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Biomass-derived porous carbon has been considered as a promising sulfur host material for lithium-
sulfur batteries because of its high conductive nature and large porosity. The present study explored
biomass-derived porous carbon as polysulfide reservoir to modify the surface of glass fiber (GF) separa-
tor. Two different carbons were prepared from Oak Tree fruit shells by carbonization with and without
KOH activation. The KOH activated porous carbon (AC) provides a much higher surface area (796 m2

g�1) than pyrolized carbon (PC) (334 m2 g�1). The R factor value, calculated from the X-ray diffraction
pattern, revealed that the activated porous carbon contains more single-layer sheets with a lower degree
of graphitization. Raman spectra also confirmed the presence of sp3-hybridized carbon in the activated
carbon structure. The CAOH functional group was identified through X-ray photoelectron spectroscopy
for the polysulfide capture. Simple and straightforward coating of biomass-derived porous carbon onto
the GF separator led to an improved electrochemical performance in Li-S cells. The Li-S cell assembled
with porous carbon modified GF separator (ACGF) demonstrated an initial capacity of 1324 mAh g�1 at
0.2 C, which was 875 mAh g�1 for uncoated GF separator (calculated based on the 2nd cycle). Charge

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2017.11.016&domain=pdf
https://doi.org/10.1016/j.jcis.2017.11.016
mailto:xzhang13@ncsu.edu
https://doi.org/10.1016/j.jcis.2017.11.016
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


232 R.K. Selvan et al. / Journal of Colloid and Interface Science 513 (2018) 231–239
transfer resistance (Rct) values further confirmed the high ionic conductivity nature of porous carbon
modified separators. Overall, the biomass-derived activated porous carbon can be considered as a
promising alternative material for the polysulfide inhibition in Li–S batteries.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Lithium-sulfur (Li-S) batteries have been considered as one of
the most promising energy storage systems for the emerging elec-
tric vehicles and hybrid electric vehicles due to their high specific
capacity (1675 mAh g�1) and large energy density (2500 Wh kg�1)
[1]. Meanwhile, sulfur is environmentally benign and economically
viable because of its low cost. However, commercialization of Li-S
batteries is mainly hindered by the dissolution of polysulfides,
which reduces the sulfur content in cathode during cycling, leading
to serious capacity fading [2–4]. So far, many attempts have been
made to prevent the diffusion of polysulfides by using various car-
bonaceous materials including porous carbons, graphene, reduced
graphene oxide (rGO), carbon nanotubes (CNTs) and activated car-
bon as the sulfur cathode hosts [5–9]. The use of these carbona-
ceous materials improved active material utilization and cell
cyclability because they act as the conductive frameworks to
enhance the electrical conductivity of the cathodes and reduce
the loss of soluble polysulfide intermediates during the cycling.
However, the use of these carbonaceous hosts to host sulfur in
the cathodes often involve complex structural designs and high
costs, which limit their use in Li-S batteries. Hence, it is necessary
to find a simple, scalable and cost -effective strategy to achieve
high performance for Li-S batteries.

The surface modification of separators by coating different
materials is an alternative and simple approach to address the
polysulfide diffusion problem [10–12]. It is well known that sepa-
rator plays an important role in preventing the battery from elec-
trical short circuit while providing effective pathways for ion
transportation between the electrodes [7,13,14]. Therefore, an
ideal separator for Li-S batteries should have a good ionic conduc-
tivity after absorbing the liquid electrolyte and should be capable
of trapping the soluble polysulfides during cycling. Different mate-
rials like poly(3,4-ethylenedioxythiophene), polystyrene sulfonate,
Nafion, polyethylene glycol, polyaniline nanofibers, multiwalled
carbon nanotubes (MWCNT), black phosphorus [15–19], activated
porous carbon tubes, graphene, etc. [20–22] have been used as sep-
arator surface-modifiers to suppress the shuttling of polysulfides
and to preserve the active materials for maintaining the cycling
stability of the Li-S cells. Wang et al. [23] prepared a hybrid sepa-
rator by coating glass fibers onto microporous Celgard polypropy-
lene (PP) membrane with a layer, and the resultant Li-S cell
achieved a capacity of 1010 mAh g�1 at 0.5 C. Wang et al. [24] also
used a multi-walled carbon nanotube@polyethylene glycol
(MWCNT@PEG) composite to modify the commercial Celgard sep-
arator. The Li-S cell assembled with MWCNT@PEG composite-
coated separator exhibited an initial discharge capacity of 1283
mAh g�1 at 0.5 C. Furthermore, Ketjen Black-MnO composite was
synthesized and coated on a commercial separator Celgard 2400
and the resultant Li-S cell retrieved the capacity of 1200 mAh g�1

