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ARTICLE INFO ABSTRACT

Lithium-sulfur (Li-S) battery is next generation battery technology but it’s commercialization is obstructed
primarily due to the shuttling effect of lithium polysulfides (LiPSs). Herein, we report an effective approach
using pencil coated pyrolyzed cellulose filter paper as an interlayer to suppress the LiPSs dissolution into the
electrolyte and thus allowing effective utilization of active sulfur cathode. Here, the binder clay particles (mainly
Si0,) of pencil graphite facilitate the adsorption of LiPSs, whereas graphite increases the electrical conductivity
and acts as a physical barrier to LiPSs. To investigate further, we utilize three different grades of pencil (4B, HB,
5H) which vary in terms of clay (SiO,) composition. It is observed that the HB pencil coated interlayer has the
right balance of silica and graphite, which results in an impressive initial capacity of 1352 and 995 mAh g~ ! at
the current density of 0.1 and 0.5 A g™, respectively. The cell exhibit high cycling stability of 900 mAh g~ * at 1
A g~ (3.0 C) for 350 cycles with a slow capacity decay of 0.07% per cycle. The phenomenon of LiPSs adsorption
is further understood using post-cycling analysis, H-cell adsorption testing, and shuttle factor calculation for the
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development of commercial Li-S batteries.

1. Introduction

Lithium-sulfur (Li-S) battery is presently considered as one of the
most promising candidate to replace conventional lithium-ion battery
due to the high theoretical specific capacity (1675 mAh g~ ') and spe-
cific energy density (2500 Wh kg_l) of sulfur cathode [1]. In addition,
sulfur is one of the most abundant element on the Earth besides being
environment-friendly, low cost, and moreover, meets all the require-
ments of renewable and clean energy [2]. Even though sulfur has in-
numerable benefits, commercialization of Li-S battery is challenging
because of dissolution of higher-order polysulfide (Li»S,, 4 < x < 8) in
an organic electrolyte and its poor conductivity (i.e. 5 x 1073° S
cm ™ 1) [3], which leads to low columbic efficiency and short-cycle life
[4-6]. Further, lower-order polysulfides (Li»Sy, 2 < x < 1)i.e., lithium
sulfide Li»S, and/or Li,S, exhibit poor electronic and ionic conductivity
which forms sluggish kinetic process and poor utilization of active
material. Additionally, the volume changes during cycling due to dif-
ferent density of sulfur and Li,S lead to internal strain and unstable
interfaces in electrochemistry [7,8].

