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Integration of Flexibility, Cyclability and High-Capacity into one Electrode
for Sodium-Ion Hybrid Capacitors with Low Self-Discharge Rate

Abstract: Metal-ion hybrid capacitors are regarded as promising power sources for portable
electronics because of numerous opportunities in designing the anode-cathode couple to
realize high performance and flexibility. Here we demonstrate our rational design of a
porous-fiber network based electrode for quasi-solid-state flexible Na-ion hybrid capacitors.
A scalable SiO2-etching approach is employed to synthesize a freestanding porous carbon
nanofiber (PCNF) membrane that is both mechanically robust and light (~1 mg cm−2). The
PCNF

works

as

a

3D

scaffold

for

uniform

growth

of

MoS2@poly(3,4-ethylenedioxythiophene) (PEDOT) core/shell nanosheets. We show that the
resultant PCNF@MoS2@PEDOT double core/shell nanofiber electrode can not only maintain
the intrinsic high-capacity of MoS2 for Na-ion storage, but also renders long-term cyclability
and high rate performance. Quasi-solid-state Na-ion hybrid capacitors are constructed from
PCNF@MoS2@PEDOT anode and PCNF@AC cathode. The hybrid capacitor can tolerate
arbitrary bending and folding, and has a much lower self-discharge rate (15 mV h-1)
compared to symmetric capacitors.
Keywords: flexible energy storage, mesoporous carbon fiber, MoS2, sodium-ion hybrid
capacitor, self-discharge
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1. Introduction
In recent years, flexible metal-ion (Li, Na, etc) batteries 1-5 and supercapacitors (SCs) 6-11
have been extensively explored towards applications in wearable electronics and implanted
medical devices 12. In particular, metal-ion capacitors, or sometimes called hybrid capacitors,
that integrate the merits of high-energy battery electrode and high-power capacitive
electrodes, are also receiving increasing attentions

13-21

. In a typical sodium-ion hybrid

capacitor (SIHC), the cathode is usually made from porous carbonaceous materials that
provide fast charge/discharge capability and excellent cyclability, while the Faradaic
Na+-intercalation anode can offer large specific capacities.22-24 One bottleneck of this
combination is the kinetics imbalance, which results in large overpotentials in capacitive
cathodes and limited utilization of the battery-type anode’s high-capacity. In order to achieve
high-rate performance, many typical anode materials are fabricated in nanostructures, such as
TiO2 mesocages

25

, MXene Ti2C nanosheet26, Na2Ti3O7

27, 28

, NaTi2(PO4)3 29, and Nb2O5 30

nanostructures. However, these materials show relatively low capacities (not exceeding 200
mAh g−1) especially at high current densities. As the typical 2D material, MoS2 has a large
interlayer spacing of 6.2 Å between the adjacent S-Mo-S layers and a high theoretical
capacity of 670 mAh g−1. The Na+ storage mechanism of MoS2 involves a reversible
intercalation process (MoS2 + 2Na+ +2e− → 1T Na2MoS2; 0.4~3 V vs. Na/Na+) and a
subsequent conversion reaction (Na2MoS2 + 2Na+ + 2e− → 2Na2S + Mo; 0.01~0.4 V vs.
Na/Na+)

31, 32

. Generally, the conversion process is accompanied with large volume change

(~200%), leading to capacity decay upon long cycles, especially when cycled in the full
potential range of 0.01~3 V (vs. Na/Na+). Setting the cut-off potential at 0.4 can avoid the
conversion reaction but with the sacrifice of capacity (below 300 mAh g−1) 33. Therefore, it is
critical to maintain the high capacity of MoS2 active materials for long cycles by, for example,
growing 3D array structure 34, 35.
A flexible electrochemical energy storage device should have slow decay of power and
energy densities, and cycling stability under various mechanical bending conditions. To meet
this requirement, all components including current collectors, electrode configuration,
electrolyte and separator need properly designed

36-38

. And the intrinsic electrochemical

performance of active materials should be retained during repeated bendings. In this context,
2

growing three-dimensional (3D) arrays of electrode materials on lightweight and conductive
substrates has been a common and effective practice to achieve flexibility, because an array
configuration is beneficial to releasing the mechanical stress. Carbon cloth has been a
favorable flexible substrate for the deposition of active materials, but the commercial carbon
cloth has high weight (over 10 mg cm−2), low surface area (below 10 m2 g−1) and large fiber
size (~10 μm in diameter). So they are not favorable to achieving high volumetric
performance. Graphene (or graphite) foam and carbon nanotube based current collectors

39,40

can exhibit high gravimetric capacities, but they are mechanically unstable when severely
bended.
In the present work, we aim to boost both gravimetric and volumetric energy output in
flexible SIHCs by designing an integrated double core/shell nanofiber electrode. We
demonstrate that MoS2@PEDOT core/shell nanosheet arrays grown on flexible porous and
lightweight carbon nanofiber networks (denoted as PCNF@MoS2@PEDOT) are a new type
of advantageous anode for flexible SIHC. In this design, the PCNF membranes are highly
flexible and can assure the mechanical foldability of the integrated electrode. This design also
eliminates the "dead volume" from traditional current collectors, as well as polymer binders
and conducting components. In particular, the PEDOT coating is proven more efficient as the
protective layer in maintaining the stability of MoS2 as compared to conventional atomic
layer deposited (ALD) TiO2 film and glucose-derived carbon layer. Finally, in order to
further maintain device flexibility and safety, we deploy a quasi-solid-state gel polymer
electrolyte (GPE) as both the electrolyte and separator. Our SIHC full device by coupling the
PCNF@MoS2@PEDOT anode and the PCNF@AC cathode with the GPE exhibits
outstanding capacity retention during high-current charge/discharges cycling after 5000
cycles, and low self-discharge rate. This high performance, together with the mechanical
flexibility makes this kind of electrode promising for practical Na-based energy storage
applications.