at 0.2 C [25]. In addition, hollow spherical cerium oxide particles
were coated on commercial separator Celgard 2400 and delivered
the capacity of 1004 mAh g�1 at 1 C [26]. Apart from the above-
mentioned materials, coating biomass -derived carbons is one of
the recent strategies to enhance the Li-S cell performance.
Biomass-derived activated carbons have unique features of the
such as high surface area, tunable pore structure, large pore
volume and startling functional groups, which can be tailored by
varying the preparation conditions [27–29]. As a result, researchers
have shown immense interest to identify and explore various bio-
masses for the Li-S applications.

In the present work, Oak Tree fruit shells derived porous carbon
coated glass fiber (GF) membrane separators are prepared and
investigated their polysulfide trapping ability in Li-S cells. This
biomass-derived porous carbon contains a large number of pores
with different pore sizes and various functional groups, which
are beneficial for capturing polysulfides in Li-S cells. GF membrane
is used as the separator substrate for carbon coating because of its
high porosity (65%), large electrolyte intake, superior thermal sta-
bility, easy availability and low cost, compared to microporous PP
or polyethylene (PE) membrane separators [30,31]. Coating the
biomass-derived porous carbon on GF membrane could effectively
inhibit the diffusion of polysulfides. Electrochemical results
revealed that biomass-derived activated carbon modified GF sepa-
rators show good electrochemical performance by retarding the
polysulfide shuttling and improve the sulfur utilization in the Li-
S batteries. Li-S cells assembled with biomass-derived porous car-
bon modified GF separators demonstrated an initial capacity of
1324 mAh g�1 at 0.2 C, which was 875 mAh g�1 for uncoated GF
separator, and provided �80% capacity retention even after 50
cycles.

2. Experimental methods and materials

2.1. Porous carbon preparation and separator modification

The porous carbons were prepared from Oak Tree fruit shells as
follows. Initially, the dried Oak Tree fruit shells were pulverized
and washed with distilled water and dried under vacuum for over-
night. Then the dried fruit shells were activated in 20% of KOH for
24 h. Subsequently, they were carbonized at 700 �C for 3 h under
nitrogen atmosphere. Finally, the as-prepared KOH-activated car-
bon material was further washed with distilled water and 1 M
HCl to neutralize the product, followed by drying at 70 �C for over-
night. This KOH-activated carbon is denoted as AC. For comparison,
carbon samples were also prepared without KOH activation, i.e.,
pyrolyzed directly, which is denoted as pyrolyzed carbon (PC).

Carbon-modified GF membrane separators were prepared by
coating the as-prepared carbon materials directly on to the surface
of the GF membranes (GE healthcare). The coating process started
with preparing slurries by mixing 70 wt% as-prepared carbon (PC
or AC), 10 wt% carbon nanotube (CNT, BTY-175, Blue Nano Inc.,)
10 wt% conductive carbon (C65, TIMCAL Graphite & Carbon Ltd.)
and 10 wt% polyvinylidene fluoride (PVDF, Solef� PVDF-5130, Sol-
vay) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The slurries
were then coated onto the GF membranes by using the doctor
blade casting method. Subsequently, the coated separators were
dried under vacuum at 60 �C for overnight.

2.2. Electrode fabrication and cell assembly

The sulfur cathodes were fabricated by preparing a slurry of 70
wt% pure sulfur (Sigma-Aldrich), 20 wt% conductive carbon (TIM-
CAL, Graphite & Carbon Ltd., C-65), and 10 wt% PVDF in the desired
amount of NMP, which was later coated on the carbon-coated alu-
minum foil by using doctor blade and followed by drying under
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vacuum at 60 �C for overnight. The areal loading of sulfur for the
as-prepared electrodes ranged between 0.80 and 1.1 mg cm�2.
For electrochemical testing, the 2032 type coin cells were assem-
bled using the sulfur electrode, porous carbon modified GF separa-
tor and Li metal (Sigma-Aldrich) as the counter electrode. The
electrolyte used was 1 M bis(trifluoromethane)sulfonamide
lithium (LiTFSI, Sigma-Aldrich) and 0.1 M lithium nitrate (99.99%
trace metals basis, Sigma-Aldrich) in a mixture of 1,3-dioxolane
(DOL, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, Sigma-
Aldrich) (1: 1 by volume). The coin cell assembling was conducted
in an argon-filled glove box and the cell capacity was calculated
based on the sulfur mass.
2.3. Characterization techniques