Over the past decade, researchers have made significant efforts to

overcome these hurdles and have come up with various approaches like
the use of conductive carbon—sulfur composites to resolve poor con-
ductivity [4], metal oxide additives, and protective interlayers for
trapping polysulfide, etc. [9]. To impede the shuttle effect, the diffusion
mechanism of polysulfide can be suppressed by physical and chemical
trapping. The different carbon materials like carbon nanotubes, carbon
nanofibers, carbon nano-spheres, graphitic carbon nano-cages, and
different polymers can restrict the polysulfides by physical trapping
[10]. The polysulfide suppressing by chemical adsorption is also pos-
sible in these carbon materials by the doping of heteroatoms such as
nitrogen [11], boron [12], boron-nitrogen [13], nitrogen-boron-oxygen
[14], etc. [15]. There are various approaches that serve for chemical
and physical suppressing of polysulfides such as core-shell morphology
[16], hybrid sponge structure [17], and electrode modification by a thin
coating layer over the electrode [18-20]. The modification of electrode
and different morphologies improve the electrochemical performance
but it affects the active mass loading that leads to a reduction in the
energy density of the battery [2]. Therefore, the modification of se-
parator and introducing an interlayer is a better solution to suppress the
polysulfides without reducing the active material (Sulfur) of the
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electrode [21]. Separator is an important component of the battery,
which provides path to ions and also prevent direct contact between
cathode and anode, hence avoid short circuit. However, it is observed
that the direct coating of conducting nanomaterials over the separator
leads to short circuits [21]. Thus introduction of an interlayer between
cathode and separator emerges out to be the best solution for poly-
sulfide trapping, and volume expansion [22-25]. The active site of
conductive and porous interlayer helps in the conversion of polysulfides
(high order to lower-order polysulfides), and also serves as the upper
current collector to improve the electron movement [21]. Further, in-
terlayer acts as buffer additive for sulfur and also facilitates in over-
coming volume expansion [6]. Manthiram etal.’s [2] work opened up
the broad field of conductive and porous carbon interlayer which in-
cluded multi-walled CNT, meso-microporous and functionalized carbon
for Li-S battery [21]. Many groups explored the different materials for
interlayer which include graphene on polypyrrole [26], bacterial cel-
lulose derived nanofibers [27], polypyrrole nanotube mesh [28], acet-
ylene black mesh [29], nitrogen-doped graphene [11], and few more.
Oxides are also well known for polysulfide adsorption due to the fact
that sulfur has an affinity towards the oxygen present in metal oxides
[30]. David Sichen Wu et al. demonstrated a quantitative analysis of
various oxides i.e. Vo0s, MnO,, V503, TiS, and FeS, signifying their
strong interactions with polysulfide [31]. Sarish Rehman et al. ex-
plained that Si/SiO, can anchor the movable and soluble polysulfides
and trap them within its hybrid spheres via chemical binding and re-
duce the active mass loss [32]. The hybrid spheres of SiO, desorb the
trapped polysulfides during oxidation, making them accessible as active
sulfur cathode material. SiO, also facilitates uninterrupted electron
supply through a micro-mesoporous carbon shell which further im-
proves the electrochemical stability, resulting in enhanced reversible
storage capacity [15]. Xiang et al. demonstrated the suppression of
polysulfides by both physical as well as chemical interaction with me-
soporous silica structure and reported the electrochemical performance
of 574 mAh g~ ! at 4C by enhancing the Li-ion transport and electrolyte
wettability. Aswathy Raghunandanan et al. demonstrated the surface
modified graphite paper matrix with high sulfur loading exhibiting
good coulombic efficiency and rate capability [33]. There are also other
studies, which prove the effective behavior of graphite and silica to trap
the polysulfides.

Herein, we present a facile, economic, binder-free, and freestanding
hierarchical pencil graphite coated pyrolyzed cellulose paper as an in-
terlayer. The pencil graphite is composed of graphite and clay (mainly
SiO, [34]) whose ratio varies with the grade of pencil (4B, HB and 5H).
We studied the electrochemical performance of Li-S cell with an in-
terlayer (IL) fabricated using different grades of pencil (XX) over the
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cellulose filter paper (CP) i.e. (Py_XX_CP_IL). The hierarchical structure
of interlayer due to graphite and silica particles (from the pencil) over
micron sized cellulose fibers provides the active sites to trap poly-
sulfides and at the same time, provides conductivity for effective uti-
lization of active material i.e. sulfur. Furthermore, we have performed
the first principle calculation based on density functional theory (DFT)
to investigate the interaction between polysulfides and graphite/silica
structures (present in interlayer). Li-S battery with Py_HB_CP_IL exhibits
an initial capacity of 1352 mAh g~ ! and 995 mAh g~ ! at the current
density of 100 and 500 mA g~ ! respectively which is significantly more
than Py 4B_CP_IL and Py 5H_CP_IL respectively. The electrochemical
impedance spectroscopy (EIS) studies also provide an evident proof that
charge transfer resistance is less in the case of Py_HB_CP_IL pencil grade
as compared to Py_4B_CP_IL and Py_5H_CP_IL. The prominent reason for
the difference in electrochemical performance may be due to the stoi-
chiometric ratio of graphite and silica present in different grades of
pencil. Hence, all the further physical and electrochemical character-
ization have been performed with Py HB_CP_IL. To study the effect of
pencil coating, the electrochemical results of Py HB_CP_IL are also
compared with only pyrolyzed cellulose paper interlayer (Py_CP_IL) and
without interlayer.

