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Lithium—sulfur batteries (LSB) are an attractive alternative electrochemical energy storage device compared
to conventional lithium-ion batteries due to their higher theoretical capacity and energy density. Despite
these advantages, it is still difficult to commercialize LSB because of poor electrochemical performance
caused by the dissolution of soluble lithium polysulfides (LiPS). To solve these critical issues, a multi-
functional separator was prepared using biomass-derived activated carbon (BAC) and a ceramic layer on
the polyethylene (PE) separator. For this purpose, BAC was synthesized by a facile one-pot synthesis
method by a specifically designed furnace using various forms of milk waste. The multi-functional
separator suppresses the effect of LiPS dissolution and increases the Li* diffusion kinetics. BAC was able
to absorb the LiPS shuttle, as confirmed by UV-vis measurements and X-ray photoelectron spectroscopy
(XPS). LSB cells assembled using this multi-functional separator show a higher discharge capacity of
10925 mA h g‘1 at 0.1 C-rate, while commercial PE separators deliver a specific capacity of
811.8 mA h g~*. These novel separators were also able to suppress lithium dendrites during cycling. This
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limit due to their low specific capacity (<200 mA h g ').*° For
this reason, electrochemical energy storage devices such as Li-
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The development of electrochemical energy storage devices
with high volumetric/gravimetric energy and power density is
important because of the rapid development of large-scale
battery industries such as electric vehicles and energy storage
systems.'® However, commercial Li-ion batteries (LIB) which
use insertion-type cathode materials such as LiCoO,, LiFePOy,,
and LiNi,Mn,Co,O, are approaching the energy/power density
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S, Lj-air,"”* and Li-metal batteries**** are considered
attractive alternatives as next-generation rechargeable batteries.
Among these, lithium-sulfur batteries (LSB) are a potential
candidate because of their high energy density compared to
commercial LIB. Sulfur and lithium are used as cathode and
anode materials, respectively, in LSB. Sulfur is advantageous as
a cathode material because of its abundance, low cost (<30 $ per
ton), environmental friendliness, high theoretical capacity
(1675 mA h g™'), and approximately 3-5 times higher gravi-
metric energy density (2600 W h kg~ ') than commercial LIB.?2®
Despite the materials and electrochemical advantages of
a sulfur cathode, commercialization of LSB is limited owing to
several critical issues like (1) the low utilization of active
material in sulfur cathodes due to low electrical conductivity of
elemental S, (2) dissolution of lithium polysulfide (LiPS) from
cathode to a liquid electrolyte leading to the shuttle effect, (3)
volume exchange of elemental S (~80%), and (4) safety issues in
Li dendrite growth during the charge and discharge process. To
address these limitations, several studies have focused on
various solutions, including immobilization of LiPS using
porous cathode additives,*-** lithium penetrated polymer layer
on the cathode,”?* multi-functional separators,®*” and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrolyte additives®*™° for better formation of surface electro-
lyte interface on the surface of Li anodes. Among these, multi-
functional separators, which function by suppressing the LiPS
and Li dendrite growth during charge and discharge cycling, are
the most simple way to enhance the electrochemical perfor-
mance of LSB.***** The carbon layer coated on the commercial
separator acts as a barrier which suppresses the LiPS dissolu-
tion from cathode to anode and enhances the S transformation
kinetics. Notably, it can improve electron mobility in sulfur
cathodes, resulting in an enhancement of the electrochemical
performance of LSB. To synthesize the multi-functional sepa-
rator for LSB, numerous organic and inorganic materials have
been studied, such as porous carbon,** polymeric
materials,***® spherical or linear ceramic materials,**** and
metallic material-modified separators.>*® These materials can
play a role in not only immobilizing and suppressing materials
of LiPS through physical and chemical reactions but also
blocking the Li dendrite growth. Biomass-derived activated
carbon (BAC) as a coating layer on the commercial separator is
highly versatile owing to abundant carbon resources. Further-
more, its application aids in sustainable development as it is an
eco-friendly material. A variety of animal and plant resources
such as eggshells, crustacean shells, animal bones, bamboo,
rice husk, coconut shell, and other raw materials have been
used as carbon precursors.”” ">

