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Lithium sulfur (Li-S) batteries are viewed as a promising candidate for next-generation energy storage systems
due to their high energy density, low cost and ease of manufacturing. However, rapid capacity decay caused by
lithium polysulﬁde shuttle during charging/discharging processes hinder its practical application. In this work,
we demonstrate a cellulose encapsulated carbon/sulfur core-shell structure for advanced Li-S batteries based on
electrostatic spinning with coaxial spinnerets. Cellulose serves as an excellent “shell” due to its good ion
conductivity, ﬂexible structure to accommodate volumetric expansion of sulfur, and strong capability to prevent
sulfur and its intermediate reaction products from dissolving into the electrolyte. CMK-3 mesoporous carbon in
the core is helpful to conﬁne sulfur in the pores, and improve the electrical conductivity of the ﬁber electrode
together with the carbon black particles on the outside of the ﬁber. As a result, the obtained cellulose based
ﬂexible sulfur electrode delivers a high initial discharge capacity (> 1200 mA h g−1), good electrochemical
performance with Coulombic eﬃciency above 99%, and a low capacity decay rate of ~ 0.12% per cycle over 300
charging/discharging cycles.

1. Introduction
Lithium–sulfur (Li–S) battery is a rechargeable battery chemistry
that utilizes sulfur as cathode and lithium as anode. Li-S battery is
viewed as a promising next generation battery technology due to its
high theoretical energy density of ~ 2675 W h kg-1 (or ~ 2800 W h L-1),
which is about 5 times greater than that of state-of-art Lithium-ion
batteries (LIBs) [1]. Besides, sulfur is low-cost, abundant and environmental friendly, unlike the current electrode materials employed in
LIBs such as lithium cobalt oxide and lithium manganese oxide.
However, a series of technical challenges have constrained the commercialization of Li–S battery. As an electrode material, sulfur must
overcome its insulating nature. The dissolution of intermediate lithium
polysulﬁdes in organic liquid electrolytes during charge/discharge also
leads to low utilization of sulfur and a fast capacity decay. Besides, a
large volumetric expansion would accompany the discharge process
which can cause structural damage to the electrode [2,3].

⁎

Extensive research has been conducted to address these challenges.
For example, adopting chemical immobilizers (chemically functionalized groups [4–6], two dimensional materials (such as ReS2, MoS2 and
phosphorene) [7–9], phosphides [10], oxides [11], hydroxide materials
[12] and copolymer framework [13] to bond lithium polysulﬁdes, or
conﬁning sulfur spatially inside conductive and deformable nanostructures, such as porous carbon/metal oxide spheres [14–16] or nanowires/nanotubes have been explored [17]. However, most of the work
adopted an “outside-in” approach to conﬁne sulfur in these unique
nanostructures, which ﬁrst requires fabrication of these structures and
then inﬁltration of molten sulfur or dissolved sulfur. However, it is
inevitable that there will be residual sulfur remaining outside.
Therefore, a post heating method has to be used to eliminate the
residual sulfur covering the outer surface of the hosts [18]. In contrast,
an “inside-out” approach could avoid the issue of residual sulfur.
However, this type of strategy is also challenging to realize due to
signiﬁcant sulfur loss (low melting and boiling temperature of sulfur)
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applied voltage (~ 15 kV) were optimized to obtain good electrospinnability. Electrospun ﬁbers were collected into a coagulation bath, which
was ﬁlled with a 2%(w/v) carbon black (CB) particles dispersed in a
water/ethanol mixture to remove the ionic liquid thereby solidifying
the ﬁbers, while also coating carbon black particles on the outside
surfaces of the ﬁbers. The ﬁbers (Cellulose(CMK-3/S)CB) formed an
entangled web (ﬁber mat) in the coagulation bath and were subsequently removed, washed and freeze-dried under vacuum. Pure
cellulose electrospun ﬁbers were also fabricated by using a single
spinneret and a coagulation bath without carbon black particles.