2. Experimental section

2.1. Electrode preparation, fabrication of pyrolyzed pencil coated
interlayers and preparation of polysulfide solution

2.1.1. Electrode preparation

To prepare the cathode, sulfur (Sigma Aldrich), super P carbon
black (TIMCAL) and polyvinylidene fluoride (PVDF) (Kynar, Japan)
were grinded in 70:20:10 wt ratio for 2 h. N-methyl pyrrolidone (NMP)
(Sigma Aldrich) solvent was used to prepare cathode slurry, which was
coated uniformly over stainless steel (SS) (MTI Corporation, CA, USA)
collector with a thickness of 10 um. Sulfur electrodes were placed in a
vacuum oven at 60 °C for 12 h after evaporation of solvent at room
temperature.

2.1.2. Fabrication of pyrolyzed pencil coated interlayers

The commercially available pencil of different grade i.e. 4B, HB, 5H
is coated uniformly on one side of the cellulose filter paper of 12.5 cm
diameter, 180 pum thickness and pore size 11 pm (Whatman Grade 1,
Sigma Aldrich). The cellulose paper and pencil coated cellulose paper
are loaded in the high temperature furnace (Nabertherm) and pyr-
olyzed at a rate of 2 °C min~' at 350 °C for 30 min and 900 °C with a
rate of 5 °C min~*! for 1 h under an argon (Ar) atmosphere at flow rate
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Fig. 1. Schematic for (a) fabrication of interlayer and, (b) Li-S cell assembly with interlayer.



P. Rani, et al.

Applied Surface Science 533 (2020) 147483

Intensity (a.u.)

D- band

a b C 23
) Ca G band _
SH % 24
2D band g
3
- >
D-band || 'o/la=0-16

D-band G- band

1,090 oo

G- band

300 600 900 1200 1500
Specific capacity mAh 9'1)

——HB

Voltage (V)

300 600 900 1200 1500
Specific capacity mAh g1,

4B

2D band

Voltage (V)

500 1000 1500 2000 2500 3000 3500
Wavenumber (cm”)

300 600 900 1200 150
Specific capacity mAh g'1)

Fig. 2. (a) The adsorption studies using different pencil grade powder (5H, HB, and 4B), (b) Raman analysis of the fabricated interlayers using a different grade of
pencil, and (c) Comparative galvanic charge-discharge curves at 0.1 mA g~ ! current density for different grade of pencil.

of 0.5 cc. The pyrolyzed sheet was cut into a 19 mm diameter using disk
cutter to use as an interlayer and placed in between sulfur cathode and
separator. The weight of interlayer was maintained the same
(0.16 mg cm~?) for all the pencil coated interlayer samples (Fig. 1a).

2.1.3. Preparation of polysulfide solution for adsorption studies

Sulfur and Li,S (Sigma-Aldrich) were added to Dioxolane (DOL) and
Dimethoxyethane (DME) (Sigma Aldrich) with (1:1 in volume) to form
a molar ratio of 5:1. The solution was stirred for 12 h at 80 °C under Ar-
atmosphere [27].

2.2. Structural and chemical characterization

Structural characterization of the material was conducted by field
emission scanning electron microscopy (FESEM) (JEOL-JEM-
2011(200KV)) and transmission electron microscopy (TEM) (JEOL-
JSM-700F). Raman spectra (WITec Raman spectroscopy) was obtained
by using green laser excitation (A = 532 nm with excitation energy of
2.33 eV). The specific surface area and pore size distribution of inter-
layers was analyzed using N, adsorption isotherms (Autosorb iQ,
Quantachrome, USA). The absorbance of polysulfide was measured
using UV-vis spectrometer (UV 3092; LabIndia Analytical Pvt. Ltd.). X-
ray diffraction (PANalyticaX’pert pro-X-ray diffractometer) of the
sample was recorded with Cu-Ka radiation (A = 0.154 nm) source.

