteristic peak of E-MoS2 indicates a wide range of interlayer
spacing. This is also well consistent with the TEM observation results,
which will be in favor of the rapid ion diffusion in-between the MoS2
layers (Fig. 2e). Raman spectra of carbon fibers and E-MoS2/carbon
fibers samples shown in Fig. 2f both exhibit two distinct peaks at
1359 cm−1 and 1587 cm−1 corresponding to the D-band and G-band of
carbon materials, respectively. The characteristic peaks of E-MoS2/
carbon fibers and commercial MoS2 at 378 cm−1 and 403 cm−1

Fig. 1. (a) Schematic illustration for the synthesis of E-MoS2/carbon fibers. (b-d) SEM images of the E-MoS2/carbon fibers. (e) SEM image of the E-MoS2/carbon fibers and the
corresponding EDS elemental mapping images. (f) Free-standing and flexible features of the as-made E-MoS2/carbon fibers.
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correspond to the in-plane E12g and the out-of-plane A1g of MoS2 with
the typical hexagonal layered structure, respectively [34]. Compared
with the commercial MoS2, the A1g characteristic peak has shifted from
408 cm−1 for commercial MoS2 to 403 cm−1 for E-MoS2/carbon fibers.
This obvious shift is mainly attributed to the fact that the features of
MoS2 with the expanded interlayer spacing give rise to a diminished
interlayer van der Waals force which would result in a stronger out-of-
plane vibration. The Raman characterization further confirms that the
MoS2 nanoflowers are successfully coupled onto the carbon fibers ma-
trix.

The local chemical structure and coordination environment of the E-
MoS2/carbon fibers composites were further studied by using X-ray
absorption spectroscopy (XAS), and the results are shown in Fig. 3. The
Mo K-edge X-ray absorption near edge structure (XANES) spectra of E-
MoS2/carbon fibers and commercial MoS2 (Fig. 3a) reveal the similar
pre-edge and white line features. This also indicates that Mo ions within
E-MoS2/carbon fibers still correspond to the +IV oxidation state [35].
The Fourier-transformed extended X-ray absorption fine structure
(EXAFS) spectrum of the commercial MoS2 (Fig. 3b) exhibits two

distinct peaks corresponding to Mo-S and Mo-Mo bonds, respectively,
which are attributed to the presence of the nearest neighboring sulfur
atoms and Mo atoms around a central Mo atom. The Fourier-trans-
formed spectrum of the as-made E-MoS2/carbon fibers exhibits the
well-developed Mo-S peak and a relatively weak Mo-Mo contribution in
comparison to that of commercial MoS2, indicative of the sufficiently
expanded interlayer spacing of MoS2 within the as-made E-MoS2/
carbon fibers [36]. The thermogravimetric analysis reveals that the
ratio of the MoS2 and carbon fibers in E-MoS2/carbon fibers composites
are 37% and 63%, respectively (Fig. S6).

In view of the above structural and compositional characterization
results, the as-made E-MoS2/carbon fibers can be capable of being an
excellent high-power electrode material for sodium storage. Of course,
this is mainly attributed to their integrated advantages, including
shortened Na+ diffusion pathways, decreased Na+ diffusion resistance,
and enhanced electron mobility. With this information in mind, the
electrochemical performance of the as-made E-MoS2/carbon fibers was
firstly evaluated as a binder-free anode for SIBs. Fig. 4a shows the CV
curves of the E-MoS2/carbon fibers electrode for the first three cycles

Fig. 2. (a, b) TEM images and (c) HRTEM image of the E-MoS2/carbon fibers. (d) XRD patterns of the as-made carbon fibers, E-MoS2/carbon fibers, MoS2/carbon fibers, and commercial
MoS2. (e) Structural models of the MoS2 with different interlayer spacings. (f) Raman spectra of the carbon fibers, E-MoS2/carbon fibers, and commercial MoS2.

Fig. 3. (a) Mo K-edge XANES spectra and (b) Mo K-edge Fourier-transformed EXAFS spectra of the commercial MoS2 and E-MoS2/carbon fibers.
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tested at a scan rate of 0.1 mV s−1 within a voltage window of
0.01–3.0 V. Only one obviously reductive peak at 0.64 V, corresponding
to the formation of the solid electrolyte interface (SEI) layer in the 1st
cycle, is observed. The almost overlapping CV curves for the 2nd and
3rd cycles imply the high reversibility and excellent cycling stability of
the as-made E-MoS2/carbon fibers composites in SIBs. Fig. 4b shows
galvanostatic discharge/charge profiles of the as-made E-MoS2/carbon
fibers for the first two cycles at a current density of 50 mA g−1. The
initial discharge and charge capacities of the E-MoS2/carbon fibers are
490 mA h g−1 and 319 mA h g−1, respectively, corresponding to a
Coulombic efficiency of 65.1%. The large irreversible initial capacity
loss mainly originates from the formation of the SEI layer on the elec-
trode surface [37,38]. One of effective strategies to alleviate this issue is
to choose a suitable electrolyte which can modify the SEI formation
[39]. By comparison, the carbon fibers and MoS2/carbon fibers elec-
trodes just deliver relatively low initial charge capacities of 256 and
259 mA h g−1, respectively (Fig. S7). The rate capability of the as-made
E-MoS2/carbon fibers was also evaluated at different current densities
ranging from 0.05 to 20 A g−1, and the results are shown in Fig. 4c. The
reversible capacities of the E-MoS2/carbon fibers are 298, 281, 241,
222, 164, 138, and 104 mA h g−1 at current densities of 0.05, 0.1, 0.5,
1, 5, 10, and 20 A g−1, corresponding to the high capacity retention