during the fabrication processes of these nanostructures.
Polymer materials have been widely used for applications such as
energy storage [13,19] and drug delivery [20]. They could be used to
encapsulate and controllably release desired chemicals due to the
internal pore space within the polymer matrix which could be used
to transport ions, such as lithium ions [17]. Due to their soft nature,
polymers can also be used as a container to accommodate the large
volume change during charge and discharge. For example, polymer
coatings have been used to withstand the ~ 400% volume expansion of
silicon on lithiation [21]. Cellulose is the most abundant biopolymer on
earth and is found in the cell walls of plants or made by bacteria. As a
biocompatible polymer, it has been widely applied in battery systems,
such as the separator to replace polyoleﬁns (made from the everdecreasing fossil oil) [22] as well as the binder to replace polyvinylidene diﬂuoride (which requires the use of volatile and toxic solvents for
processing) [23]. In addition, cellulose can be used to make ﬁbers with
high tensile strength because of its highly crystalline linear structure
and then be fabricated into diﬀerent shapes.
In this paper, we report an inside-out method to synthesize ﬁberbased sulfur electrodes for high performance lithium sulfur batteries.
The key point of our design is to introduce cellulose for sulfur
encapsulation using electrostatic spinning with coaxial spinnerets,
which facilitates the production of core-shell ﬁbers. The resulting ﬁber
electrode has a cellulose shell and a CMK-3/S (carbon/sulfur) composite as the core. Carbon black particles, decorated on the outside the
cellulose, are introduced during the solidifying process of the ﬁber. The
cellulose shell has very good ion conductivity and a strong capacity to
accommodate volumetric expansion. In addition, after encapsulating
sulfur, cellulose can prevent sulfur and its intermediate reaction
products, such as lithium polysulﬁdes, from being washed away,
therefore limiting its dissolution and migration during discharge/
charge processes. Here the CMK-3 mesoporous carbon in the core
can also help to conﬁne sulfur, while improving the conductivity of the
ﬁber electrode together with the carbon black particles on the outside
of the ﬁber. The resulting Cellulose(CMK-3/S)CB freestanding electrode can deliver a high discharge capacity above 1200 mA h g−1. After
300 cycles of discharge and charge, the reversible capacity of the
Cellulose(CMK-3/S)CB freestanding electrode remains at around
660 mA h g−1 with a Coulombic eﬃciency above 99%, and a low
capacity decay rate of ~ 0.12% per cycle.

2.3. Electrochemical testing
Electrochemical experiments were performed by using 2032-type
coin cells, which were assembled in an argon-ﬁlled glove box. The
freestanding electrode was cut from the Cellulose(CMK-3/S)CB ﬁber
mat directly. No binder, conductive additive and current collector were
used. For comparison, the CMK-3/S electrode was fabricated by a
homogeneous slurry (60 wt% CMK-3/S as the active material, 5 wt%
carbon black as the conductive agent and 35 wt% PVDF as the binder
(in order to keep similar sulfur content and conductive carbon content)
dissolved in N-methyl-2-pyrrolidone (NMP)), which was spread on Al
foil by using a doctor blade. The electrolyte was a mixture of 1 M
lithium bis(triﬂuoromethanesulfonyl)imide in 1,3-dioxolane and 1,2dimethoxyethane (1:1 by volume) with a 0.1 mol L−1 LiNO3 additive.
The speciﬁc capacities were calculated using the weight of sulfur. An
Arbin BT2000 battery instrument was used to perform galvanostatic
charge–discharge cycles at various current densities over the voltage
range from 1.5 to 2.8 V (vs. Li/Li+). Cyclic voltammetry (CV) measurements and electrochemical impedance spectroscopy (EIS) were carried
out by using a Gamry Instruments potentiostat at a scan rate of
0.2 mV s−1 in the voltage range of 1.5–2.8 V (vs. Li+/Li) and in the
frequency range of 1 MHz to 100 mHz at room temperature.
2.4. Material characterization
The morphology and structure of the materials were investigated by
using a ﬁeld emission scanning electron microscope (SEM) FEIVERSA. The transmission electron microscopy (TEM) images were
obtained by depositing electrospun ﬁbers onto 400 mesh copper grids
and performed with a JEOL JEM-2011 TEM (JEOL Ltd., Tokyo,
Japan) at an accelerating voltage of ~ 200 kV. Raman spectroscopy
was performed by using a Witec Alpha 300R confocal Raman imaging
system. X-ray diﬀraction (XRD) was performed by using a Bruker D8DISCOVER with a Cu Kα radiation source and a pyrolytic graphite
monochromator. Fourier transform infrared (FTIR) spectra were
collected with a Varian 660-IR FTIR spectrophotometer (Varian Inc.
USA). Thermogravimetric analysis was performed using a computercontrolled TA Instruments TGA Q50 apparatus under a nitrogen
atmosphere at a heating rate of ~ 10 °C per min.