2. Material characterization
The synthesis strategy for PCNF@MoS2@PEDOT is shown in Figure 1a. Firstly, the
mixed solution of “polyacrylonitrile (PAN) + tetraethyl orthosilicate (TEOS)” in
3

N,N-dimethylformamide was directly converted into a large-area white membrane through
the electrospinning technique (see Figure S1a in Supporting Information). The as-fabricated
TEOS/PAN nanofibers have a uniform diameter of around 300 nm (Figure S1b-d in
Supporting Information). The membrane size can be easily enlarged for large-scale
applications simply by increasing the volume of the precursor solution. After the subsequent
high-temperature treatment, the white TEOS/PAN transforms into a black SiO2/CNF
membrane, during which the fiber surface becomes rough due to the formation of SiO2
nanoclusters on carbon fibers (Figure S1e and f in Supporting Information). After the SiO2 is
removed by HF solution etching, numerous nanopores are generated within the carbon
nanofibers (denoted as PCNF). The surface area of PCNF (447.3 m2 g−1) is about 20 times
higher than that of CNF without SiO2 etching (20.8 m2 g−1) (Figure 1e). This nanoporous
feature of PCNF is also clearly seen from SEM and TEM images (Figure 1b-d). The
high-resolution TEM image also depicts a localized graphitic structure for PCNF (Figure 1e),
where the graphitic (002) plane is indicated by the lattice spacing of 0.36 nm. Selected-area
electron diffraction (SAED) reveals the polycrystalline feature of PCNF (inset of Figure 1g).
These nanopores are beneficial towards the flexibility because they could efficiently relieve
the mechanical stress during repeated bendings of the fibers

41

. We show that after different

and repeated bending operations, the PCNF can 100% recover its initial state (see Figure 1f
and video S1). In contrast, the non-porous CNF without SiO2-templates is very fragile and
breaks easily (see Figure S2 in Supporting Information and video S2). This comparison
clearly shows that the nanoporous feature has efficiently enhanced the flexibility of the fibers.
The pores generated by etching of SiO2 can not only render flexibility of the fiber film,
but also accelerates the Na-ion transport kinetics in PCNF compared to the CNF (Figure 1h).
The obtained PCNF acts as a scaffold for the uniform growth of MoS2 nanosheets on the
surface of each carbon fiber, leading to the formation of a PCNF@MoS2 core/shell
architecture. In order to further restrain structural variation of the active MoS2 nanosheets
during repeated charge and discharge, a uniform PEDOT layer is deposited on the MoS2
nanosheets array. Hence, we obtain a hierarchical double core/shell nanofiber network, short
as PCNF@MoS2@PEDOT. It is expected that this free-standing, self-integrated electrode
delivers a stable charge/discharge capacity upon long cycles and also mechanical flexibility
4

(see below).

Figure 1. Sample synthesis and characterization of PCNF. (a) Schematic of the synthetic route of the
flexible composite electrode. The synthesis procedure of the PCNF is provided in the experimental section.
(b, c) SEM images and (d, e) TEM images of PCNF. The inset is the SAED pattern. (f) Photographs of the
PCNF under different bending states. (g) N2 adsorption-desorption isotherms. (h) Rate capability of PCNF
in comparison to non-porous CNF for Na ion adsorption/desorption (0.01 to 3 V vs Na/Na+).

5

Figure 2. Characterization of PCNF@MoS2@PEDOT fibers network. (a) Photograph. (b, c) SEM
images and (d, f) TEM images. (g) Elemental mapping images of C, S, Mo and O components.

The microstructures of the as-synthesized electrode samples are investigated using
electron microscopy. We start our discussion with PCNF@MoS2 (data presented in Figure S3
in Supporting Information). The low-magnification SEM image indicates that the MoS2
nanosheet arrays are uniformly and quasi vertically grown on each carbon fiber without
obvious aggregation. After growth of MoS2, the diameter of the composite fiber is increased
to about 550 nm. These ultrathin MoS2 nanosheets are interconnected to form an open
network on PCNF. Transmission electron microscopy (TEM) images of PCNF@MoS2
exhibit an obvious core/shell structure with the carbon nanofiber core and MoS2 nanosheet
shell. The lattice fringes with the interlayer distance of 0.68 nm in the TEM image correspond
to the (002) plane of hexagonal MoS2. The thickness of nanosheets is in the range of 3.5~10
nm, corresponding to 5~15 layers of MoS2.
The PCNF@MoS2@PEDOT electrode film is still flexible and can be repeatedly folded
without breaking (see Figure 2a and video S3). And the MoS2 nanosheets have a strong
adhesion to the carbon fibers – they can survive sonication and scratching. The nanosheets
maintain its array morphology (Figure 2b-d). The amorphous layer of PEDOT with a
6