In this study, milk waste (MW), including raw milk, expired
milk, and expired powdered milk, was used as a carbon
precursor. BAC powder was successfully synthesized by a one-
pot synthesis process. A multi-functional separator with
a dual-side coating of BAC and Al,0; was made on the
commercial polyethylene (PE) separator. At the first cycle (0.1 C-
rate), the coin-cell assembled using the BAC/PE/Al,O; separator
delivers a high reversible capacity of 1087 mA h g ' with
a favorable coulombic efficiency (CE) of 83.9%, while the cell
with a bare PE separator shows a low discharge capacity of
810 mA h g ' and a CE of 68.6%. The suppressing ability of
BAC/PE/Al,O; separator and immobilization effect of BAC were
investigated by a penetration test with 0.1 M Li,S¢ solution in
DME solution using H-type cell, UV-vis measurement, and X-ray
photoelectron spectroscopy (XPS). This work sheds light on the
possibility of a simple method for synthesis of biomass porous
carbon for the commercialization of LSB.

Experimental
Synthesis of BAC

MW, including raw milk, expired milk, and expired powdered
milk, collected from local farms and markets, was used as
a carbon resource. To fabricate the dried powder, MW was
mixed and dried at 80 °C for 24 h in a circulating oven. The
pyrosis and activation processes were carried out using a tube
furnace. For the facile synthesis of BAC, a specially programmed
tube furnace was used using N, and CO,, gas. The carbonization
was carried out in the tube furnace at 600 °C with N, for 30 min
at a heating rate of 10 °C min ™. After the carbonization process,
the gas injected into the tube was changed from N, to CO, gas
for 30 min to change the atmosphere. Next, the physical CO,
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activation was conducted at 700, 800, and 900 °C for 3 min. The
CO,-activated BAC samples were ground with an agate mortar
and pestle for 30 min.

Preparation of multi-functional separator

A multi-functional separator was prepared using 0.2 g of poly-
vinylidene fluoride (PVDF, Alfa Aesar, USA) and 2.0 g of N-
methyl-2-pyrrolidone (NMP, Junsei Chemical, Japan), PVDF and
mixed using an agate mortar and pestle for 15 min. 0.8 g of BAC
and 0.3 g of NMP were added to the above mixture for the
mixing process. The mixed slurry was coated on the dried PE
separator using a stainless-steel blade. Afterward, the BAC/PE
separator was dried at 80 °C for 12 h. An Al,O; slurry was
prepared using 0.1 g of PVDF, 0.9 g of Al,O3, and 2.0 g of NMP
for coating the Al,O; layer on the BAC/PE separator. The dual-
coated BAC/PE/AL,O; separator was dried at 80 °C for 12 h.
The loading amounts of BAC and Al,O; are 1.87 mg cm™ > and

1.40 mg cm™ 2, respectively.

Material characterization

Morphological investigation of BAC power and BAC/PE/Al,O;
separator was conducted using field emission scanning electron
microscopy (FE-SEM, S-4800, Hitachi, Japan) in conjunction
with energy dispersive X-ray spectroscopy. The surface area of
BAC samples activated at 700, 800, and 900 °C was examined by
surface area analyzer (ASAP 2020, Micrometrics, USA). The
absorbance peak of dissolved Li,Se after the absorption test was
analyzed by UV-visible spectroscopy (SPECORD 250 PLUS
Double-beam Spectrophotometer, Analytik Jena, Germany).
After the LiPS absorption test, the surface of BAS was investi-
gated by X-ray photoelectron spectroscopy (XPS, Nexsa XPS
system, ThermoFisher Scientific, UK) with a pass energy of 50 eV
and X-ray source of Al Ko X-ray radiation (1486.6 eV).