Field emission scanning electron microscopy (FESEM, Quanta
3D FEI, USA) was used to identify the morphological features of
the samples. Structural properties of the PC and AC were eluci-
dated by using X-ray Diffraction patterns (Rigaku D/Max 2400
(Japan)) with Cu Ka radiation (k = 1.5418 Å). Raman spectral anal-
ysis was carried out in LabRam HR800 UV Ramanmicroscope (Hor-
iba Jobin-Yvon, France), KBSI, Gwangju-center, Time-resolving PL/
Raman spectrometer (Focal length; 80 cm, Excitation light source:
515 nm Diode laser and Applied laser power on the sample sur-
face: 10% of 10 mW). BET surface area and pore size analysis of
the samples were examined by using an ASAP 2020 instrument.
X-ray photoelectron spectroscopy (XPS, SPECS FlexMod, Germany)
was performed to identify the surface functional groups of the PC
and AC by using a Kratos Analytical spectrometer and monochro-
matic Mg Ka X-ray source.

The cyclic voltammetry (CV) analysis was carried out by using
Gamry reference 600 electrochemical workstation in a potential
range of 2.8–1.7 V vs Li+/Li with a scan rate of 0.1 mV s�1. Electro-
chemical impedance spectroscopy data were also obtained using
the same device in the frequency range between 0.1 m Hz and 1
M Hz with an AC voltage amplitude of 5 mV. Cycling performances
of the Li-S cells were tested with Arbin battery tester in a potential
range of 1.7–2.8 V.
3. Results and discussion

3.1. Morphology and structural characterization

Fig. 1(a, b) represents the photographic images of the Oak Tree
fruit shells. Fig. 1(c, d) shows the FESEM images of the PC and AC
samples. It is seen that PC exhibited uniform surface without any
observable pores. As well as it looks like solid graphitic carbon
since it was not activated by KOH. On the other hand, AC had a
rough surface with channel-like open pores, which were in the
nanoscale range. These pores are very useful for improving the
specific surface area thereby increasing the polysulfide capturing
capability through the surface functional groups. Fig. 1(e, f) shows
the FESEM images of the cross-sectional view of PC and AC coated
GF separators. It is seen that the thickness of the AC coated separa-
tors is are almost uniform throughout the area. On the other hand,
the PC coated separators are not uniform even though the same
methodology has been adopted for the coating process. This may
be due to the larger particle size of PC since the samples are not
activated.

X-ray diffraction patterns of PC and AC are demonstrated in
Fig. 2. PC presented a broad amorphous peak centered at 2h = 23�
corresponding to the (0 0 2) diffraction plane, which was attribu-
ted to the turbo-static nature of carbon [32]. Interestingly, for AC,
this diffraction plane was shifted to a lower angle (2h = 19�). This
result indicated the formation of the small disordered structure
of aromatic sheets or disordered carbon due to the chemical activa-
tion effect [33]. On the other hand, both PC and AC had a broad
peak at 2h = 43� corresponding to the (1 0 0) diffraction plane,
which was an indication for the occurrence of small graphene
sheets [34]. Calculated d-spacings of PC and AC were 3.64 Å and
4.48 Å, respectively, which were higher than that of graphite
(3.35 Å) [35]. Larger d-spacing of AC was ascribed to the expansion
of single layer content, which in turn for the formation of porous
structure. To measure the content of single layer carbon sheets,
empirical parameter R-value was calculated based on the formula
introduced by Dahn et. al., [36,37]. The R-factor is the ratio
between the height of (0 0 2) plane Bragg’s diffraction peak to its
background. Calculated R values of PC and AC were 2.157 and
1.479, respectively. Lower R-value of AC proved that it contains
more single-layer graphene sheets with a lower degree of graphi-
tization due to the chemical activation [38]. On the other hand,
the high R-value of PC indicated that it had a high concentration
of graphene sheets stacked one by one like graphite without any
significant pores.