thickness of about 5 nm is visible in TEM images (Figure 2e and f). Elemental mapping
images (Figure 2g) of the PCNF@MoS2@PEDOT fiber reveals the existence of S, Mo, C
and O elements. The same distributions of Mo and S result from the MoS2 phase. The
mapping area of C is smaller than that of S or Mo, indicating the C signal comes mainly from
the PCNF core. The presence of O in the mapping images is mainly from PEDOT and PCNF.
Furthermore, the structural information of the PCNF@MoS2@PEDOT is further revealed by
XRD, TG, Raman, N2 adsorption-desorption and XPS. Data and results are presented in
Figure S4-5. Based on the TG curve, the content of MoS2 in the PCNF@MoS2@PEDOT
composite is determined to be about 65.5 wt% (Figure S4c in Supporting Information). The
diffraction peaks of PCNF@MoS2@PEDOT are perfectly ascribed to the hexagonal MoS2
(Figure S5a in Supporting Information). And the XPS spectra confirms all the elements and
their chemical states (Figure S5c-f in Supporting Information). Hence, these results verify
the successful synthesis of PCNF@MoS2@PEDOT with a double core/shell architecture.

3. Sodium-Storage Property in Half Cells
The Na storage performance of PCNF@MoS2@PEDOT was first measured in half cell
configuration within the potential window of 0.01~3 V vs Na/Na+. For comparison, three
control samples (powder MoS2 nanosheets, pure PCNF, PCNF@MoS2) are also characterized.
The cyclic voltammetry (CV) curves of PCNF@MoS2@PEDOT at 0.5 mV s−1 are displayed
in Figure S6a of Supporting Information. In the first cathodic process, two peaks at 1.14 and
0.68 V are attributed to the intercalation of Na ions into the S-Mo-S interlayer (MoS2 + xNa+
+ xe– → NaxMoS2). Another pronounced cathodic peak at 0.17 V is ascribed to the conversion
of MoS2 to Mo dispersed in the Na2S matrix (4Na+ + MoS2 + 4e− → Mo + 2Na2S) and the
formation of solid electrolyte interface

40, 42

. In the subsequent anodic process, the peaks at

about 1.85 and 2.24 V correspond to the reverse reaction (Mo + 2Na2S → 4Na+ + MoS2 +
4e−). From the 2nd cycle, the well-overlapped CV curves demonstrate the reversibility of the
repeated Na-insertion/extraction reactions. Based on the galvanostatic charge-discharge
(GCD) curves in Figure 3a, the initial charge and discharge capacity is calculated to be 617.2
and 886.1 mAh g−1, respectively, corresponding to an initial Coulombic efficiency of 70%.
The 2nd capacity is stable within the subsequent 100 cycles.
7
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Figure 3. Na ion storage property in half cells: (a) Galvanostatic charge-discharge curves of
PCNF@MoS2@PEDOT at 0.1 A g−1. (b, c) Rate performance (viz, specific capacity as a function of
current density) for different electrodes. PCNF@MoS2@PEDOT, MoS2 powder, PCNF and PCNF@MoS2,
and other double core-shell structures: PCNF@MoS2@TiO2 and PCNF@MoS2@carbon. Their mass
loadings are similar (about 2.5-3.0 mg cm-2) except for the PCNF. (d, e) Cycling performances at two
current densities. (f) CV curves of PCNF@MoS2@PEDOT at various scan rates from 0.5 to 15 mV s-1, and
(g) the corresponding relationship between peak current and scan rate. (h) Calculated capacitive
contribution of three types of MoS2-based electrodes at different scan rates (same in f).

The rate capability is a vital parameter for the anode materials of SIHCs. We test the GCD
curves from 0.1 to 20 A g−1 (see Figure S6b of Supporting Information). Specific capacities
of the four electrodes obtained from their corresponding GCD curves are plotted for
comparison (Figure 3b). Obviously, the PCNF@MoS2@PEDOT electrode exhibits higher
rate performance than the PCNF@MoS2 and bulk-MoS2 powder. At a high current density of
20 A g−1, the reversibly capacity of PCNF@MoS2@PEDOT is 313 mA h g−1 with a retention
of 56% relative to 0.1 A g−1, which is apparently superior to that of PCNF@MoS2 (98 mA h
8