Electrochemical characterization

Electrochemical characteristics of the coin-cell assembled with
PE and BAC/PE/Al,O; separators were examined using
a CR2032-type coin-cell. For the coin-cell preparation, a free-
standing MWCNT-S electrode which has a sulfur loading
amount of 1.2 mg cm™>,* and Li metal with thickness of 100 pm
were used as cathode and anode, respectively. 1 M LiTFSI (Acros
Organics, Belgium) in 1,3-dioxolane (DOL, Alfa Aesar, USA) or
1,2-dimethoxyethane (DME, Alfa Aesar, USA) (DOL/DME = 1/1 v/
v) was used as an electrolyte. The redox behavior of samples was
examined by cyclic voltammetry (CV, Won-A Tech, South Korea)
at scan rates from 0.1 to 0.4 mV s~ ' with the voltage range from
1.8 to 2.8 V. The charge and discharge tests were carried out
with the voltage range from 1.8 to 2.8 V at 0.1 C-rate. Internal
resistance of coin cells was investigated by electrochemical
impedance spectroscopy (EIS, BioLogic, VSP-300, France) with
the frequency range of 1-10 MHz with an amplitude of 100 mV.
The Li plating/stripping test was examined with 2.0 mA cm ™2
with 10 min charge and 10 min discharge loading for 200 h
using Li//Li symmetric cell assembled using PE or BAC/PE/Al,O;
separators.
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Results and discussion
Synthesis of BAC powder

The BAC powder was synthesized by pyrosis and CO, physical
activation in a one-step process without any additional process
such as the elimination of chemicals. Fig. 1(a) demonstrates the
schematics illustration of the one-pot process of BAC powder.
The dried MW powder was carbonized at 600 °C with N, gas,
then the biomass-derived carbon (BC) powder synthesized from
MW powder was activated at various temperatures from 700 to
900 °C with CO, gas. All processes were conducted in the same
tube with only gas change. We predicted that during the acti-
vation process BC would be damaged by CO, gas resulting in the
destruction of the outer shell of carbon (Fig. S1t), because of
which it would be possible to obtain activated carbon with high
surface area. To verify this, surface morphologies and surface
area of BC and BAC synthesized at 700, 800, and 900 °C were
compared (Fig. 1(b)-(f)). Fig. 1(b) shows the smooth surface
morphologies of BC. BAC activated at 700 °C had a similar
surface morphology (Fig. 1(c)), indicating that pyrosis and
activation process at this temperature could not affect the
surface area of carbon. However, the BAC samples activated at
800 and 900 °C showed a rougher surface morphology. We
further assumed that physical CO, activation occurs through
partial destruction of the outer surface of BAC, resulting in
a rough surface and possibly enlarged surface area. To confirm
this, the surface area of all samples were examined and
compared by BET analysis (Fig. 1(f), S2 and Table S1t). The
surface area of BC is 0.673 m” g~ ' and BAC samples activated at
700, 800, and 900 °C were 2.597, 12.324, and 571.611 m”> g,
respectively. We confirmed that the BAC sample activated at
900 °C has mesoporosity (>20 nm). From this we confirmed that
the activation level of BAC has a proportional relationship with
increasing temperature. In general, activation process is con-
ducted with temperature range from 700 to 1000 °C to create the
high porosity.®* In this study, we restricted the CO, physical
activation to 900 °C because activation temperatures of 700 and

P —
600 700 800 900
Activation temperature (°C)

Fig.1 Schematic of facile one-pot synthesis of BAC (a). SEM images of
BC samples (b). BAC samples activated at 700 °C (c). BAC samples
activated at 800 °C (d). BAC samples activated at 900 °C (e).
Comparison of surface area of BC and all BAC samples (f).
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800 °C showed favorable yields (91.07 and 82.37%, respectively),
but the yield decreased rapidly (48.18%) at 900 °C (Fig. S37).
Through these results, we determined that 900 °C is an appro-
priate temperature for physical CO, activation.

