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Abstract

The lithium-air battery (LAB) is considered the most promising battery type due to its significantly high theoretical energy density,
which is comparable to that of gasoline. Most LAB research takes place in pure oxygen environments, as operating them under
normal conditions with moisture raises safety concerns. This study focuses on creating polystyrene (PS) based membranes with added
graphite to enhance their properties. The quantity of graphite ranges from 0 to 1 wt.% of PS, and the resulting membrane undergoes
characterization using Fourier transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD), scanning electron microscopy (SEM),
water contact angle (WCA), and moisture transmission rate (MTR). The investigation reveals that the 0.7 wt.% graphite infused PS
membrane performs efficiently and is subsequently employed in LAB. Additionally, the use of MnO, as a catalyst in the cathode
material is explored through cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), showing promising results.

When tested in a moist gas environment alongside the optimal membrane, the LAB behaves similarly to LAB without a membrane,

akin to its performance in a pure oxygen setting.
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1 Introduction

Due to the increasing popularity of electric vehicles (EVs),
rechargeable batteries have garnered significant attention.
While lead-acid and lithium—ion batteries are commonly
used in vehicles, they struggle to compete with gasoline due
totheirlower specific energy when comparedto gasoline[1].
Among all battery types, lithium—air batteries (LABs)
stand out with the highest specific energy of 11,900 Wh/
kg, nearly on par with gasoline at 12,700 Wh/kg [2].
The pioneering work on such batteries is reported by
Abraham and Jiang [3]. Fig. 1 illustrates the scheme of
a LAB, depicting its components: pure lithium metal as the
anode, a porous cathode made of carbon based materials
and an organic electrolyte. During discharge lithium ions
migrate through the electrolyte, while electrons traverse
the external circuit, ultimately combining with oxygen at
the cathode to form Li,O,, thereby generating electricity.
Charging, on the other hand, involves the decomposition
of Li,O, into Li and oxygen through the application of
electrical current. The discharging and charging processes
are governed by Egs. (1) and (2) [4, 5].

During discharging

2Li+0, - Li,0, M
During charging

Li,0, »2Li+0, )

Most of the research on LAB is performed in pure oxy-
gen [6—15]. The use of oxygen includes issues like the
additional mass of the cylinder, and the refilling of the cyl-
inder, and will also have some serious safety hazards [16].
The more practical approach to running LAB is the use of
ambient air for the supply of oxygen, but apart of oxygen,
ambient air also includes nitrogen, carbon dioxide, and
some traces of moisture [17]. Lithium metal is very sen-
sitive to moisture [18]. On contact with moisture, it will
form lithium hydroxide through an exothermic reac-
tion [16] which is considered to be a safety concern [1].

Huang et al. [19] evaluated that when LAB is discharged
in ambient air, the discharge product Li,O, reacts with mois-
ture and carbon dioxide, which is difficult to decompose.
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Fig. 1 Scheme of conventional lithium-air battery

The attractive option to operate the LAB in an ambient
atmosphere is the use of hydrophobic membranes [20],
which should block moisture and allow only oxygen into
the battery. Muthiah et al. [21] initially proposed the idea of
using a Teflon based membrane to prevent moisture from
entering the battery, but they did not conduct an assessment
of the battery performance with this membrane. In a sub-
sequent study, Crowther and Salomon [22] employed a
Teflon-coated fiberglass cloth membrane to block moisture
and allow the ambient operation of LAB. They observed a
94% increase in battery capacity when LAB was operated
with this membrane under ambient conditions compared to
operation without the membrane. Another investigation by
Zhang et al. [23] involved experimental testing of a heat-
sealed polymer as a moisture-blocking membrane and for
battery packaging. Their findings indicated that using this
membrane along with the battery could achieve a capac-
ity of 362 Wh/kg while operating in ambient conditions.
Zou et al. [24] used silica gel based oxygen selective mem-
brane (OSM) for blocking moisture. They tested the bat-
tery in dry and humid air. They experimentally evaluated
that LAB can be run for 165 cycles in dry air by discharging
at a rate of 0.5 A/g, while LAB has provided only 12 cycles
when operated in the air with 45% relative humidity (RH).
When a silica gel based membrane is used for moisture
blocking, LAB is able to run for 130 cycles at the same rate.
They have also evaluated that LiOH is the main discharge
product when the battery is operated without a membrane
while Li,O, is mainly observed as a discharged product