g−1 at 20 A g−1, 16% capacity retention). This result implies that the thin PEDOT layer has
stabilized the MoS2 nanosheets during the Sodiation−Desodiation reactions (see more
discussion below). Comparatively, the MoS2 powder electrode shows much lower specific
capacities at each current than the PCNF@MoS2@PEDOT because of less active sites of the
powder material. For the PCNF, the specific capacity is only 150 mA h g−1 at a low current of
0.1 A g−1, which verifies that the capacity contribution in PCNF@MoS2@PEDOT is mainly
from the MoS2. Moreover, the capacity contribution of PEDOT in PCNF@MoS2@PEDOT
can be ignored (see Figure S7a, Supporting Information). Based on the specific capacity of
PCNF@MoS2@PEDOT (~461 mA h g−1) and PCNF@PEDOT (~115 mA h g−1) at 1 A g−1,
the capacity contribution by the MoS2 component in the composite is determined to be 661
mA h g−1, which is close to the theoretical one (670 mA h g−1). This implies a high utilization
ratio of 98% of the MoS2. In order to further highlight the unique merit of PEDOT, two
control samples were fabricated by depositing an ALD thin TiO2 film (about 5 nm) and
glucose-derived amorphous carbon layer on the surface of PCNF@MoS2. Both are very
commonly employed method for electrode surface protection. As shown in Figure 3c, the
specific capacity at 20 A g−1 of PCNF@MoS2@PEDOT (313 mA h g−1, 56% retention
relative to 0.1 A g−1) is also better than that of PCNF@MoS2@TiO2 (216 mA h g−1, 37%
retention relative to 0.1 A g−1) and PCNF@MoS2@carbon (162 mA h g−1, 28% retention
relative to 0.1 A g−1). In addition, electrochemical impedance spectroscopy (EIS)
measurements demonstrate that the PCNF@MoS2@PEDOT electrode displays a smaller
charge-transfer impedance (Rct) in comparison to PCNF@MoS2 (Figure S7b, Supporting
Information). This reduction in impedance due to the conductive PEDOT coating should have
contributed to the rate performance enhancement. More broadly, the rate capability of our
PCNF@MoS2@PEDOT electrode also outperforms previous MoS2-based Na-storage anodes
in literature (see Table S1, Supporting Information). This comparison implies the PEDOT
layer has a pronounced effect in improving the Na+ and/or electron conduction.
Long cycle stability is particularly challenging for MoS2-based Na ion storage due to its
significant volume change associated to the conversion reaction (in the potential range of
0.01~0.4 V). Figure 3d shows the cycle performance of PCNF@MoS2@PEDOT,
PCNF@MoS2 and MoS2 powder at a small current density of 0.2 A g−1. After 150 cycles, the
9

reversible capacity of PCNF@MoS2@PEDOT and PCNF@MoS2 is 586 and 417 mAh g−1,
respectively, corresponding to the capacity retention of 99% and 73% (relative to the 2nd
cycle). Comparatively, the MoS2 powder electrode shows a rapid capacity decay to only 104
mAh g−1 after the 100th cycle. We further perform the high-rate cycling test of the three
electrodes at 2 A g−1. Before cycling, each electrode undergoes five GCD cycles at 0.1 A g−1
for activation. As seen from Figure 3e, the initial capacity of 410 mAh g−1 can be well
retained for PCNF@MoS2@PEDOT without any capacity decay during 1000 cycles. In
contrast, the PCNF@MoS2 electrode exhibits serious capacity loss from the initial 416 to 117
mAh g−1 at the 1000th cycle. This decay is even more severe for the MoS2 powder electrode,
in which the capacity drops to about 75 mAh g−1 after only 100 cycles. Based on the above
results, the combination of conductive PEDOT shell and porous CNF skeleton can efficiently
restrain

the

destruction

of

the

MoS2 nanocrystals

during

the

long-term

Na+

insertion/de-insertion process.
To further reveal the Na+ storage mechanism of PCNF@MoS2@PEDOT, the CV curves
at different scan rates are fitted to distinguish the diffusion-limited current and capacitive
current. The obtained current (i) with the scan rate (v) satisfies the power law (i = avb, where
a and b are adjustable parameters). When b = 0.5 it means a typical diffusion-controlled
process, and b = 1 represents a pure capacitive process. In most nanostructured electrodes, b
value is in the range of 0.5 and 1, indicative of a mixture of both diffusion and capacitive
process

14

. The slope of log(i) vs log(v) gives the b value. For the PCNF@MoS2@PEDOT

electrode (Figure 3g), the b values for two pairs of redox peaks (O1, R1, O2, R2) are close to 1,
implying the redox process is not diffusion limited. The b values for PCNF@MoS2 and MoS2
powder electrodes are both obviously smaller (Figure S8c, f in Supporting Information),
suggesting lower kinetics in these two electrodes without surface coating. The contributions
can be further quantified by fitting the CV curves using the equation 43: i = k1v + k2v1/2, where
k1v represents the contribution from the surface capacitive effect and k2v1/2 stands for
diffusion-controlled reaction. By plotting v1/2 vs. i/v1/2, k1 and k2 can be obtained through the
slope and the intercept point in y-axis, respectively. As we can see (Figure 3h), the capacitive
contribution gradually increases with increasing scan rate for all the three electrodes.
Comparatively, PCNF@MoS2@PEDOT exhibits far higher capacitive contribution than the
10

rest two electrodes at all scan rates. From the above kinetic analysis, we can infer that the
hierarchical double core/shell nanofiber architecture indeed can facilitate the Na+ transport
and reaction kinetics.