Fig. 3 shows the Raman spectra of PC and AC. Both PC and AC
exhibited two characteristic peaks at around 1340 and 1600
cm�1, corresponding to D- and G-band, respectively. The D-band
mainly arises due to out of plane vibration of A1g corresponding
to the structural defects, edge defects and dangling sp3 bond
(diamond-like carbon) of disordered carbon [39]. It is also associ-
ated with the breathing oscillation of full six-member carbon rings.
On the other hand, the G-band is ascribed to the in-plane vibration
mode of E2g in sp2 carbon (graphite-like carbon) [40]. Compara-
tively, the intensity of G-band was higher for PC due to the highly
graphitic nature. However, the lower degree of graphitization was
obtained for AC, which was due to the separation of the individual
graphene-like sheets. This result confirmed the XRD analysis data.
To further determine the insight of defects in the as-prepared car-
bon structure, the intensity ratio (ID/IG) was calculated by employ-
ing the maximum peak intensities of D and G bands. It is noticed
that the ID/IG ratio increased from 0.853 to 0.901 after activation,
which elucidated the formation of more sp3 hybridized carbon
bonds. This might be related to the increased number surface func-
tional groups formed after activation, which is useful for the
adsorption of polysulfides [41].

Fig. 4a shows the N2 adsorption-desorption isotherms of PC and
AC samples. It reveals that PC shows type IV(b) isotherm with H4
hysteresis loop. Calculated BET specific surface area of PC was
333.7 m2/g. On the other hand, AC exhibited Type IV(a) isotherm
with H4 hysteresis loop, which indicated the existence of majority
mesopores and a few micropores [42]. Observed hysteresis loop at
the medium pressure (P/Po = 0.4–0.9) was the evidence for the
presence of mesopores. The slope at very low pressure (0–0.2)
was related to the formation of micropores and a small tail-like
behaviour in the isotherm at nearly 1.0 (>0.9) indicated the macro-
pores region [43]. Calculated BET specific surface area of AC was
795.8 m2/g. These results revealed that the specific surface area
was significantly increased after activation using KOH.

Pore size distribution (Fig. 4b) was obtained through the Bar
rett–Joyner–Halenda (BJH) method [44]. High-intensity peaks over
2 nm and small peaks around 24 and 43 nm were indexed for the
AC, which further confirmed the presence of mesopores. Formation
of macropores was confirmed by the peak indexed at 76 nm. At a
very low relative pressure, the steep intake of gases demonstrated
the presence of open pores in AC [45]. These results are consistent
with the SEM observation (Fig. 1), since the SEM images clearly
exhibited that the pores were continuous and had bundle-like
structure [46]. On the other hand, no significant peaks were
obtained for PC in the 2–50 nm range except over 2 nm. Similarly,
the calculated total pore volume of AC (0.3772 cm3/g) was higher
than that of PC (0.1526 cm3/g). Normally, this improved pore vol-



Fig. 1. Photographic images of (a) Oak tree fruit cells and (b) crushed fruit cells. FESEM images of (c) pyrolyzed carbon and (d) activated carbon. FESEM images of the cross-
sectional view of (e) pyrolyzed carbon and (f) activated carbon coated GF separators.
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ume is more favorable for the electrochemical reaction because it
easily the insertion and de-insertion of the electrolyte ions in the
materials [47]. The increased average pore diameter of AC (1.896
nm), when compared with PC (1.8289 nm) will also favourably
contribute to the electrochemical reaction. Observed saturated
adsorbed volume with respect to pore width (inset Fig. 4b) further
substantiates the high surface area of AC [47].