when the battery is operated along with the membrane.
Xie et al. [25] have synthesized perfluoropolyether based
OSM and evaluated that the membrane has a hydrophobic
nature. They tested the membrane for the ambient operation
of LAB and concluded that a battery equipped with a mem-
brane can be run for 144 cycles and can provide 500 mAh/g
while a battery without a membrane is only able to provide
6 cycles. Zhang et al. [26] have prepared OSM by using
silicate zeolite and polytetrafluoroethylene and tested the
membrane in a battery. It is found that while operating the
battery with the membrane in 20% RH battery could pro-
vide 1022 mAh/g and can run for 21 days. Fu et al. [27]
tested the LAB in 20% RH at a discharge rate of 0.1 mA/g
by using a membrane made of polyaniline (PANI). It was
found that the battery can deliver 3240 mAh/g without any
safety issues as PANI membrane can block the moisture.
Wen et al. [28] prepared a polytetrafluoroethylene hexaflu-
oropropylene (PVDF-HFP) based membrane and utilized it
as OSM in LAB, it was found during their investigation that
the use of membrane improved the battery performance by
8 times, when the battery was tested in 50 RH. The use of
a polydimethylsiloxane (PDMS) based OSM was tested by
Wang et al. [29] in which SiO, was used as nano-particles
The membrane was tested to operate the battery in ambi-
ent conditions. It was found that the battery could provide
500 mAh/g up to 20 cycles when operated at 40% RH.
Based on the preceding discussion, it becomes evident
that hydrophobic membranes proved to be highly effec-
tive at preventing moisture infiltration, thereby enabling the



operation of LAB under regular environmental conditions.
Although various polymeric membranes have been assessed
for LAB operation under ambient conditions, to the best of
the authors' knowledge, using polystyrene (PS) based mem-
branes in LAB for ensuring secure ambient operation has
not been explored. This research focused on the utilization
of LAB under humid conditions by using PS membranes.
The oxygen selectivity and hydrophobicity of the PS mem-
branes were tried to be improved by incorporating graph-
ite nanoflakes, and the quantity of graphite flakes in the
PS membranes was optimized. Moreover, battery testing
with the membrane was also conducted to explore the impact
of the optimized membrane on battery performance.

2 Methodology

The overall study was conducted according to the flow pre-
sented in Fig. 2. It began with the synthesis of PS mem-
branes with and without fillers. Characterization of the syn-
thesized membranes was performed to evaluate the physical
and chemical properties, and the best performing candidates
were selected. Batteries were assembled and tested with and
without the use of membranes to compare their performance.

2.1 Materials

PS (resin), toluene (reagent grade), graphite powder, and
Nafion binder were taken from Sigma Aldrich. Ethanol, car-
bon black, and MnO, were taken from Lab Chem Products.

Membrane synthesis with and
without filler

Characterization of membrane
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2.2 Membrane synthesis

Five different membranes having PS as base matrix with
varying compositions of graphite (G) were synthesized by
solution casting technique. The quantity of graphite varied
from 0 to 1 wt.% of PS. Pristine PS membrane was pre-
pared by making a solution of PS and toluene such that the
mass ratio of PS and toluene was 2:10. The solution was
then poured on the plastic sheet placed on the applicator
and its thickness is controlled by a doctor blade.

Fig. 3 illustrates the scheme of the graphite infused mem-
brane. To create this membrane, 0.3 wt.% of PS and graphite
were combined in toluene. The mixture underwent 30 min
ultrasonication to ensure a uniform distribution of graph-
ite within the toluene. Subsequently, PS resin is introduced
into the mixture, aiming for a mass ratio of PS and toluene
as 2:10. To achieve a consistent blend of PS in toluene the
mixture is subjected to magnetic stirring for 1 h. The result-
ing solution is then poured onto a plastic sheet positioned
on an applicator, with the thickness being regulated using a
doctor blade. Afterward, the sample is left to dry for 24 h,
rendering the membrane ready for use. The same procedure
is employed for the creation of graphite filled PS membranes
with concentrations of 0.5 wt.%, 0.7 wt.%, and 1 wt.%.