Morphologies of BAC and Al,O; layers

Fig. 2(a) and (d) demonstrate the morphologies of BAC layer and
Al,O; layer from the BAC/PE/Al,O; separator with their element
mappings. The BAC layer is coated on the one side of the PE
separator, and it had a rough surface (Fig. 2(a)) similar to the
BAC powder activated at 900 °C (Fig. 1(e)) indicating that the
BAC layer on the PE separator had a higher surface area derived
from BAC. The results further confirmed that the BAC layer of
the PE separator was composed of different particle sizes (2-30
um). EDS mapping of the BAC layer coated on PE separator
showed that carbon and fluorine derived from PVDF were
uniformly dispersed (Fig. 2(b) and (c)) confirming that the BAC
layer was well coated on the only one side of PE separator. The
Al,O; layer was also well coated by nano Al,O; particles (size ~
300 nm) on the PE separator (Fig. 2(d)). Oxygen and aluminum
derived from Al,O; were also well distributed (Fig. 2(e) and (f)).
The thickness of BAC and Al,O; layers was 58.5 and 14.4 pm,
respectively (Fig. S47). Also, it confirms that both sides of PE
separator were covered by BAC and Al,O;, respectively. It could
be expected that the BAC layer can play a role as not only sup-
pressing effect of LiPS dissolution but also reducing the internal
resistance by good electric conductivity. Furthermore, Al,O;
layer could prevent Li dendrite growth and physical contact
between cathode and anode as an insulating layer.

Contact angle measurements for separators

Material properties of separators such as wettability with liquid
electrolyte and thermal stability are important factors for cell
testing. Fig. 3 demonstrates the wettability of the bare PE
separator, Al,0O; coated PE separator, and BAC coated PE

(d)

Fig. 2 SEM images of BAC (a) coated on the PE separator with
elemental mappings of C (b) and F (c). Al,Os layer coated on the PE
separator (d) with elemental mappings of O (e) and Al (f).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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arator: 32.2°

Fig. 3 Contact angle measurement of the bare PE separator (a), PE
separator coated with Al,Os layer (b), and PE separator coated with
BAC layer using 1 M LiTFSI in DOL/DME.

separator using 1 M LiTFSI in DOL/DME electrolyte. Contact
angle values of PE, BAC/PE, and Al,O3/PE separators were 32.2°,
19.4°, and 5.8°, respectively. The dropped liquid electrolyte
amount was around 5 pl. As shown in Fig. 3, the BAC and Al,0;
layers had better hydrophilic behavior than the bare PE sepa-
rator. These results confirmed that the wettability of the sepa-
rator was significantly enhanced by the BAC and Al,O; dual
coating on the PE separator.

Thermal shrinkage of separators

Thermal stability of separators is one of the critical parameters
in the failure of LIB and LSB.** To further investigate the
thermal stability of PE, Al,O3/PE, and BAC/PE/Al,O; separators,
all samples were placed in a circulating oven with a temperature
of 140 °C for 10 min. As shown in Fig. 4, the bare PE separator
shrank by 63% after heating and its melting point was
approximately 135 °C.*>* Studies report that adding a ceramic
coating can enhance the thermal stability of separators thereby
improving their heating resistance.®**® As expected, the Al,O;/
PE separator had favorable thermal stability and lower

Before heating
at 140°C

After heating
at 140°C for 10 min

PE
Separator

ALO;/PE
Separator

BAC/PE/AL O,
Separator

Fig. 4 Thermal shrinkage of bare PE separator, single-side coated
Al,Oz/PE separator, and dual-side coated BAC/PE/Al,O3 separator at
140 °C for 10 min.
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shrinkage (25%) compared to the PE separator. The BAC layer
contributed even more substantially to the heating resistance of
the separator (4% shrinkage). These results indicate that the
BAC/PE/Al,O; separator could improve the thermal safety of
batteries and prevent issues such as internal short circuits that
arise due to a shrinking PE separator.