2. Experimental section
2.1. Synthesis of CMK-3/S composite
Commercial sulfur (Alfa Aesar) was impregnated into CMK-3
mesoporous carbon (ACS Material) by mixing (weight ratio of 3:1)
and heating to ~ 155 °C for several hours.
2.2. Synthesis of Cellulose(CMK-3/S)CB ﬁber

2.5. Linear elasticity simulation

Cellulose (Weyerhaeuser Co.) was added to room temperature ionic
liquid (RTIL) 1-ethyl-3-methylimidazolium acetate ([EMIM][Ac]) to
prepare a 2%(w/v) cellulose sheath solution. Core solution is made of
20%(w/v) CMK-3/S composite dispersed in triton-x 100 (SigmaAldrich). The mixtures were mechanically stirred by using magnetic
stirrer (Fisher Scientiﬁc) at ~ 80 °C until the homogeneous solutions
were formed. Then these solutions were placed into a 10 mL syringe
and connected to the spinneret (MECC, Ogori, Fukuoka, Japan).
Cellulose(CMK-3/S) core-sheath ﬁbers were fabricated by using a coelectrospinning process with a coaxial spinneret. The diameter of the
inner needle and outer needle were ~ 0.94 mm and ~ 2.50 mm,
respectively. The distance between the spinneret tip and aluminum
collector electrode was ﬁxed at ~ 15 cm. Total ﬂow rate (core: ~ 120 μL/
min and sheath: ~ 180 μL/min, fed at a constant rate by using the
mechanical syringe pump (NE-1000, New Era Pump System Inc.)) and

The elastic deformation simulation is carried out with Abquas FEA
software. In both cases, the length of the tubes is 300 nm, the inner
diameter is 80 nm and the outer diameter is 100 nm. We assume the
tubes are homogeneous and isotropic with linear elasticity. The volume
change is restricted in the middle portion of the tube [24]. Young’s
modulus of the cellulose is taken as ~ 10 GPa, and Possion's ratio is
~ 0.3 [25,26]. Young’s modulus of the carbon nanotube is taken as
~ 500 GPa with a Possion's ratio of 0.285 [27,28].
3. Result and discussion
The schematic illustration of the synthesis procedure for the
Cellulose(CMK-3/S)CB composite is shown in Fig. 1a. With the use
389
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Fig. 1. (a, b) Synthetic schemes for the preparation of Cellulose(CMK-3/S)CB composite. (c, d) Digital photographs of Cellulose(CMK-3/S)CB composites. (e) SEM and (f) TEM images
of Cellulose(CMK-3/S)CB composite.

RTIL and solidify the ﬁbers. The pure cellulose and Cellulose(CMK-3/
S)CB ﬁbers were then washed extensively with distilled water to
remove ﬁber fragments and loosely bound carbon black particles.
After freeze drying, we obtained a “cotton ball” like ﬁber mesh that
could be made into diﬀerent shapes, such as square and heliciform as
shown in Fig. 1c, d. Pure cellulose electrospun ﬁber was white in color,
while after incorporating CMK-3/S composite and carbon black, the
ﬁber turned black. Scanning electron microscope (SEM) was carried
out to characterize these ﬁbers. It can be seen that the pure ﬁber has a
very clean surface and solid structure (Supporting information, Fig.
S1), while the surface of Cellulose(CMK-3/S)CB ﬁber has been
decorated with clusters of carbon black particles (Fig. 1e).
Transmission electron microscopy (TEM) image (Fig. 1f) further
conﬁrms the obtained Cellulose(CMK-3/S)CB ﬁber has a well-deﬁned