2.3 Battery assembly
The battery was assembled in an argon filled glove box.
Lithium coin was used as anode, the cathode was made

Battery assembly with and

without membrane

A

Battery testing with and without
membrane

End

Fig 2 Workflow adapted for this study
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Fig. 3 Preparation of graphite-filled PS membrane

of carbon along with MnO, bonded over a nickel mesh.
A solution of LiF and polypropylene was prepared as elec-
trolyte such that the LiF concentration in the solution was
0.6 M. The cathode was prepared by making a slurry of
5 mg carbon black, 5 mg MnO,, 10 mL distilled water
and 10 mL ethanol. 3.5 um PTFE resin was added as a
binder to the mixture and then this mixture (slurry) was
deposited on nickel mesh and then left for drying for 24 h.
Polyvinylidene fluoride (PVDF) was used as separating
material to avoid any physical contact between the cath-
ode and anode. The membrane was placed over the cath-
ode to avoid the interaction of moisture with the cathode.
The scheme of the battery with the membrane is presented
in Fig. 4. The membrane blocks the moisture and only oxy-
gen can get into the battery.

2.4 Membrane characterization and electrochemical
evaluation of battery

The prepared membranes underwent several character-
ization techniques for analysis. Fourier transform infra-
red spectroscopy (FTIR) was employed to examine the
membrane functionality through NICOLET IS50, X-ray
diffractometry (XRD) was utilized to examine the crystal-
line properties of the membranes through D/Max-2500/PC.
To gauge the hydrophobicity of the membranes, the water
contact angle (WCA) — which was done at room tem-
perature — was measured using a goniometer (SL200A
by KINO Scientific Instrument Inc.,) while the moisture
transmission rate (MTR) is determined as per the ASTM

standard E96 [30]. The oxygen and nitrogen permeabil-
ity and selectivity of all membranes have been studied to
evaluate whether this membrane is suitable for LAB or not.
The oxygen and nitrogen permeability and selectivity were
measured with the help of a gas separation setup. The per-
meability was calculated from the volume flow rate and
pressure difference.

po 92X 3)
Ax PD

where P is the permeability of the membrane for a particu-
lar gas, Q is the flow rate of the gas, / is the thickness of the
membrane, A4 is the cross sectional area of the membrane
and PD is the pressure difference across the membrane.
The selectivity of the membrane was characterized as

5
o=—, 4
- @)

N,

where o is the selectivity of the gas.

For the electrochemical characterization various tests
were conducted. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) were used on the
cathode. Discharge/charge test of the battery was carried
out using the CorrTest Electrochemical workstation.

3 Results and discussion

To analyze the functional groups in the prepared mem-
branes, FTIR analysis was conducted of both pristine and
graphite filled membranes (see Fig. 5). The peaks observed
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Fig 5 FTIR spectra of the prepared membranes

in the range of 3100-2800 cm™ show the symmetric and
asymmetric vibrations of the C—H bond [31]. The aro-
matic C=C stretching vibration is evident from the peaks
observed in 1600-1400 cm™
benzene ring. The peaks observed at wave numbers 747

, indicating the presence of a

and 695 cm™ confirm the existence of out-of-plane C—H
bonding and signal a substitution on the benzene ring.
These findings align well with the research published in
reference [31]. Both pristine and graphite filled membranes
exhibit these peaks, but the graphite filled membrane dis-
plays a downward trend, reflecting the inert nature of graph-
ite that does not produce any peaks in FTIR but instead
results in a declining line, as noted in reference [32].

The analysis of the prepared membranes crystalline
structure was conducted using XRD, and the findings
are presented in Fig. 6. The presence of a broad peak
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Fig 6 XRD of prepared membranes

at 20 = 20.40° indicates the successful synthesis of the PS
membrane, as reported in reference [31]. This broad peak
is related to the amorphous nature of PS. Additionally,
another distinct peak observed at approximately 26.4°
confirms the presence of graphite within the PS matrix.
The morphology of the pristine PS membrane
and 0.7 wt.% graphite filled PS membrane were analyzed
using SEM by passing the electron beam at 20 kV and the
results are presented in Fig. 7. The top view of the pristine
membrane studied at a magnification of 2000X is shown
in Fig. 7(a). Fig. 7(a) illustrates that the pristine membrane
possessed a flat and smooth matrix. Fig. 7(b) reveals a uni-
form distribution of graphite within the PS matrix, signi-
fying the successful creation of a composite membrane.
When the quantity of graphite flakes was increased to
1 wt.% of PS, it is observed that graphite flakes are not able
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Fig. 7 (a) Top view of pristine PS membrane; (b) Top view of 0.7 wt%
graphite filled PS membrane; (c) Top view of 1 wt% graphite filled PS
membrane, where red circles indicate defects in membrane;