Electrochemical behaviors of coin cells with PE and BAC/PE/
Al,O; separators

Although the multi-coated separator shows good thermal
stability and wettability, there was a possibility that the BAC and
Al O; layers might influence the internal resistance or Li-ion
mobility during the charge and discharge process. To investi-
gate the electrochemical behaviors of coin cells assembled with
PE or BAC/PE/Al,O; separators were examined by CV at different
scan rates (0.1-0.4 mV s~ '). Coin cells with PE separators
showed a typical CV curve of LSB from 0.1 to 0.3 mV s .
However, the anodic and cathode peaks of the CV curve tested at
0.4 mV s~ ' shifted due to the LiPS dissolution during redox
reactions. On the other hand, coin cells with BAC/PE/Al,O4
separators had a stable CV curve at all scan rate conditions as
shown in Fig. 5(b). In Fig. 5(a), there are two anodic peaks at
2.33 V (peak A1) and 2.39 V (peak A2) and two cathodic peaks at
2.31 V (peak C1) and 2.03 V (peak C2) of coin-cell assembled
using PE separator. We previously found that elemental sulfur
(octasulfur, Sg) reduces to soluble high-order LiPS (Li,S,-Li»Sg)
at approximately 2.0-2.3 V. Furthermore, the soluble LiPS
(Li»S,) reduces at approximately 2.10 V. In the anodic peaks,
peaks located at 2.33 and 2.39 V correspond to the two-step
transformation from Li,S, (1 = x =< 2) to LiPS and octasulfur
(Sg)- The redox behaviors of coin-cells assembled using BAC/PE/
Al,O; separators had similar CV curves to those assembled
using PE separators including two anodic (A1: 2.31V, A2: 2.40 V)
and two cathodic peaks (C1: 2.32 V, C2: 2.02 V), indicating that
the electrochemical reactions of both samples are not affected
by the addition of a dual coating of BAC and Al,O; layer on the
PE separator. Moreover, it shows sharper peaks in CV curves at
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Fig.5 CV curves of the coin-cell assembled using the PE separator (a)
CV curves of the coin-cell assembled using the BAC/PE/Al,O3 sepa-
rator (b) Li* diffusion coefficient values of both coin-cells tested at
ascan rate of 0.1-0.4 mV s~ (c) Peak current values versus the square
root of the sweep rates of PE and BAC/PE/Al,O3 separator (d).
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0.1 mV s~ for 5 cycles than the coin-cell prepared using a bare
PE separator, meaning that the Li" diffusion kinetics during
redox reactions is improved by a dual coating on PE separator
(Fig. S57).

For further examination, Li* diffusion coefficients (Dib,) of
the two types of coin-cells was calculated and compared using
the Randles-Sevcik equation as follows:**

I, = (269 x 10°)n" 34D €93

app

In the LSB system, I, is the peak current value in ampere (A),
n is the number of electrons transferred in the oxidation-
reduction reaction (n = 2 in LSB system), and A is the surface
area of the working electrode (cm”), Dih, is the Li* diffusion
coefficient, Cy; is the concentration of Li in liquid electrolyte
(mol ecm™?), and v is the scan rate value from the CV test (Vs ).
The Li" diffusion coefficient values of coin-cell assembled using
bare PE separator at the 0.1 mV s™* are 9.85 x 10 *?, 3.46 x
1072, 6.16 x 1073, and 4.52 x 10~ ** em® S™*, respectively. In
contrast, the sample prepared using the BAC/PE/Al,O; sepa-
rator shows higher Li" diffusion coefficient values of 1.74 x
1071 2.03 x 1072, 8.78 x 10 %, and 7.66 x 10 ** cm* S *
(Fig. 5(c)). All Li" diffusion coefficient values at scan rates of 0.1,
0.2, 0.3, and 0.4 mV s~ * of all samples are shown in Table 1.
Fig. 5(d), confirms that the anodic and cathodic peak currents
of coin cells assembled using BAC/PE/Al,O; separators are
linear with a square root of all scan rates condition, indicating
a diffusion-controlled process.”” However, the anodic and
cathodic peak currents of PE separator coin cells showed a non-
linear relationship with the square root of scanning rates. We
assumed that the LiPS dissolution might affect the electro-
chemical behaviors during CV testing. Our results indicate that
the addition of BAC and Al,O; layer on the PE separator
enhances the Li" diffusion kinetics during the charge and
discharge process.