of coaxial and multiaxial spinnerets, core-shell ﬁbers could be easily
produced. Here we employ the RTIL as the solvent to dissolve the
cellulose as the shell material, and Triton X-100 surfactant to disperse
CMK-3/S composite, which has been encapsulated in the core.
Electrospun Cellulose(CMK-3/S) ﬁbers were collected into a coagulation bath, which was ﬁlled with a water/ethanol mixture containing
carbon black particles. Electrospun cellulose ﬁbers have been positively
charged, which could attract and absorb carbon black particles. The
coagulation bath plays a dual role during the fabrication process. First,
the coagulation bath removes RTIL, thereby solidifying the ﬁbers.
Second, it facilitates the coating of carbon black particles on the outside
surfaces of the ﬁbers (Fig. 1b) to obtain the Cellulose(CMK-3/S)CB
composite. In addition, the pure electrospun cellulose ﬁbers were also
collected in the water/ethanol mixture coagulation bath to remove
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Fig. 2. (a) XRD patterns and (b) Raman spectra of the Cellulose(CMK-3/S)CB, Cellulose, CMK-3/S and commercial S samples. (c) FTIR spectra of the Cellulose(CMK-3/S)CB
composite and Cellulose. (d) TGA results of the Cellulose(CMK-3/S)CB, Cellulose, CMK-3/S and commercial S samples.

that sulfur has generated more disordered graphitic structures through
deformation of the sp2 carbon lattice (Supporting information, Fig. S2)
[34]. From the FTIR spectra (Fig. 2c), the absorption band at around
3300 cm-1 is assigned to hydroxyl groups (O-H) stretching. Bands at
around 2885 cm-1 and 1365 cm-1 are assigned to stretching and
deformation vibrations of C-H group. The band at about 1060 cm-1 is
assigned to -C-O- group [35]. Note that the C-S stretch (at about 746
cm-1) also appear in the spectrum of Cellulose(CMK-3/S)CB composite
[36], which conﬁrms the existence of sulfur in the Cellulose(CMK-3/S)
CB composite. The hydroxyl groups in cellulose could also stabilize
sulfur/polysulﬁde species, which will contribute to the superior stability of the Li-S battery with Cellulose(CMK-3/S)CB electrode [37].
Sulfur content in the Cellulose(CMK-3/S)CB composite and CMK-3/S
composite were measured by thermogravimetric analysis (TGA,
Fig. 2d). According to the measurement, the decomposition temperature of the CMK-3/S sample was around 160 °C and the S content was
~ 75 wt%. The amount of sulfur loading in the Cellulose(CMK-3/S)CB
composite is calculated to be ~ 45 wt% in the composite and the
decomposition temperature of electrospun cellulose nanoﬁbers was
around 300 °C. It should be noted that after wrapping of sulfur into the
core of cellulose nanoﬁbers, the sublimation rate of sulfur has been
reduced compared to the thermo-gravimetric curves of commercial
bulk sulfur and CMK-3/S composite, which suggested that sulfur was
conﬁned and more stable in this core-shell structure.
Cyclic voltammetry (CV, here we demonstrated the second cycle of
CV scans due to the electrochemical activation existing in the ﬁrst CV
cycle) was used to study the reaction kinetics of Li-S battery with the
Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode
(Fig. 3a). Two reduction peaks could be observed in both electrode
materials. The peaks at around 2.20 V and 2.00 V corresponded to the