Figure 4. The role of PEDOT. (a) Areal and (b) volumetric capacities (averaged from five cycles) for

the four types of electrodes: PCNF@MoS2@PEDOT, PCNF@MoS2, MoS2 powder and PCNF. The
density of PCNF@MoS2@PEDOT after hot pressing is about 0.75 g cm−3. (c) Schematic illustration
for the different Na+-storage behaviors of PCNF@MoS2@PEDOT and PCNF@MoS2 electrodes. (d, e)
The corresponding SEM images after 1000 cycles at 2 A g−1.

For practical applications, it is important to achieve high areal and volumetric capacities.
Based on the thickness and density of the electrodes (dimensional parameters are listed in
Table S2, Supporting Information), the areal and volumetric capacities are calculated and
presented in Figure 4a and b. At a high current density of 27 mA cm−2, the
PCNF@MoS2@PEDOT electrode retains a high areal capacity of 0.95 mAh cm−2 compared
to 1.55 mAh cm−2 at the current of 0.27 mA cm−2 (Figure 4a). This value is higher than those
of PCNF@MoS2 (0.51 mAh cm−2) and MoS2 powder (0.41 mAh cm−2). Comparing to
literature, the areal capacity of our PCNF@MoS2@PEDOT is significantly superior to those
11

of freestanding sodium-storage anodes, such as carbon cloth supported carbon
nanowall@MoS2 (0.35 mAh cm−2 at 3.0 mA cm−2)

44

, carbon textile/NiMo3S4 (0.19 mAh

cm−2 at 17.6 mA cm−2) 45, MoS2-rGO sponges (0.49 mAh cm−2 at 0.2 mA cm−2) 46, N-doped
carbon nanofiber film (0.2 mAh cm−2 at 0.32 mA cm−2)
nanowires/rGO (0.5 mAh cm−2 at 0.09 mA cm−2)

48

47

, Fe1−xS@porous carbon

, T-Nb2O5/carbon nanofiber (0.15 mAh

cm−2 at 0.05 mA cm−2) 49. In addition, the areal capacity of PCNF is 20-times lower than that
of PCNF@MoS2@PEDOT, indicating that the capacity contribution is mainly from MoS2.
The PCNF@MoS2@PEDOT film was hot compressed to a thickness of about 36 μm (Figure
S9 in Supporting Information). Based on the mass loading and the thickness, the density of
the PCNF@MoS2@PEDOT is determined to be about 0.75 g cm−3. The converted volumetric
capacity of the PCNF@MoS2@PEDOT is 441 mAh cm−3 at 0.1 A g−1 and 235 mAh cm−3 at
20 A g−1, which are also apparently higher than the PCNF@MoS2 (132 mAh cm−3), MoS2
powder (49 mAh cm−3), and PCNF (14 mAh cm−3) (Figure 4b).
So far, it is clear that the PCNF@MoS2@PEDOT electrode provides the highest capacity
and rate performance among all control samples. In particular, the PEDOT layer has played
an important role that is schematically illustrated in Figure 4c. During the Na+
insertion/extraction process, the MoS2 will undergo conversion reactions and pulverize to
nanocrystallites, which are encapsulated within the PEDOT shell protection. So the double
core@shell structure can be maintained during long-term cycles. In contrast, for the bare
MoS2 nanosheets, they will aggregate and may detach from the carbon fiber surface. This is
confirmed by SEM investigation to the electrodes after 1000 cycles (Figure 4d and e).
Therefore, our double core@shell architecture design will provide an ideal anode material for
high-energy hybrid capacitor device.
4. Sodium-ion hybrid capacitor performance
The flexible quasi-solid-state SIHC is fabricated by using PCNF@MoS2@PEDOT as the
anode, PCNF@AC as the cathode, and P(VDF-HFP)-based gel polymer electrolyte
containing 1 M NaClO4 (Figure 5a). The hybrid capacitor is basically a dual ion cell: redox
reaction at PCNF@MoS2@PEDOT anode during Na+ ions insertion/extraction, and physical
adsorption/desorption of ClO4− anions at the PCNF@AC cathode. Before constructing the
12

full SIHC device, the PCNF@AC cathode and the P(VDF-HFP) electrolyte are first
investigated. The electrochemical performance of the PCNF@AC cathode was measured
within 2.0–4.5 V (vs Na/Na+) in half-cell. The linear GCD curves (Figure S10a in Supporting
Information) indicate the typical electrical double layer capacitor (EDLC) behavior based on
ClO4– adsorption/desorption. The PCNF@AC cathode exhibits high specific capacities (86
mAh g−1 at 0.1 A g−1, 42 mAh g−1 at 5 A g−1) and excellent cycling ability (92% retention after
800 cycles at 2 A g−1) (Figure S10b in Supporting Information). In addition, SEM images of
the P(VDF-HFP) reveal the highly porous network and its thickness is measured to be about
50 μm (Figure 5b and S11). This polymer membrane becomes transparent after the
adsorption of organic electrolyte (inset of Figure 5b). The application of this polymer
electrolyte can improve the safety of the SIHCs compared to the liquid electrolyte.