Charge and discharge performances of coin cells

The charge and discharge performances of coin cells assem-
bled using PE and BAC/PE/Al,O; separators were investigated
at 0.1 C-rate for 100 cycles. Fig. 6(a) and (b) reveal the typical
charge and discharge profiles of LSB including two represen-
tative discharge plateaus at 2.2-2.3 V and 2.1 V. These two
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discharge plateaus are related to the reduction of octasulfur to
high-order LiPS (Li,S;-Li,Sg) and Li,S, (1 =< x =< 2), corre-
sponding to the CV results of both types of coin cells (Fig. 5(a)
and (b)). The discharge capacities of the coin cells with PE
separators are 811.8, 590.0, 513.4, 401.1, 359.6, and
386.2 mA h g~' at 1st, 2nd, 5th, 20th, 50th, and 100th cycle,
respectively. In contrast, the coin-cells assembled using BAC/
PE/AL,O; separators delivered higher discharge capacities than
that of PE samples (1092.5, 853.3, 761.1, 709.8, 630.8, and
495.2 mA h g " at the 1st, 2nd, 5th, 20th, 50th, and 100th cycle,
respectively). Thus, a dual-coated PE separator is particularly
effective in enhancing the electrochemical performance of LSB.
As previously mentioned, the charge and discharge profiles of
LSB are composed of a higher plateau (Qy) and lower plateau
(Qu) (Fig. S6t). The values of Qy and Qy reflect the trans-
formation of solid-state octasulfur to soluble high-order LiPS
(Li»S4-Li,Sg) and continuing reduction of Li,S,-Li,Sg to insol-
uble sulfides (Li,Sy, 1 = x =< 2), respectively. Thus, Q/Qy ratio
provides important information on electrochemical stability
and reversibility in LSB systems. Fig. 6(c) and Table S2f
demonstrate the Qy, Qr, and Q;/Qy ratio values of all samples
at each cycle. Theoretically, Q./Qu ratio of 3 indicates
a complete transformation to Li,S and a Q/Qy ratio of 2 to
Li,S,.%® All samples revealed a lower Q;/Qy ratio (approximately
2.11-2.61) than the theoretical values, which means that the
transformation of soluble LiPS to insoluble Li,S, (1 < x =< 2)
was not completed. However, Q./Qy ratio of coin-cells assem-
bled using BAC/PE/Al,O; separators show higher Q;/Qy ratios
(2.61, 2.46, 2.46, and 2.49 at 5th, 20th, 50th, 100th cycle
respectively) compared to coin cells using PE separators (2.35,
2.11, 2.15, and 2.11 at the 5th, 20th, 50th, 100th cycle respec-
tively). This result suggests that the dual coating of BAC and
Al,O3 layer on the PE separator can enhance the transformation
of soluble LiPS to insoluble Li,S, (1 =< x < 2). In addition, from
these results, we inferred that the BAC layer which has higher
surface area can suppress the LiPS dissolution during the
charge and discharge process. Fig. 6(d) shows the Nyquist plot
of coin-cell assembled using the PE separator or BAC/PE/Al,O3
separator before and after charge and discharge cycling for 30
cycles. The coin cells with PE separators had a higher charge
transfer resistance (38.9 Q after 30 cycles) compared to coin-
cells with BAC/PE/AL,O; separators (9.0 Q).

Table 1 The Li*-ion diffusion coefficient values of coin-cells assembled using bare PE or BAC/PE/AL,O3 separators calculated from the CV

measurements

Li* diffusion coefficient/Dyp, (cm* s™%)

Samples PE BAC/PE/AlL,O;

Scan rate (mV

s 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

DAL 9.85 x 107 145 x 102 701 x10°® 211 x10 " 1.74x10°" 232x10® 1.65x 10 *?* 1.24 x 10" *?
D2 3.46 x 107 147 x 107?878 x 10 337 x10° ¥ 2.03x10 % 167 x10 2 136 x 10 * 1.16 x 10 2
DEL 6.16 x 107 3.40x10 " 204x10"® 630x10 " 878x10°"® 672x10"% 522x10"? 443 x10 "
De2 452 x 107  230x107%  1.01x107* 3.01x10°®  7.66 x107** 443 x 107 292 x 10" 210 x 10" *?
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Fig. 6 Galvanostatic charge and discharge curves of coin-cells assembled using PE separators (a) or BAC/PE/Al,O3 separator (b) tested at 0.1 C-
rate for 100 cycles (C-rate value was calculated using S loading amounts: 1.2 mg cm™). Qy and Q, discharge capacities of both coin-cells (c).
Nyquist plot of all samples before and after cycling for 30 cycles (d). C-rate performance at different C-rate values from 0.1C to 2.0C (e).
Cyclability of the coin-cell with PE and BAC/PE/Al,O3 separators for 100 cycles (f).