core-shell structure.
Fig. 2a shows the X-ray diﬀraction (XRD) patterns of the
Cellulose(CMK-3/S)CB, Cellulose, CMK-3/S and commercial S samples. In the spectrum of Cellulose(CMK-3/S)CB and Cellulose, we
observe two characteristic peaks of cellulose [29,30]. The diﬀraction
peaks of CMK-3/S sample could be mainly designated to sulfur. After
cellulose wrapping of the CMK-3/S composite and decoration with the
carbon black, there are no signiﬁcant diﬀerences in the XRD patterns of
the CMK-3/S and Cellulose(CMK-3/S)CB composites, except for the
two characteristic peaks of cellulose, indicating that the electrospinning
process did not induce any structural changes to the CMK-3/S
composite. However, the intensities of sulfur peaks weakened indicating that the sulfur was highly dispersed inside these composite
materials. In order to study the interaction between the CMK-3/S
composite, cellulose and carbon black, Raman information is presented
in the Fig. 2b. Peaks observed at around 1350 cm-1 and 1590 cm-1 are
assigned to the D band (correspond to disordered/defective graphitic
structures) and G band (attributed to the tangential vibration of the
carbon atoms) of carbon based materials [31]. The bands at about
1100 cm-1 and 1380 cm-1 from the spectrum are characteristic bands
from cellulose [32], and one peak at around 1100 cm-1 could be
observed clearly in the Cellulose(CMK-3/S)CB composite, while another peak at around 1380 cm-1 overlaps with the D band of CMK-3
and carbon black. Sulfur bands mainly concentrated at the Raman
shifts below 500 cm-1. However, these bands could not be observed
when the sulfur was combined with CMK-3, suggesting that the sulfur
has been impregnated into the mesoporous carbon matrix [33]. The
intensity ratio of D band and G band (ID/IG) could be used to evaluate
the defects present in carbon nanomaterials. The value of ID/IG has
increased from 0.94 (CMK-3) to 1.02 (CMK-3/S), which also indicates
391
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Fig. 3. (a) CV plots of Li-S batteries with the Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode. (b–c) Comparison of the peak potentials and onset potentials of the
Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode during the redox process.

active material (sulfur), the transport of electrons from cellulose to
sulfur in the Cellulose(CMK-3/S)CB freestanding electrode (Rint:
23.48 Ω) is a little slower than the transport of electrons from the Al
foil current collector to sulfur in the CMK-3/S electrode (Rint: 4.16 Ω).
Besides, the cellulose shell also causes a slight increase in the interface
resistance between the inner conductive agent (CMK-3) and the
electrolyte.
The electrochemical performance of the Cellulose(CMK-3/S)CB
freestanding electrode was studied by galvanostatic charge/discharge
tests under diﬀerent rates up to 3 C (1 C = 1675 mA g–1). For the
control, we used the CMK-3/S electrode. Fig. 4a shows the rate
performance of the electrodes. Under low current conditions of 0.2 C,
the Cellulose(CMK-3/S)CB freestanding electrode exhibits a discharge
capacity of above 1200 mA h g−1, while the CMK-3/S electrode shows a
discharge capacity of ~ 1100 mA h g−1. With the increase of the current
rate, speciﬁc capacities of ~ 991, ~ 915, ~ 864, ~ 617 and ~ 435 mA h
g−1 were obtained at ~ 0.5 C, ~ 0.8 C, ~ 1 C, ~ 2 C and ~ 3 C rates,
respectively, indicating the reversible charge/discharge capability over
a wide range of operating current densities. When the rate was brought
back to ~ 1 C after high current density testing, the speciﬁc capacity of
the Cellulose(CMK-3/S)CB electrode went back to ~ 878 mA h g−1,
which is close to the initial value (864 mA h g−1) at 1 C current density,
indicating a good reversibility. We noticed that the speciﬁc capacity of
the CMK-3/S electrode (~ 509 mA h g−1) is larger than that of the
Cellulose(CMK-3/S)CB freestanding electrode at very high current
density (e.g. 3 C). This is due to the slightly lower electrical conductivity
of freestanding Cellulose(CMK-3/S)CB compared to the CMK-3/S
electrode, as the cellulose shell only contributes to ionic conduction
and not to electron conduction. Further, lithium ions can react with the
active sulfur material directly in the CMK-3/S electrode without
passing through the cellulose shell. The CV results (Fig. 3) have also
veriﬁed this as the reaction kinetics lags in the battery with the
Cellulose(CMK-3/S)CB freestanding electrode. The galvanostatic
charge/discharge curves for the Cellulose(CMK-3/S)CB freestanding
electrode are displayed in Fig. 4b. The typical two-stage discharge
behavior corresponds to the reduction of sulfur into high-order lithium
polysulﬁdes (Li2Sx, 4 ≤ x ≤ 8) at the high plateau and the conversion of
Li2Sx (3 ≤ x ≤ 8) to Li2S2/Li2S at the lower plateau [42], which agrees
well with the CV results (Fig. 3a). Due to the increased over-potential
with large kinetic barriers caused by the conduction mode of
Cellulose(CMK-3/S)CB electrode and the porous electrode material
(CMK-3 mesoporous carbon) [43], separations between the discharge
plateaus and charge plateaus were enlarged with increased current
density. The cycling performance of the battery with the