rates of 100%, 94%, 81%, 75%, 55%, 47%, and 35%, respectively (Fig.
S8), which are much higher than those values of the carbon fibers and
MoS2/carbon fibers. With the high current density up to 20 A g−1, the
battery can be fully charged in ca. 18.7 s, which is important for ultra-
fast charging portable electronics and electric vehicles [40–42]. When
the current density was back to 0.05 A g−1, the discharge capacity can
still recover to 296 mA h g−1, indicative of the high sustainability. The
outstanding rate performance is attributed to the highly electronic
conductivity of carbon fiber networks and the rapid mass transport
derived from the open structure, expanded and super wide interlayer
spacing of MoS2 nanoflowers.

Next, the electrochemical reversibility of the E-MoS2/carbon fibers
was further investigated by galvanostatic discharge/charge measure-
ments, as shown in Fig. 4e and 4f. It can be noted that the E-MoS2/
carbon fibers exhibit a superior cycle performance, evidenced by that a
high reversible capacity of 241 mA h g−1 can be retained after 700
cycles at a current density of 1 A g−1 which is nearly twice as large as
that of the carbon fibers (121 mA h g−1) and MoS2/carbon fibers
(117 mA h g−1). Meanwhile, it can keep almost 100% Coulombic effi-
ciency during the whole cycle process. And the capacity of
216 mA h g−1 still can be kept after 700 cycles even at a high current
density of 2 A g−1, fully demonstrating the high rate capacity and

Fig. 4. (a) CV curves of the as-made E-MoS2/carbon fibers at a scan rate of 0.1 mV s−1. (b) The discharge/charge profiles of the E-MoS2/carbon fibers at a current density of 50 mA g−1.
(c) The rate capability of the E-MoS2/carbon fibers, MoS2/carbon fibers and carbon fibers. (d) The galvanostatic discharge/charge profiles of the E-MoS2/carbon fibers at different current
densities. (e) The cycle performance of the E-MoS2/carbon fibers, MoS2/carbon fibers and carbon fibers and the corresponding Coulombic efficiencies. (f) The cycle performance of the E-
MoS2/carbon fibers at 5 A g−1 and 10 A g−1.
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excellent cycling stability of the as-made E-MoS2/carbon fibers. Inter-
estingly, the capacity of E-MoS2/carbon fibers shows a slight increase
during the cycle process due to the activation effects. This can also be
evidenced by the EIS results shown in Fig. S9. It is noted that after the
250th cycle, the impedance of the battery decreases significantly
compared with that before the first discharge because of the activation
effects of electrode during cycle process. Moreover, after the 500th
cycle, the impedance of the battery has no obvious change compared
with that after the 250th cycle, indicative of the completion of the
active effects [43]. Inspired by that, the longer-term cycle performance
was tested at large current densities of 5 and 10 A g−1 (Fig. 4f). It is
worth noting that the E-MoS2/carbon fibers electrode delivers an ul-
tralong cycle life up to 3000 cycles, which is comparable to the best
cycle performance reported on MoS2 electrodes (Fig. S11). The mor-
phology and structure of E-MoS2/carbon fibers after 500 cycles were
also investigated, and the results were shown in Fig. S12. It can be
clearly found that after 500 cycles, the electrode still maintains inter-
connected network structure (Fig. S12a). And the high-magnification
SEM image (Fig. S12b) further shows that the MoS2 nanoflowers keep
the original morphology and still can be evenly anchored on the carbon
fibers. This also further highlights the ability and potential of the E-
MoS2/carbon fibers as flexible SIBs electrodes.

The discharge/charge profiles without a distinct plateau region and
the ultrahigh rate capability of the E-MoS2/carbon fibers (Fig. 4d) are
mainly attributed to the typical features of capacitive charge storage
which occurs on the surface or near-surface of MoS2 [44]. In order to
evidence the contribution of capacitive charge storage in the present
system, the CV measurements at different scan rates from 0.1 to
2 mV s−1 were carried out and the results are shown in Fig. 5a. The
current response of the electrode material at different voltages obeys
the following equation:

= ⋅i a vb (4)

where i is the current (mA), v is the scan rate (mV s−1), and a and b are
the appropriate values [45,46]. There are two well-defined conditions,
namely b=0.5, it means a diffusion-controlled mechanism, which is
indicative of a battery reaction process. On the other hand, b=1, it is
representative of a surface capacitive response. In this case, the b values
can classify and illustrate the electrochemical reaction behaviors. It can
be noted from Fig. 5b that the cathodic and anodic b values for the E-
MoS2/carbon fibers at the voltage of 0.8 V are as high as 0.962 and
0.932 that are close to 1, indicating that the current response mainly
originates from the surface capacitive reaction, rather than diffusion-
controlled battery reaction. And the b values can be kept in the range of
0.9-1 at a large voltage range over 0.6 V (Fig. 5c). It is still as high as
0.88 even at the voltage of 0.01 V. Nevertheless, at the peak voltage of
around 0.4 V, the contribution of diffusion-controlled battery reaction
was more pronounced. More specifically, the surface capacitive con-
tribution to the current response can be quantitatively detached based
on the Eq. (5):

= ⋅ + ⋅i k v k v1 2
1/2 (5)

where k1 and k2 are appropriate values, and k1∙v and k2∙v1/2 correspond
to the contributions of current response from the surface capacitive
behavior and the diffusion-controlled battery reaction, respectively
[47,48]. To get the values of k1 and k2, the Eq. (5) can be slightly re-
arranged to

= ⋅ +i v k v k/ 1/2
1

1/2
2 (6)

Then, the k1 and k2 can be obtained by plotting the v1/2 vs. i/v1/2 as
shown in the Fig. S13. According to this methodology, the capacitive
contribution for the current response can be detached and listed in
Fig. 5d. The ratio of the capacitive contribution is positively correlated

Fig. 5. (a) CV curves of the as-made E-MoS2/carbon fibers at different scan rates. (b) Current vs. scan rate of the E-MoS2/carbon fibers at the voltage of 0.8 V. (c) b values vs. battery
voltage of the E-MoS2/carbon fibers for cathodic and anodic scans, insert: current vs. scan rate of the E-MoS2/carbon fibers at different voltages. (d) The capacities derived from capacitive
contribution and battery contribution at different scan rates.
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with the scan rate, and it is even as high as 89.4% at a scan rate of
2 mV s−1. The high capacitive contribution is mainly attributed to the
unique structure of E-MoS2/carbon fibers for the shortened ion diffu-
sion pathways, the decreased ion diffusion barrier, the enhanced elec-
tron transfer, and the increased available and easily accessible active
surface area.

With this information in mind, it is concluded that the capacitance
contribution is dominated in the present system. Inspired by that, the
feasibility of E-MoS2/carbon fibers composite electrodes in SIHCs was
also measured and evaluated. The coin-type asymmetric super-
capacitors were assembled by using the composites as anodes, 1 M
NaClO4 in EC and DEC (volume ratio of 1:1) with 10 wt% FEC additive
as the electrolyte, and commercial AC as cathodes. The calculation of
current densities was based on the total mass of both anode and cathode
active materials. The electrochemical performance was tested within
the voltage window of 1.0–4.3 V. Upon charge, the Na+ ions are stored
in the anode by pseudocapacitive charge storage, meanwhile, and ClO4

-

ions are adsorbed on the AC cathode by means of double-layer charge
storage. Fig. 6a shows representative galvanostatic charge/discharge
profiles of SIHCs with E-MoS2/carbon fibers//AC at different current
densities. It can be found that charge/discharge profiles at all current
densities are almost symmetric, indicative of a high Coulombic effi-
ciency. The specific capacitance was calculated to be about 36.3 F g−1,
corresponding to an energy density of 54.9 Wh kg−1. As shown in
Fig. 6b, the SIHCs based on the E-MoS2/carbon fibers//AC show a
higher energy density and power density than these of current SIBs
[49].

4. Conclusion

In summary, a simple and scalable strategy has been presented to
configure the MoS2 nanoflowers with expanded and super wide inter-
layer spacing (larger than 1.34 nm) supported on carbon fibers. The
interlayer spacing that is the nearly twice as large as that of the original
MoS2 (theoretical value, 0.62 nm) is achieved for the as-made MoS2,
which will be in favor of decreasing the ion diffusion pathways and ion
diffusion resistance, as well as increasing their available and accessible
active surface area. When employed as the binder-free flexible anode
for SIBs, the as-made E-MoS2/carbon fibers exhibits an ultrahigh rate
capacity of 104 mA h g−1 at a large current density of 20 A g−1 and an
ultralong cycling stability up to 3000 cycles. The excellent rate per-
formance is mainly attributed to the high pseudocapacitive charge
storage of the E-MoS2/carbon fibers derived from the unique structure
for enhancing mass transport and electron transfer. The methodology of
electrochemical separation further reveals that the ratio of the capaci-
tive contribution even reaches as high as 89.4% at a scan rate of
2 mV s−1. When employed as anode materials in SIHCs, the E-MoS2/

carbon fibers also deliver a higher energy density and power density
than these of the current SIBs reported in literatures. This work presents
a simple yet effective strategy for the configuration of flexible electrode
and is expected to inspire the development of the pseudocapacitive
charge storage for high-rate and long-life sodium storage.
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