EIS measurements revealed that the redox kinetics of coin-
cells were improved by a dual coating of BAC and Al,O; layer
on the PE separator. It can be attributed to the good electrical
conductivity of BAC (around 0.4-0.5 S cm ). This value is
similar to the commercial activation carbon. We confirmed that
the good electrical conductivity by adding BAC layer could
decrease the internal resistance, resulting in good electro-
chemical performances.®*”* The rate performance of both types
of coin cells was tested at various C-rate values from 0.1 to 2.0C
and 0.1C again (Fig. 6(e)). Coin cells with BAC/PE/Al,O; sepa-
rators delivered a higher discharge capacity (757 and
452 mA h g™") compared to those with PE separators (598,
271 mA h g~ at the 5th and 20th cycle with the C-rate values of
0.1 and 2.0. When the C-rate values returned to 0.1, coin cells
with BAC/PE/Al,O; separators showed good capacity retention
(99.5%). By contrast, coin cells with PE separators had lower
capacity retention (94.3%), indicating that the BAC/PE/Al,O3
separator enhances the reversibility of battery cell. To explore
the reversible charge and discharge process of LSB samples
depending on the separators, the cyclability of both samples
was tested at 0.1 C-rate for 100 cycles. As shown in Fig. 6(f), coin-
cells with PE separators deliver a discharge capacity of 810 and
377 mA h g " at 1st and 100th cycle. The CE of this sample is
68.6 and 78.2%. In the LSB system, LiPS dissolution from the
cathode to liquid electrolyte is a major reason for low CE
(<80%). These results indicate that coin cells with bare PE
separators cannot suppress the LiPS dissolution from cathode
to anode, also known as the shuttle effect. On the other hand,
the coin cells using BAC/PE/Al,O; separators show an improved
discharge capacity of 1087 and 487 mA h g~ with high CE (83.9
and 87.5% at 1st and 100th cycle). These results indicate that
the large surface area derived from the BAC effectively sup-
pressed the LiPS dissolution during cycling leading to a stable
electrochemical performance for LSB.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Suppressive ability of separators

To investigate the suppressive ability of BAC and Al,O; layer on
PE separators, a penetration test was conducted. H-type cells
with the two types of separators were prepared with 0.1 M Li,Se
in DME solution (left side), and pure DME solution (right side).
In the H-type cell with the bare PE separator, the color of the
pure DME solution stored on right side gradually changed to
light-yellow color after 20 min because of the diffusion of Li,Ss,
indicating the shuttle effect starts at the initial state of cycling
(Fig. 7). After 4 h, the color of the pure DME solution (right side)
changed to reddish-brown color indicating the bare PE sepa-
rator had no suppressive ability, resulting in irreversible elec-
trochemical reactions during cycling. By contrast, the DME
solution in the H-type cell prepared using the BAC/PE/Al,O3
separator showed no noticeable color change for 2 h and turned
a light-yellow color after 4 h. These results confirm the blocking
effect of BAC/PE/Al,O; separator. We further hypothesized that
the BAC layer was able to absorb LiPS because of their high
surface area and large porosity.