two-step conversions of sulfur into high-order lithium polysulﬁdes
(Li2Sx, 4 ≤ x ≤ 8) and high-order lithium polysulﬁdes into Li2S2/Li2S,
respectively. In the oxidation process, one merged peak could be
observed, which suggested lithium sulﬁdes (Li2S2/Li2S) converted back
to soluble lithium polysulﬁdes (Li2Sx, 4 ≤ x ≤ 8) and then ﬁnally to
sulfur [7]. We further analyzed the peak-potential (Fig. 3b) and onsetpotential (derived by using the tangent method [38], Fig. 3c) obtained
using CV. For the ﬁrst reduction process (sulfur reduced into highorder lithium polysulﬁdes), the onset-potential (2.26 V) and peakpotential (2.19 V) of Li-S battery with the Cellulose(CMK-3/S)CB
freestanding electrode is smaller than those of Li-S battery with
CMK-3/S electrode (2.38 V and 2.24 V), which indicates a reaction
lag in the battery with the Cellulose(CMK-3/S)CB freestanding electrode. This is mainly due to the fact that the CMK-3/S composite has
been encapsulated in the core structure of cellulose instead of being
exposed to the electrolyte as the CMK-3/S electrode. It therefore takes
some time for the electrolyte to pass through the internal surfaces of
the cellulose shell, and hence the lag [17]. With respect to the oxidation
reaction, onset-potential (2.24 V) and peak-potential (2.35 V) of the
battery with the Cellulose(CMK-3/S)CB freestanding electrode are
smaller compared to those with the CMK-3/S electrode (2.34 V and
2.52 V respectively). At the same time, the slopes of Tafel plots
(Supporting information, Fig. S3) in the reduction and oxidation
reaction do not show an obvious change, indicating that sulfur redox
mechanisms still remain the same [39]. Therefore, the presence of
cellulose does not aﬀect the sulfur lithiation/delithiation reaction
mechanisms. We have also increased CV scans of batteries with
Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode
as shown in Fig. S4. For the battery with Cellulose(CMK-3/S)CB
freestanding electrode, from the second cycle, the main reduction
peaks and oxidation peak position remains almost unchanged and CV
curves exhibit similar shapes, indicating the good reversibility. While
for the CMK-3/S electrode, the decrease of the peak intensity and
integral areas from the second to the third cycle, indicate the presence
of irreversible reactions.
Electrochemical impedance spectroscopy (EIS) was used to analyze
the electrochemical reaction kinetics to conﬁrm whether or not the
Cellulose(CMK-3/S)CB structure could provide good electronic and
ionic transport pathways. Nyquist plots of Li-S battery with
Cellulose(CMK-3/S)CB electrode and CMK-3/S electrode are qualitatively similar (Fig. S5) with a typical semicircle in the high medium
frequency region and an inclined line at low frequencies. Fitted
resistance values for the equivalent circuit elements [40,41] are shown
in Table S1. Due to existence of the cellulose shell, which wraps the
392
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Fig. 4. Electrochemical properties of Li-S batteries with Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode. (a) Rate properties at diﬀerent current densities (1 C =
1675 mA g-1). (b) Galvanostatic charge/discharge proﬁles of the third cycle under diﬀerent rates within a potential window of 1.5–2.8 V vs. Li+/Li for Li-S battery with the
Cellulose(CMK-3/S)CB freestanding electrode. (c) Cycling stability and decay rate per cycle at a current density of 0.5 C. (d) High plateau and (e) low plateau discharge capacities for
Cellulose(CMK-3/S)CB and CMK-3/S electrodes over extended (long-term) cycling.