2.3. Li-S cell assembly and electrochemical testing

Sulfur cathode electrode and freestanding graphite coated pyr-
olyzed cellulose filter paper interlayers were dried in a vacuum oven for
an hour at 60 °C. The CR2032 coin-type cell was assembled with sulfur
cathode, interlayer (the coated side facing towards sulfur cathode),
polypropylene separator (Celgard 2500), lithium anode (Sigma Aldrich)
and stainless steel spacer with spring in an argon-filled glove box
(Mbraun, O, < 0.1 ppm, H,O < 0.1 ppm) (Fig. 1b). Electrolyte
(10 pl) was drop cast over polypropylene separator, containing 1 M Bis

(trifluoromethylsulfonyl)amine lithium salt (LITFSI) in DOL: DME
(1:1 vol ratio) and 0.1 M LiNOj as electrolyte additive. The weight of
sulfur cathode for Py_4B_CP_IL, Py_ HB_CP_IL, and Py_5H_CP_IL cell was
1.86, 1.85 and 1.90 mg respectively. Cyclic voltammetry (CV) was
conducted at scan rate of 0.1 mV s~ in voltage range of 1.7 to 3.0 V
(vs. Li/Li™). The EIS was performed at frequency range of 0.1 Hz-
0.1 M Hz with disturbance amplitude set at 10 mV. All the electro-
chemical testing was carried out using Biologic VSP 300 electro-
chemical workstation at ambient room temperature.

2.4. Calculation method

The structure optimization and thermodynamic energy calculations
were performed using Gaussian 09 software package with the B3LYP/
STO-3G level of theory, reported in the previous work [35-41]. The
total binding energy (AEr) between polysulfides and graphite/silica
structures was computed using the following equation.

AET = Epsiar/sio, — (EGr/SiOZ + EPS)

where Eps . 6r/sio2 Eps, and Eg,/sio2 are the total ground state energies
of polysulfide adsorbed on graphite/silica structure, polysulfide struc-
ture, and bare graphite/silica structures, respectively.

3. Result and discussion

As discussed in previous section and shown in schematic Fig. 1(b),
the fabricated hierarchical nanostructured interlayer embedded with
graphite and silica particles was placed in between separator and sulfur
cathode. The graphite coated side of the interlayer was faced towards
the cathode. We used three grades of pencil i.e. 4B, HB, and 5H to
understand the effect of graphite and clay (silica) content present in
pencil-coated interlayer.

The variation of graphite and clay with the pencil grade is provided
in Table S1. 4B pencil contains a higher percentage (79%) of graphite
compared to HB (68%) and 5H (52%) [42]. However, silica content in
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4B pencil (15%) is lower than HB (26%) and 5H (42%) [43]. Poly-
sulfide adsorption test was performed with fine powder of different
pencil grades (1 mg) dispersed in lithium polysulfide (Li,Se) solution as
depicted in Fig. 2(a). A clear solution in the vials after 24 h, evidently
shows that all pencil grades tend to absorb the polysulfides. However, it
was observed that the adsorption was faster in the case of 5H due to
high content of clay (silica), as compared to 4B and HB pencil. Raman
spectra analysis confirmed the graphite content present on the pencil
coated side of (Fig. 2(b)) cellulose fibers. It shows three distinctive
peaks at ~1350, ~1580, and ~2752 cm ™' corresponding to D-band, G-
band, and 2D-band, respectively. D-band stands for A;g stretching vi-
brations which relates to the disorder and structural defects present in
carbon [44]. G-band indicates the vibration of sp2 bonded carbon atom
[45]. The typical 2D peak confirms the few-layered structure of gra-
phene [46]. The calculated Ip/Ig ratio of 4B, HB, and 5H pencil on
cellulose paper is 0.16, 0.90, and 0.18, respectively. The Ip/Ig ratio of
HB interlayer represents higher degree of disorder in carbon atom
compared to 4B and 5H [47]. The galvanic charge-discharge test was
performed at 100 mA g~ ! to quickly check the electrochemical per-
formance of cells fabricated using different interlayers i.e. 4B, HB, 5H.