Surface elemental compositions of PC and AC were identified
through XPS spectra and the results are shown in Fig. 5. Survey
spectrum of PC (Fig. 5a) showed two prominent peaks at a binding
energy of 284.55 and 533.06 eV, respectively, which were attribu-
ted to the presence of C 1s (Fig. 5b) and O 1s (Fig. 5c). Deconvoluted
C 1s peak with a binding energy of 284.6, 286.15, 287.62, and
289.38 eV inferred to the presence of functional groups of C@C/
CAC, CAOH or sp3 carbon, C@O, and O@CAOH, respectively
[33,48]. Furthermore, prominent O 1s was deconvoluted into five
peaks at a binding energy of 533.38, 534.89, 532.21, 531.05 and
536.39 eV, indicating the presence of hydroxyl group (CAOH) in
phenol or CAO bond, OAC@O, (CAOH) hydroxyl group, C@O (car-
boxyl group), and chemisorbed water, respectively [33,48]. Addi-
tionally, the obtained atomic percentages of various elements
were 46.64 At.% C 1s, 40.89 At.% O 1s, and 12.48 At.% B 1s. Similarly,
the survey spectrum of AC also exhibited two prominent peaks at
284.71 eV (C 1s) and 533.50 eV (O 1s) (Fig. 5d). Here, C 1s was
deconvoluted into three peaks at a binding energy of 284.6,
285.98 and 288.61 eV, corresponding to the C@C/CAC, CAOH
(hydroxyl group) and O@CAOH, respectively (Fig. 5e). O 1s was
deconvoluted into four peaks at a binding energy of 532.65,



Fig. 2. XRD patterns of PC and AC samples.

Fig. 3. Raman spectra of PC and AC samples.
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531.57, 533.6 and 535.71 eV, which revealed the presence of CAOH
(hydroxyl group), carbonyl/quinine group (C@O), hydroxyl groups
CAOH, in phenol or CAO groups and chemisorbed water, respec-
Fig. 4. N2 adsorption and desorption isotherms (a) and pore structure distribu
tively (Fig. 5f). Corresponding elemental compositions were found
to be 79.48 At.% C 1s, and 18.39 At.% O 1s. These results confirmed
that C 1s/O 1s ratio increased from 1.1 to 4.3 after activation. This
might be due to the formation of more single-layer carbon sheets
with a low degree of graphitization, which was also revealed by
the calculated R-value from XRD analysis. Further, the presence
of functional groups effectively contributes to trapping the poly-
sulfides from shuttling due to the electrostatic force between the
oxygen-containing groups and the negatively charged polysulfides.
As a result, it is believed that AC was more effective for polysulfide
trapping. In addition, the porous structure of AC might benefit the
electrolyte permeation and ion/electron transfer, which could
enhance the electrochemical performance of the Li -S cells [33,48].
3.2. Electrochemical performance analysis

Cyclic voltammetry (CV) analysis was performed to investigate
the electrochemical performance of the fabricated Li-S cells using
the separators ofGF (GF cell), PC coatedGF (PCGFcell), andACcoated
GF (ACGF cell) in the potential range between 1.7 and 2.8 V vs Li+/Li
at a scan rate of 0.1 mV s�1. The first five consecutive cycles of all the
cells are demonstrated in Fig. 6a–c. In the first cycle of GF cell
(Fig. 6a), two prominent cathodic peaks and one anodic peak were
observed. Theanodicpeakobservedat 2.50 Vvs Li/Li+wasattributed
to the oxidation of short-chain polysulfides to L2S8 [10]. Subse-
quently, the first reduction peak at around 2.13 V vs Li/Li+ was due
to the fast-kinetic reduction of sulfur to soluble long-chain polysul-
fides (Li2Sx, 4 � x � 8), whereas the second cathodic peak at around
1.99 V vs Li/Li+ was caused by the slow kinetic process related to the
reduction of insoluble short-chain lithium sulfides (Li2S2, Li2S) [10].
On increasing cycle from 2 to 5, a shift in anodic peak potential is
noticed. At the 5th cycle, the anodic peak is seen at around 2.47 V
and the first and second cathodic peak appear at around 2.23 V
and 2.0 V, respectively. It shows that in increasing cycles, the redox
reaction tended to obtain its stable potential.

On the other hand, the anodic peak of the first cycle was
observed at around 2.43 V for PCGF cell. Similarly, the first and sec-
ond cathodic peaks were observed at around 2.16 V and 2.01 V.
Whereas on increasing the cycle from 2 to 5, the anodic peak
remains in the potential 2.43 V. However, the first and second
cathodic peak shifted to 2.26 V and 2.03 V, respectively. This
observed slight shift in the cathodic peaks toward positive poten-
tial might be due to the rearrangement of migrating active material
to their electrochemically favorable positions in PCGF Li-S cells
[49].
tion (b) of PC and AC (Inset: pore width vs volume adsorbed curve of AC).