Figure 5. Na-storage Performance of sodium-ion hybrid capacitor. (a) Schematics of the full cell
structure. (b) SEM image and photograph of the fabricated P(VDF-HFP) membrane. (c) CV curves of
the PCNF@MoS2@PEDOT anode and the PCNF@AC cathode in half cells (1 mV/s). (d)
Charge/discharge curves of the PCNF@MoS2@PEDOT anode and the PCNF@AC cathode (both at
13

0.2 A g-1), and with the voltage curve of the integrated sodium-ion hybrid capacitor full cell. Note that
their capacities are not on same scale. (e) GCD curves at relatively high currents, showing the
capacitive nature of the charge and discharge processes. (f) The rate capability, and (g) cycling
performance. (h) Ragone plot of the PCNF@MoS2@PEDOT//PCNF@AC hybrid capacitor based on
total mass of active materials in two electrodes (~ 2.7 mg cm–2 in anode and 8 mg cm–2 in cathode).
More complete comparison is provided in Table S3 in Supporting Information.

The working voltage window of the full capacitor is determined from the matching of CV
curves and charge/discharge curves between the cathode and anode in the same electrolyte
solution (see Figure 5c and d). Considering that the capacity contribution of two electrodes
results from different ranges (0.01–3 V for PCNF@MoS2@PEDOT and 2–4.5 V for
PCNF@AC), and possible electrolyte decomposition occurring at the high potentials, the 0–4
V window is utilized to measure the energy-storage performance of the SIHC device. The CV
curves of the SIHC device shows no obvious redox peaks (Figure S12a). And consistently,
the GCD curves of the SIHC device show the quasi-linear feature at all currents from 0.1 to
20 A g−1 (only the curves at high currents are shown herein, Figure 5e). Hence, because of
the prominent capacitor behavior of the full cell, we calculate capacitance (F g-1) instead of
capacity (mAh g-1). Based on these GCD curves, the specific capacitance of the SIHC is
determined to be 65 F g−1 (~652 mF cm−2) at 0.1 A g−1 (~1 mA cm−2). Even at high current of
20 A g−1 (~200 mA cm−2), the device still achieve a high capacitance value of 27 F g−1 (~270
mF cm−2), which indicates excellent rate capability (Figure 5f). After 500 cycles at 0.2 A g−1,
the SIHC has a capacitance retention of as high as 87% (Figure S12b in Supporting
Information). Even at a high current of 2 A g−1, our SIHC device can still retain 71% of initial
capacity after 5000 cycles. The Coulombic efficiency is maintained at 99.9%. This cycling
performance is comparable and even superior to those of previous reported SIHC devices
(see comprehensive comparison to literature in Table S3 in Supporting Information).
The

specific

energy

(E)

PCNF@MoS2@PEDOT//PCNF@AC

and
device

specific
are

obtained

power
from

(P)

of

equations:

the
P

=

0.5(Vmax+Vmin)i/m and E = Pt, where Vmax and Vmin are the initial and final voltage during
discharge, i is the corresponding discharge current, m is the total mass of the two electrodes,
and t is the discharge time. Note that in our SIHC device, the PCNF@MoS2@PEDOT anode
contains no current collectors (such as Cu, Al or commercial carbon cloth), binders or
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conducting additives. The Ragone plot is illustrated in Figure 5h. The SIHC device delivers
130 Wh kg−1 at the power of 200 W kg−1. Even at an ultrahigh specific power of 40 kW kg−1
(equal to a full charge-discharge within 10 seconds), the device can still deliver a specific
energy of 54 Wh kg−1. The overall performance of our flexible quasi–solid-state SIHC device
exceeds previous reported SIHCs fabricated from conventional liquid electrolytes with metal
oxide anodes such as V2O5 50, Nb2O5 30, 51, TiO2 25, 52, Na3V2(PO4)3 53, NaTi2(PO4)3
NaTi3O7

28, 55

29, 54

, and

. In addition, the achieved energy densities are comparable to the hybrid

lithium-ion capacitors in literature

13

. We propose the excellent energy and power

performance can be ascribed to the following three factors: 1) the MoS2 itself has high
sodium-storage capacities through the four-electron conversion reaction within the potential
window of 0.01–3.0 V vs. Na/Na+, which could enable high energy of the SIHC; 2) The
hierarchical double core/shell nanofiber network provides fast Na-ion kinetics for the
as-fabricated SIHC device at high current densities; 3) Thanks to the highly porous and
conductive carbon fiber network, both the cathode and anode are well matched in high-rate
kinetics in the integrated SIHC device.

Figure 6. Performance of quasi-solid-state sodium ion hybrid capacitor. (a) Rate capability of the
SIHC device assembled using PCNF@MoS2@PEDOT anode and PCNF@AC cathode with gel
polymer electrolyte (PVDF-HFP) in comparison to liquid electrolyte using glass fiber separator. (b)
Ragone plot of the SIHC based on the volume of both electrodes and the gel polymer electrolyte
membrane. (c) Capacity retention at 0.1 A g−1 at different bending states. (d) Self-discharge of the
15

SIHC device measured at room temperature in the open state. The device was pre-charged to 4.0 V
under the current of 0.1 A g−1. Data for the PCNF@AC symmetric cell is also shown for comparison.