The graph (Fig. 2(c)) shows typical two plateau behavior of sulfur
cathode which correspond to the formation of higher-order polysulfide
i.e. long-chain formation (Li»Sx (8 = X = 4)) at 2.3 V and lower order
polysulfide i.e. short-chain formation (Li»S, and Li,S) at 2.1 V. As
fabricated Li-S cells exhibits specific capacity of 1101, 1352, and 1173
mAh g~! at 100 mA g~ current density with coulombic efficiency of
76%, 95%, and 79% for Py _4B_CP_IL, Py HB CP_IL, and Py_5H_CP_IL,
respectively. Also, 780, 980 and 838 mAh g~ ! at 500 mA g~ ! current
density respectively as shown in Fig. S1. Thus, Py_HB_CP_IL prevents
shuttling of polysulfide and shows better performance in terms of spe-
cific capacity with coulombic efficiency of 95%. This can also be related
to the lower charge transfer (Rcr) and solution resistance (Rg) of
Py HB_CP_IL (10.69 and 15.39 Q) compared to Py_4B_CP_IL (13.35 and
17.27 Q) and Py_5H_CP_IL (15.91 and 22.15 Q) as shown in Table S1
and Fig. S2. The enhanced performance of Py HB_CP_IL interlayer
motivates us to investigate it further using various micro-imaging,
structural and electrochemical characterizations. Further, we compare
the electrochemical performance of Py HB_CP_IL with pyrolyzed cellu-
lose paper (Py_CP_IL) interlayer and without interlayer (W/o_IL) for Li-S
cell.

The first principle calculations based on DFT are used to investigate
the interaction between polysulfides and graphite/silica structures
(present in interlayer). To represent the graphite system, a carbon sheet
composed of 7 benzene rings and silica (SigO;() was used in the present
study. A hydrogen atom terminated the edge atom of silica and graphite
structure. Fig. 3a, b shows the optimized structure of graphite, silica
and graphite/silica interaction with polysulfide (Li»S4). Initially, each
structure was individually optimized and then their interaction system
(graphite/silica interaction with polysulfide (Li»Ss, LisSe, LinS4)) was
fully optimized at the B3LYP/STO-3G level of theory. Fig. S3 shows the
final optimized structure of graphite/silica interaction with polysulfide
(Lizs6 and LizSg).

The calculated interaction energy between various polysulfides
(Li»Ss, LixSe, and LixS4) with graphite and silica is depicted in Fig. 3c.
Here, greater the (negative) interaction energy AE; (kJ/mol) means
stronger interaction of polysulfide with graphite/silica structures and
thus is thermodynamically preferred.

The calculated binding energy of polysulfides with silica structure is
—544.2, —375.9, and —470.7 KJ/mol for Li,Sg, Li»Se, and LiyS4, re-
spectively. Whereas, the binding energy of graphite with polysulfides is
—26.25, —52.5 and —78.76 KJ/mol for Li,Sg, LizSe and Li,S, re-
spectively. This calculated result demonstrated that the adsorption
properties of silica material towards soluble polysulfide is thermo-
dynamically favorable and stable compared to the carbon-based gra-
phite material. This could be due to the polar nature of silica material
over the non-polar nature of graphite [32,48]. This polar nature of silica
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will help the chemical anchoring of lithium polysulfide and prevent its
dissolution [49]. However, the electrical conductivity of graphite is in
the order of 10-10* S em~?! [50] and for silica is 5 x 1072 S em ™!
[51]. Thus, the graphite provides much necessary conductive support to
the interlayer (required for polysulfide reduction) whereas silica pro-
vide polysulfide adsorption. Therefore, this pencil-based interlayer is
designed as a preferred combination of silica and graphite, which will
provide efficient adsorption sites (from silica) for polysulfide, and
provides the conductivity to trapped polysulfides (from graphite) to
significantly facilitate the oxidation of Li,S back to sulfur.