Fig. 5. XPS survey spectra (a, d), deconvoluted C 1s (b, e) and O 1s (c, f) of PC and AC, respectively.

Fig. 6. CV curves of the Li-S cells with (a) GF, (b) PCGF, and (c) ACGF. (d) Typical 1st discharge/charge curves of the Li-S cells at 0.2 C.
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Interestingly, a sharp anodic peak was noticed at around 2.43 V
in the first cycle of ACGF cells. As well as three reduction peaks
were obtained at 2.43, 2.12 and 1.94 V. In the subsequent cycles,
there is an occurrence of only two stable reduction peaks at around
�2.26 V and 2.02 V vs Li/Li+. It was due to the activation effect in
the ACGF based cells for the conversion of the elemental sulfur pro-
cess. The further sharpness of redox peaks on the subsequent
cycles indicates the enhancement in the reaction kinetics caused
by the better electrical conductivity and porous nature of the AC
surface modified GF separators. Redox peaks sustaining their shape
and position during the following cycles demonstrating the better
reversibility of ACGF cells [50]. Overall, compared to GF cell, an
increase in current area was noted for the PCGF and ACGF cells,
which reveals the increase in capacity, high stability and fast redox
process. Among these two, ACGF cell exhibits improved cycling
stability due to the excellent overlapping of redox peaks through
the strong polysulfides adsorption [51].

To further investigate the electrochemical performance of the
GF, PCGF and ACGF cells, galvanostatic discharge/charge cycling
tests were performed in the voltage range between 1.7 and 2.8 V
vs Li+/Li. Typical 1st discharge/charge curves of the Li-S cells at
0.2 C are shown in Fig. 6d. On the first discharge, two voltage pla-
teaus at around 2.26 and 2.10 V were observed for all Li-S cells,
corresponding to the reduction of sulfur into soluble, long chain
polysulfides (Li2Sx, 4 � x � 8) and the formation of insoluble
Li2S2/Li2S, respectively [52]. During charging, one voltage plateau
was observed at around 2.37 V for GF based Li-S cell. On the other
hand, two voltage plateaus were determined at 2.28 and 2.40 V for
Fig. 7. Galvanostatic charge-discharge curves at different C-rates for (a) GF
PCGF cell, while similar voltage plateaus were observed at 2.24 and
2.35 V for ACGF cell. All those voltage plateaus appeared during the
first cycle charging were ascribed to the oxidation reaction from
lithium sulfides to polysulfides and finally to sulfur. Furthermore,
the polarization potentials of the GF, PCGF and ACGF cells were
198, 178, and 71 mV, respectively. Lower over-potential of ACGF
cell indicated its better reversibility resulted in trapping polysul-
fides during discharging.

Rate capability is a key parameter for Li-S batteries in high
power applications. Fig. 7a–c shows typical discharge/charge pro-
files of the GF, PCGF and ACGF cells at various C-rates (0.2, 0.25,
1, and 1.5 C). Similarly, the rate capability of three different cells
was further demonstrated by increasing the discharge/charge cur-
rent density stepwise from 0.2 to 1.5 C every 10 cycles and the
results are shown in Fig. 7d. Two plateaus were observed in both
discharging/charging for all three cells at all C-rates. At 0.2, 0.25,
1 and 1.5 C, discharge capacities were 497, 284, 171 and 110
mAh g�1 for GF cell, 898, 591, 428 and 340 mAh g�1 for PCGF cell
and 906, 674, 493 and 362 mAh g�1 for ACGF cell, respectively.
These results indicated that the increase in current density
resulted in decreased specific capacity for all three cells. Further-
more, the specific capacities of the ACGF cell at all current densities
were higher than those of the PCGF cell, which was due to the por-
ous structure and the oxygen containing groups of the AC, trapping
more polysulfides from shuttling compared to bare GF and PC GF.

To further understand the electrochemical behaviour of GF,
PCGF and ACGF cells, electrochemical impedance spectroscopy
analysis was employed to obtain Nyquist plots at an open circuit
, (b) PC and (c) AC cells and (d) rate capabilities of GF, PC and AC cells.