We conducted further evaluations to the SIHC device performance. First, the
quasi-solid-state SIHC with gel polymer electrolyte shows larger specific capacities at high
currents than the device with conventional glass fiber and liquid electrolyte (Figure 6a). This
is probably due to high porosity and polarity of the P(VDF-HFP) membrane, which enables a
lower interfacial resistance for sodium ionic conduction as well as faster anion shuttling in
the interconnected porous polymer electrolyte.
Second, the volumetric power and energy densities are calculated by including the
volume of the two electrodes and gel polymer electrolyte. The thickness of our SIHC device
is about 186 m (cathode ~100 m, anode ~36 m, and separator ~50 m). As shown in
Figure 6b, the SIHC delivers a maximum volumetric energy of 80.6 Wh L−1 at a volumetric
power of 130 W L−1, and 33.4 Wh L−1 at a maximum power of 26,000 W L−1. Unfortunately
most reported SIHC devices do not provide volumetric energy and power densities. So we
compare to available data. The comparison in Figure 6b shows that it beats traditional
AC-based supercapacitors in energy (usually <10 Wh L−1)

56

, and commercial lead-acid

batteries and holey graphene framework-based supercapacitor

57

in power. And our

quasi–solid-state SIHC device also outperforms other reported flexible capacitor devices.
Third, the solid-state SIHC device (pouch cell) has a good tolerance to multiple
mechanical bending. As seen from Figure 6c, the device can maintain its capacity upon 180
folding which is more critical than <90 bending.36 This high capacity retention stems from
the flexibility of the meso-microporous carbon fiber network (as shown previously), strong
adhesion of MoS2 nanosheets array on the fiber surface, and also elasticity of the polymer
membrane. In addition, the performance of our SIHC device also has a relatively weak
temperature dependence. The charging and discharging curves measured at three
temperatures (Figure S12c, Supporting Information) show only 10% decrease in capacity
when the operation temperature decreases from 25 to 0 °C, and 14% increase from 25 to
50 °C. This may imply the solid-state SIHC can be applied in a wide temperature range.
Last but not least, our SIHC also show relatively low self-discharge rate. It is known that
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self-discharge (i.e., loss of storage charges) is a serious issue for supercapacitors, especially
for the EDLC based symmetric capacitors

58

. The self-discharge can be caused by leakage

currents (simply RC discharge process) or diffusion of electrolyte ions into the EDLC
electrode

59, 60

. And the decay rate depends on various many factors including electrode

microstructures, electrolyte type, separator porosity and thickness, etc. In our experiment, the
SIHC is first fully charged to 4.0 V at 0.1 A g−1, and then rested for 72 hr to monitor the
decay of the open-circuit voltage (OCV). Result in Figure 6d show that the OCV of our
SIHC drops to 2.95 V after 72 hr, corresponding to a self-discharge rate of ~15 mV h-1. In
contrast, the symmetric cell made from PCNF@AC electrodes shows a rapid voltage decay
of the starting OCV of 3.0 V, with a rate of ~64 mV h-1, which is quite common for most
EDLC-based symmetric cells. Comparing to literature, the self-discharge rate of our SIHC is
order of magnitude lower than the nanocarbon based supercapacitors (rate >300 mV h-1) 59-61,
and slightly lower than the hybrid devices with redox electrolytes (>20 mV h-1)

62-64

. In our

battery-capacitor hybridization mode, Na cations involve redox reaction at the
PCNF@MoS2@PEDOT anode while the anions are presumably physisorbed on the
PCNF@AC cathode. Hence, under the open circuit state there is insignificant ions migration
imposed by electrostatic field between the two electrodes. This is also a manifestation of the
advantage of hybrid device compared to symmetric capacitors, in addition to the higher
working voltage and larger capacity in the former. Taking all above, our flexible
quasi-solid-state SIHC shows great application in future portable electronics.
5. Conclusion
We have achieved the synthesis of a hierarchical PCNF@MoS2@PEDOT double
core/shell nanofiber network and demonstrated the excellent Na+ storage performance,
including flexibility, high-rate performance and cycling stability. The quasi-solid-state hybrid
capacitor device fabricated from the PCNF@MoS2@PEDOT anode and PVDF-HFP gel
electrolyte exhibits power and energy densities that both outperform most previously reported
metal oxide based capacitors. In addition, the full cell shows little dependence to mechanical
bending and temperature variation between 0 and 50 C. Comprehensive comparison study
implies that the hierarchical PCNF@MoS2@PEDOT double core/shell nanofiber architecture
17

is the key to outstanding performance: the PCNF serves as the flexible and conductive
scaffold, the MoS2 nanosheets array as the redox active material provides high capacity, and
the PEDOT sheath assures long-term cyclability. Finally, due to the Faradic and non-faradic
hybridization, our hybrid capacitor has a much lower self-discharge rate (~15 mV h-1)
compared to symmetric capacitors (~64 mV h-1). Considering this scalable synthesis of
porous carbon fibers and the earth abundancy of sodium resources, our hybrid capacitor
might be useful in future flexible power sources.