3.1. Physiochemical characterization

As investigated further, the hierarchical morphology of Py HB_CP_IL
is confirmed with SEM and TEM micrograph as shown in Fig. 4. The
side of interlayer without coating has cellulose derived hollow micro
carbon fibers shown in Fig. 4(a). Uniform coating of graphite and SiO,
particles over the carbon fibers can be noticed on the other side (with
pencil coating) of interlayer in Fig. 4(b). The elemental mapping con-
firmed homogeneous distribution of carbon, oxygen, and silicon
throughout the interlayer (Fig. 4(c)). Carbon in the form of graphite
provides conductivity to reduce higher-order polysulfides to lower-
order polysulfide [43]. The enhanced surface area can also serve the
volume expansion during the discharging in the conversion of Sg to Li,S
[71.

Crumpled graphite sheets with silica nanoparticles can be observed
in TEM micrograph as shown in Fig. 4(d) [52]. This structure includes
graphite sheets, and silica nanoparticles [34,53] from pencil and carbon
microfiber (Fig. 4(e)) from cellulose filter paper. The hierarchical
structure of carbon microfiber with graphite sheets and silica nano-
particles on its surface can be further confirmed from Fig. 4(e, f). The
turbostratic carbon nanostructure derived from organic carbon (i.e.
cellulose fibers) can be observed in Fig. 4(f), with a lattice spacing of
0.33 nm [54]. This nanostructure will help to provide electrical con-
ductivity via nanoscale aromatic linkage [55].

X-ray diffraction pattern of the Py_HB_CP_IL interlayer with a pro-
minent graphitic peak at 26.7° and the remaining diffraction peaks of
silica (JCPDS file: 046-1045) can be observed from Fig. 5(a) [56]. FTIR
analysis of Py HB_CP_IL confirmed the presence of O—H, C—H, C—O,
C=O0, C—H stretching at 3427 2962, 1260, 1022 and 787 cm ™}, re-
spectively, as shown in Fig. 5(b) [53].

These functional groups provide chemical affinity towards poly-
sulfides, hence help in polysulfide trapping [57]. The peaks at 1404,
1092, and 687 cm™! are attributed to stretching vibrating of Si—O,
Si—0—Si, and Si—O groups of siloxane respectively which confirm the
presence of silica [53,58-60]. A distinct hysteresis loop can be identi-
fied (i.e., Type-IV) from N, adsorption—desorption isotherm which in-
dicates the mesoporous structure present in interlayer as shown in
Fig. 5(c). The Py HB_CP_IL has BET surface area of 440.3 m* g~ ! and
average pore size of 3.3 nm (Fig. 5(d)). The micro and mesopores
present in the interlayer are considerably effective to trap polysulfides
because the bond length of Li-S, S-S, and long-chain polysulfide is
~2 nm [21]. The high surface area not only provides ample porous
structure to accommodate more sulfur but also provides the copious
adsorption and catalytic sites for the polysulfides, thus considerably
improving both the specific capacity and cycling performance of Li-S
batteries.

3.2. Electrochemical performance

The Li-S cell was fabricated to compare the electrochemical per-
formance of Py_HB_CP_IL with Py_CP_IL and without any interlayer (W/
o_IL). Fig. 6(a) shows CV for all three cases; the traditional cathodic
peaks were observed at 2.31, 2.33 and 2.3 V, respectively which cor-
respond to the transition of Sg to higher ordered polysulfide Li,Sy
(4 < x < 8)such as LiySy, LisSe, LisSg [28]. Further, cathodic peaks at