Fig. 8. EIS spectra of GF, PCGF and ACGF cells (a) before and (b) after cycling. (c) Cycling stability curve of all the cells.
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potential both before and after cycling (Fig. 8a, b). All three cells
exhibited a single depressed semicircle at high frequency (HF)
region and an inclined line at low-frequency region. The depressed
semicircle in the HF region represented the charge transfer resis-
tance (Rct) of the cells. On the other hand, the inclined line was
the evidence of Li-ion diffusion and so-called Warburg diffusion.
Depressed semicircle intercepts at a real axis of HF region gave
the solution resistance (Rs) or (RESR), which was composed of the
internal resistance of the electrode, the interfacial resistance of
the active materials and substrate and an ionic resistance of the
electrolyte [53,54]. In Fig. 8a, the experimental Nyquist plots were
fitted with an equivalent circuit model using the Z-fit software
before cycling and the calculated Rs values were 7.9, 5.4, and 4.9
Ohm for GF, PCGF and ACGF cells, respectively. The calculated Rct

values were 35.3, 33.3, and 25.7 Ohm for GF, PCGF and ACGF cells,
respectively. It is clearly seen that the Rs of GF cell is higher than
those of PCGF and ACGF cells. The reduction in Rs and Rct of ACGF
was due to the porous carbon coating, which could serve as a sec-
ond current collector to minimize the internal resistance and at the
same time could help inhibit the polysulfide diffusion and increase
the active material utilization. These results are consistent with the
CV data shown in Fig. 6c. Particularly, ACGF showed the lowest Rct

value due to the porous structure and high surface area of the KOH
activated carbon (AC) [1]. Similarly, after cycling, the calculated Rct

values are 36.08, 36.14, and 26.48X for GF, PCGF and ACGF cells
separators, respectively (Fig. 8b).

Fig. 8c shows the cycling performance of GF, PCGF and ACGF
cells at a current density of 0.2 C for over 60 cycles. At the first
cycle, GF, PCGF and ACGF cells delivered specific capacities of
878, 1271 and 1321 mAh g�1, respectively. It is seen that the ACGF
cell shows higher capacity than other two cells with GF and PCGF,
because of the high surface area and porosity of AC, which helps to
trap polysulfides and provide more conductive sites for the reuti-
lization of active material. Similarly, at the second cycle, the capac-
ities were 645, 1065 and 1112 mAh g�1 for GF, PCGF and ACGF
cells, respectively. Furthermore, during the ongoing cycles, differ-
ent degrees of capacity decay occurred since the active sulfur cath-
ode tended to form a steady state electrochemical reaction due to
the high solubility of the polysulfide intermediates in the liquid
electrolyte [55]. Accordingly, GF and PCGF cells showed the capac-
ity retention of 56 and 51%, respectively at the end of the 50th
cycle due to the combined effects of rapid irreversible loss of active
material (due to shuttling phenomenon) and the formation of solid
electrolyte interface (SEI) [55]. On the other hand, ACGF cell
showed much better cycling stability (75% at 50th cycle) than
other two cells due to the trapping of lithium polysulfides during
the discharge process [16].
4. Conclusions

The present study reported biomass-derived porous carbon
coated glass fiber separator for polysulfide inhibition in Li-S cells.
As-prepared porous carbons with and without KOH activation
were investigated in terms of structural and chemical characteriza-
tion. The R factor value calculated from XRD revealed that more
single-layer graphene sheets with the lower degree of graphitiza-
tion were formed in AC. The redox peaks of PC and AC cells, sus-
taining their shape and position during cycling, demonstrated the
better reversibility. At the first cycle, a high capacity of 1321
mAh g�1 was obtained for ACGF cell, which was higher than those
of GF and PCGF cells (878 and 1271 mAh g�1, respectively). Fur-
thermore, the polarization potentials of the GF, PCGF and ACGF
cells were 198, 178, and 71 mV, respectively. The decreased over-
potential of ACGF cell shows the better reversibility resulted in
trapping polysulfides during discharging. At 0.2 C the discharge
capacity of the ACGF cell was 906 mAh g�1, which was higher than
those of PCGF (898 mAh g�1) and GF (497 mAh g�1) cells. On the
other hand, ACGF cell delivered a high capacity of 786 mAh g�1

when the current density was lowered back to 0.2 C, retaining
86% of their initial capacities. Hence, KOH activated carbon coated
GF separator (AC) is a promising material for polysulfide inhibition
in Li-S batteries.
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