6. Experiments
6.1 Materials and Reagents: Si(OC2H5)4, HF (40%), polyacrylonitrile (PAN, average Mw =150 000), Na 2MoO4
(99%), 3,4-ethylenedioxythiophene (EDOT), thiourea (99%), N,N-dimethylformamide (DMF) were purchased
from Sigma-Aldrich.
6.2 Synthesis of PCNF: TEOS (2.0 g) and PAN (0.8 g) were firstly dissolved in DMF (9.0 mL). The above
mixed solution was coated on the rotating Al foil through the electrospinning technique, which resulted in the
formation of the TEOS/PAN nanofiber film. During the electrospinning process, the voltage was set to 15 kV
and the flow rate of the solution was about 1 mL h−1. The as-obtained TEOS/PAN precursor was first thermally
treated at 200 °C for 2 h under air atmosphere and then annealed at 1000 °C for 2 h under Ar gas. The heating
rate was 1 °C min−1. After removing SiO2 in HF (40%) solution, the PCNF sample was obtained. In addition, the
pristine CNF as a comparison was synthesized by the same procedure with PCNF but without adding TEOS.
6.3 Synthesis of PCNF@MoS2: 0.5 g of thiourea and 0.5 g of Na2MoO4 were dissolved in a mixed solvent of
ethanol (10 mL) and distilled water (10 mL), and then sealed in a Teflon-lined autoclave. After that, a piece (2
cm × 4 cm) of PCNF was dipped into the above solution and was further hydrothermally reacted at 200 oC for
24 h. Finally, the resulted sample was dried at 100 oC overnight and further annealed at 800 oC under the
nitrogen atmosphere to increase the crystallinity. The MoS2 powder was also obtained for comparison.
6.4 Synthesis of PCNF@MoS2@PEDOT: The thin PEDOT layer was deposited onto the PCNF@MoS2 through
electrodeposition. Specifically, 3,4-ethylenedioxythiophene (EDOT, 10 mM) and lithium perchlorate (100 mM)
were dispersed in acetonitrile. Under the two-electrode system with Pt foil as the counter-electrode and the
PCNF@MoS2 as the working electrode, the polymerization was finished through an anodic current density of
2.0 mA cm–2 for 200 s. The thickness and uniformity of the PEDOT shell were controlled by applying constant
anodic current density and the deposition time. The as-fabricated PCNF@MoS2@PEDOT film is about 102 μm
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thick, and was then hot compressed to about 36 μm (Figure S9 in Supporting Information).
For comparison, the ALD TiO2 film was deposited on the surface of PCNF@MoS2 using Tetrakis
(dimethylamino) titanium and H2O as the precursor at the speed of ∼0.055 nm/cycle. Amorphous carbon layer
was also coated on the PCNF@MoS2 by hydrothermal treatment of 0.1 M glucose aqueous solution at 180 oC
for 2 hours.
6.5 Materials Characterization: The samples were characterized by XRD (Bruker AXS D8-Focus, Cu Kα
radiation, λ=0.1540598), XPS (VG Multilab2000), SEM (Hitachi SU8010), TEM (Philips CM12 TEM/STEM),
adsorption-desorption isotherms (Micromeritics, ASAP 2460) and the porosity with the BJH method.
6.6 Electrochemical characterizations: The electrochemical characterization in half-cells was performed in
standard CR2032-type coin cells. The flexible PCNF@MoS2@PEDOT was used as the working electrode
without any binders or conductive additives. In order to prepare the PCNF@AC electrode, the slurry of 80 wt%
AC, 10 wt% Super P, and 10 wt% PVDF in NMP, was casted on PCNF. All the half-cells were constructed with
Na metal as the counter electrode and sodium ion conducting gel polymer as the separator. The sodium ion
conducting gel polymer was obtained by dipping the P(VDF-HFP) membrane into the 1 M NaClO4 in the
propylene carbonate (PC) with 5 wt% fluoroethylene carbonate (FEC) additive for 3 days. The capacity
calculation of PCNF@MoS2@PEDOT in half cells was based on the mass of the whole electrode (including
PCNF and MoS2@PEDOT).
The hybrid SIHC device was fabricated using the PCNF@MoS2@PEDOT anode and the PCNF@AC cathode
together with the above gel polymer electrolyte. The mass ratio of anode to cathode was set to be about 1:3
(PCNF@MoS2@PEDOT mass: ~2.7 mg cm–2, PCNF@AC: ~8 mg cm–2). All the cells were assembled in an
argon-filled glovebox. Before building a full SIHC device, the PCNF@MoS2@PEDOT electrode was
pre-activated for 5 cycles at 0.2 A g−1 in half-cell and then discharged to 0.2 V, and the pre-activated
PCNF@MoS2@PEDOT anode was assembled with the PCNF@AC cathode to fabricate a flexible SIHC device.
GCD measurements were performed using a CT2001A cell test instrument (LAND Electronic Co.). The CV
tests were carried out on an electrochemical workstation (CH Instruments, model 660C). Electrochemical
impedance spectroscopy (EIS) measurement was carried out with a Gamry electrochemical workstation in the
frequency range between 0.01 Hz and 100 kHz at open circuit potential.
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