P. Rani, et al.

Applied Surface Science 533 (2020) 147483

a. Interaction energy calculation between polysulfide (Li,S,) with graphite

Li,S,

Pristine Carbon (C)
E+E ixss

Carbon/Li,S,

Ec Li2s4

A€ =-78.7 ku/mol

b. Interaction energy calculation between polysulfide (Li,S, ) with silica

'Y

i)

#@a@&

) Li,S,

Silica
EilicatEvizsa

N $AE=-470.7 ki/mol

c. Calculated Interaction energy between polysulfides (Li,S, Li,Sg Li,Sg) with graphite and silica

= 0 o= 0 = 0

5 5 J 3 —J

E L E E

2 -150 2 -150 2 -150

> > > ;

(o)) (=] 3 s (=]

o -300 ; E s00] TN E -300] ¢ ’/J\f&

c 3 5

i g ‘\ i ? o w0 | j‘

g, 450 B =9 g 450 3<‘33>J 'g'j 450 K&\‘

= Li,S, B Li,S¢ g Li,Sg

o - . . @ 600 . . o 600 — -
o0 Graphite Silica Graphite Silica Graphite Silica

Fig. 3. DFT calculations: (a) a schematic representation of interaction energy calculation between polysulfide (Li»S4) with graphite, (b) a schematic representation of
interaction energy calculation between polysulfide (Li»S4) with silica, and (c) calculated interaction energy between polysulfides (Li»S4, Li»Se, LioSg) with graphite

and silica structure.

2.01, 2.03 and 1.9 V respectively correspond to reduction of higher
ordered polysulfide to the lower-order polysulfides Li>S, (4 < x < 1)
such as Li»S,, Li»S [28] The consequent anodic peak shows the broad
two-step peak associated with the formation of intermediate products
during the reverse conversion from Li,S to Sg [2]. The rate capability is
investigated at different densities of 0.1, 0.5, 1 and 2 Ag ™ 1 as shown in
Fig. 6(b). In the case of the W/o_IL, the cell exhibited a very low ca-
pacity of 388, 203, and 127 mAh g~ ! at 0.1, 0.5, 1 A g™ !, respectively
which maybe because of less utilization of active material. In the case of
Py_CP_IL, the cell showed discharge capacity of 890, 562, 430, and 196
mAh g~! at 0.1, 0.5, 1 and 2 A g~ 1, respectively. However, initial
discharge capacities of Py_ HB_CP_IL are much improved and are 1346,
969, 862, and 710 mAh g~ ' at 0.1, 0.5, 1 and 2 A g, respectively with
the same discharge capacity during back cycling. The cyclic stability of

the cells was carried out at a current density of 1A g~ for 350 cycles as
shown in Fig. 6(c). Py_HB_CP_IL cell showed a capacity of 725 mAh g~ 1
with a capacity retention of 90% after 350 cycles. Whereas Py_CP_IL cell
delivered a capacity of 199 mAh g~ ! over 140 cycles with columbic
efficiency of 84%. This clearly shows that the Py_CP_IL has not been
effective due to less active sites to trap polysulfides as compare to
Py _HB_CP_IL. The EIS was performed before and after cycling as shown
in Fig. 6(d). The high-frequency region indicates electrolyte resistance
(Ry) of the cell. The semicircles at the high-frequency region represent
the charge transfer resistance (R.;) [61]. The Py_HB_CP_IL offers the low
charge transfer resistance compared to the Py_CP_IL interlayer cell as
shown in Table S2. This could be due to the graphite wrapped around
the carbon cellulose fibers, which improved the conductivity of the
structure. Although, silica particles are insulating in nature, but an
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optimum ratio of graphite and silica nanoparticles in HB pencil over-
came this issue. Thus, the micro range carbon fibers with silica nano
range particle and graphite as an additive interact favorably to reduce
the overall charge transfer and diffusion resistance that further improve
the electrochemical performance of the cell. Thus, Py_ HB_CP_IL cell
showed enhanced electrochemical performance by overcoming the
shuttling of polysulfides from cathode to anode.