LiPS absorption ability of BAC

To confirm the absorbing ability of BAC, were soaked in 0.05 M
Li,S¢ in DOL/DME with 0.1 g of BC and BAC powder and without
(i.e., control) were compared (Fig. 8). All samples were main-
tained for 24 hours to check for color change the samples stored
with BAC powder were transparent, whereas the samples with
BC powder were a deep-yellow color (Fig. 8(b)). This result
demonstrates BAC's outstanding ability to absorb Li,Se. To
further test the Li,S¢ absorbing ability of BAC, we conducted UV-
vis measurements of the Li,Ss in DOL/DME solutions separated
from the BC and BAC powder. The absorbance intensity of the
solution from BAC sample was weakest compared to the pure
Li,Se in DOL/DME solution and the BC sample, demonstrating
that BAC has a strong absorbing ability due to its higher surface
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Fig. 8 Digital images of the absorption testing of LiPS (0.05 M Li,Sg in
DOL/DME) using BC and BAC (900 °C) powder (a) and (b). UV curves of
the solutions (c) and the XPS spectra of the BC and BAC powder (d)
after absorption testing. Chronoamperometry results of L//Li asym-
metric cell using bare PE or BAC/PE/Al,O3 separators (e). A schematic
illustration of suppressing effect for LiPS dissolution and Li dendrite
growth by BAC/PE/Al,O3 separators (f).

area than BC (Fig. 8(c)). After the absorption test, we also con-
ducted an XPS test wherein BAC powder was filtered and dried.
Fig. 8(d) shows the S2p spectra of BAC powder. The binding
energies at 163.6, 168.0 and 169.2 eV correspond to the LiPS
(Li,Sy, 4 < x = 8), thiosulfate, and polythionate, respectively.”
This result suggests that the high surface area of BAC caused
not only a physical trapping but also a chemical binding of LiPS
resulting in suppressing LiPS dissolution during the charge and
discharge process.

There are many reports of a possibility of a dual-coated
separator for not only LSB but also LMB. It is known that
a multi-functional separator which has AC or inorganic layers
on its surface can suppress the Li dendrite growth during
cycling. Fig. 8(e) shows the voltage-time profiles of Li//Li
symmetric cells assembled using bare PE and BAC/PE/Al,O3
separators at current density of 2.0 mA cm ™2 for 200 hours.
The coin cell assembled using BAC/PE/Al,O; separators has

27280 | RSC Adv, 2023,13, 27274-27282

Digital images of LiPS dissolution test in H-type cells with the PE and BAC/PE/Al,O5 separator for 4 hours.

stable voltage curves with a low over-potential, while the
sample with bare PE separator shows a higher over-potential
for 200 hours. In the following cycles, voltage profiles of
BAC/PE/Al,O; separators are gradually increased but it is still
stable and lower than that of the bare PE separator. This
demonstrates that the BAC/PE/Al,O; separator has the sup-
pressing ability of the Li dendrite growth during the charge
and discharge process with good structural stability as shown
in Fig. S7 and S8.1 Fig. 8(f) depicts the multi-functionality of
the dual coating of BAC and Al,Oj3 layer on the PE separator in
the improved electrochemical performance of LSB. This study
demonstrates a new opportunity for mass production of acti-
vated carbon derived from biomass and its application for Li-
S batteries.

Conclusions

LSB could prove to be an excellent solution for the growing
needs of large-scale battery industries. LSBs could theoretically
be better alternatives to the traditional lithium-ion batteries
because of their higher theoretical capacity and energy density
but the devices had certain critical issues. Our study demon-
strates an effective PE separator with a dual-side coating of
Biomass-derived activated carbon (BAC) and Al,O; (BAC/PE/
Al,O; separator) that could solve for most issues with LSBs. The
BAC powder was successfully synthesized via a one-pot process
using a specially designed tube furnace, which was used as
a coating layer for modification of the commercial PE separator.
The BAC/PE/Al, O3 separator shows enhanced material proper-
ties such as wettability and thermal stability compared to the
bare PE separator. It also effectively suppresses the dissolution
of LiPS and improves the Li" diffusion kinetics. Thus, the LSB
coin-cell assembled using BAC/PE/Al,O; separators exhibited
improved discharge capacities compared to the coin cells with
bare PE separators. Moreover, BAC/PE/Al,O; separators were
able to successfully suppress Li dendrite growth. This facile
method of synthesizing BAC and its application to multifunc-
tional separators will provide a new way to increase the elec-
trochemical performance of LSB.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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