sulfur has been conﬁned eﬀectively by the core-shell structure. The soft
nature of cellulose could also provide suﬃcient space to accommodate
the large volume change of sulfur during cycling. During the charge and
discharge processes, sulfur has been protected by the cellulose shell,
which will alleviate the dissolution of the soluble lithium polysulﬁdes.
It should be noted that the mesoporous structure of CMK-3 solely is not
enough to prevent sulfur loss in the CMK-3/S composite electrode. In
Fig. 4d and e, we have analyzed and plotted the high plateau (around
2.2 V) and the low plateau (around 2.0 V) capacity contributions to the
total discharge capacity over extended cycling of the Cellulose(CMK-3/
S)CB and CMK-3/S electrodes. The high plateau capacities at diﬀerent
cycle numbers (Fig. 4d) for the Cellulose(CMK-3/S)CB freestanding

Cellulose(CMK-3/S)CB freestanding electrode and CMK-3/S electrode
are shown in Fig. 4c. The Coulombic eﬃciency in each charge/
discharge cycle is also plotted. The Cellulose(CMK-3/S)CB and CMK3/S electrodes delivered an initial capacity of ~ 959 and ~ 961 mA h g−1
at 0.5 C, respectively. Interestingly, after 300 cycles, the reversible
capacity of the Cellulose(CMK-3/S)CB freestanding electrode remains
at around ~ 660 mA h g−1 with a Coulombic eﬃciency of around 99%,
demonstrating a capacity decay rate of only ~ 0.12% per cycle. By
contrast, the discharge capacity of CMK-3/S electrode changes from ~
961 mA h g−1 to ~ 338 mA h g−1 with a capacity decay rate as high as ~
0.35% per cycle after 300 cycles. This reduced capacity decay of the
Cellulose(CMK-3/S)CB freestanding electrode is due to the fact that the
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Fig. 5. Schematic illustration of the stress (Von Mises stress) of a Cellulose/S coaxial structure. a) Before lithiation and b) after lithiation.

up. This has been demonstrated by the electrode cycling performance;
after 300 discharge and charge cycles, the reversible capacity of the
Cellulose(CMK-3/S)CB freestanding electrode still remains at around
660 mA h g−1 with a Coulombic eﬃciency of around 99%, demonstrating a capacity decay rate of ~ 0.12% per cycle. This work demonstrates
the potential of using cellulose based core-shell structures to develop
advanced electrode materials with improved electrochemical stability
for Li–S batteries.

electrode are much more stable as compared to the CMK-3/S electrode
due to physical conﬁnement brought by the coaxial nanocable structure
of the cellulose tube,. We also found that the low plateau capacity
(which corresponds to conversion from lithium polysulﬁdes to lithium
sulﬁde) for the Cellulose(CMK-3/S)CB freestanding electrode is also
more stable (Fig. 4e), which conﬁrms that the diﬀusion of lithium
polysulﬁdes are eﬀectively suppressed by the cellulose shell.
The large volumetric expansion of sulfur could be up to ~ 80% after
lithiation (Li2S), which will also cause stress concentration inside the
tube. In order to have a better understanding of the beneﬁts of using
cellulose ﬁber as a soft substrate to conﬁne sulfur volume expansion
after lithiation, we carried out a detailed ﬁnite element analysis to
calculate the Von Mises stress distribution in the cellulose hollow ﬁber
(Fig. 5) and that in a rigid matrix (such as carbon nanotube, Supporting
information, Fig. S6). The Von Mises stress (σv ) is given by:

σ 2v =

1
[(σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2]
2
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Appendix A. Supplementary material

(1)

where σ is the Cauchy stress, which can be written as follows, based on
the assumption of linear elasticity:

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ensm.2018.08.019.
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