Furthermore to quantify this shuttling effect, we have calculated the
shuttle factor as proposed by Mikhaylik et al. [62] and is shown in
Fig. 6(e). Here, higher value of the shuttle factor indicates more poly-
sulfide shuttling. The shuttle factor of Py _HB_CP_IL cell (Fig. 5(e)) for
350 cycles at the current density of 1A g~ is found to be in between 0.2
and 0.25 however in case of PY_CP_IL, it is calculated to be in the range
of 0.2 to 0.5. The low shuttle factor in the case of Py HB_CP_IL clearly
indicates that the HB pencil coated interlayer is serving its purpose
because of the silica and graphite present in it.

We have then performed FESEM and EDX post cycling (after 350
cycles) to confirm the trapping of polysulfides in the interlayer as
shown in Fig. 7. FESEM micrograph clearly shows that the interlayer’s

fibers were intact even after long cycling (Fig. 7(a, b)). The EDX ana-
lysis showed that the cathode facing side of interlayer has 11.2% of the
elemental sulfur whereas on the opposite side, it’s only 1.2%. This
confirms that the interlayer efficiently trapped the polysulfides by not
allowing them to pass through it. To further prove the effective role of
Py _HB_CP_IL in prohibiting the diffusion of polysulfides, we have per-
formed a polysulfide permeability test using a H-cell setup. The test was
performed with Py_HB_CP_IL and W/o_IL as shown in Fig. 8. Left side of
the H-cell setup was filled with a controlled polysulfide solution and the
right side has only DOL/DME electrolyte solution. The change in color
(right side) started for W/o IL after 6 hrs.

This indicates that polysulfides are moving from the left-side re-
servoir to the right side. However, in the case of Py_HB_CP_IL, there was
no change in color observed even after 24 h. This visual evidence also
suggests that the Py_HB_CP_IL has a strong ability to trap the polysulfide
due to the presence of hierarchical structure with carbon cellulose fiber,
silica nanoparticles, and pencil graphite. Moreover, to confirm and
quantify this result, we have performed UV-vis spectroscopy analysis
for the samples collected from the right side of the H-cell at 0 h and
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24 h. The collected solution from H-cell with Py HB_CP_IL after 24 h
shows significantly low adsorption compare to the W/o_IL. This again
confirms that Py HB_CP_IL efficiently trapped the polysulfide. The dif-
ferent interlayer strategies for Li-S batteries as reported in literature are
summarized in Table S3 [28,57,63-69], which shows the effectiveness
of the current work as compared to the available literature to improve
the overall electrochemical performance of Li-S battery.

4. Conclusion
We have designed a novel, low-cost, and scalable pyrolyzed pencil

graphite coated cellulose paper as an interlayer for high-performance
lithium-sulfur battery. We studied and compared the effect of three

different grades of pencil (4B, HB, and 5H) over cellulose paper for Li-S
performance. Interlayer with HB pencil graphite outperformed 4B and
5H based interlayers because of the optimum stoichiometric ratio of
graphite and clay (silica) content. Further, we have compared the
electrochemical performance of Py HB CP_IL with Py CP_IL and W/
o_IL. Here, Py HB_CP_IL delivered a three-fold increase and Py_CP_IL
delivered a two-fold increase in capacity as compared to W/o_IL for Li-S
cell. This improvement is observed due to the synergistic effect of
graphite and silica particles over cellulose carbon fibers. The silica
particles and oxygen present in cellulose carbon fiber traps the poly-
sulfide due to dipole-dipole electrostatic interaction. Further graphite
over carbonized cellulose fibers provides a conducting path for ions and
reduce the contact resistance between cathode active material and
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separator. This binder-free, highly efficient, and frugal interlayer
strategy is successfully proven in detail as a better alternative to sig-
nificantly improve the electrochemical performance of Li-S battery and
to realize the commercial feasibility.
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