(d) Cross-section of 0.7 wt% graphite filled PS membrane

to distribute uniformly within the matrix causing agglom-
eration and defects within the membrane as shown in
Fig. 7(c). So, 1 wt.% of PS, graphite flakes are not suitable
for membrane preparation. The 0.7 wt.% graphite filled PS
membrane is also free from defects. Graphite turns the
membrane surface to be rough, while it is smooth in the
pristine one. The cross-section of the prepared membrane
was studied at a magnification of 1000X and the result is
presented in Fig. 7(d). From a cross-sectional view, it is
evident that the prepared membrane has a uniform thick-
ness of around 56.8 pm. The orientation of graphite flakes
within the membrane is inclined. Due to the inclined ori-
entation of graphite flakes within the matrix, it is effective
in moisture blocking [33], because it takes a longer path
for the moisture to diffuse through the composite mem-
brane as compared to the pristine one.

The hydrophobicity of the prepared membranes was
analyzed by determining the WCA of all the prepared
membranes. The images are presented in Fig. 8. It is clear
from the images that the contact angle of the pristine PS
membrane was 88° which was further increased to 93°
when the 0.3 wt.% graphite was added to the matrix.
It means that the addition of graphite is favorable in
increasing the WCA. After further increasing the quan-
tity of graphite to 0.5 wt.%, WCA was further increased
to 99°. When the graphite was further increased to 0.7 wt.%
WCA angle is further increased to 109° which is observed
to be the best WCA among all the prepared membranes:
when the graphite was further increased to 1 wt.% of PS,
the WCA declined to 103.2°. It means that by increasing
the quantity of graphite within the PS matrix, the hydro-
phobicity first increased up to a maximum value and then

Fig. 8 Water contact angle (a) pristine PS, (b) 0.3 wt% graphite filled
PS membrane, (c) 0.5 wt% graphite filled PS membrane, (d) 0.7 wt%
graphite filled PS membrane, (¢) 1 wt% graphite filled PS membrane

declined. Among all the prepared membranes, 0.7 wt.% of
PS filled with graphite showed the highest hydrophobic-
ity. The hydrophobicity was increasing by increasing the
quantity of graphite because the composite membranes
seem to be rough as compared to the pristine one, which
in turn increased the WCA, which means that the hydro-
phobicity increased.

The prepared membranes were tested to evaluate their
ability to block moisture permeation. Fig. 9(a) provides a
visual representation of the experimental setup for MTR
determination according to ASTM standard E96. In this
setup, the membrane is positioned over a beaker filled with
distilled water. Initially, the combined mass of the water
filled cup and the membrane was measured, and then they
were left undisturbed for seven days at room temperature.
Each day, the mass of the cup was recorded, and subse-
quently, the MTR was calculated using Eq. (5).

W =W,
Axt

MTR = ®)
Here, W, is the initial mass of the container, ¥, is the
final mass of the container and 7 is the time. The results
of MTR are presented in Fig. 9(b). It is clear that the pris-
tine PS membrane has an MTR of 0.51 g/(m?> x day).
When the graphite was added to the PS matrix,
MTR decreased. The 0.3 wt% graphite filled PS
membrane showed an MTR of 0.32 g/(m? x day),
which means that the addition of graphite is favorable in
moisture blocking. When the graphite was further increased
to 0.5 wt.%, MTR further decreased to 0.2 g/(m? x day).
After further increasing the quantity of graphite to 0.7 wt.%
of PS, the same trend is observed and MTR decreased to
0.12 g/(m? x day). When the quantity of graphite was further
increased to 1 wt.% of PS, further decrement of MTR was
not observed and MTR jumped to around 0.22 g/(m? x day).
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It means that the addition of graphite to PS is effective in
increasing MTR but after giving the optimum results, the
MTR is starting to decline. This occurs because defects
were formed in the membrane when the quantity of graph-
ite flakes was increased as evident from the SEM image
in Fig. 7 (red circles).
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The results of oxygen and nitrogen permeability and
selectivity are presented in Fig. 10. Four membranes
including pristine, 0.3 wt%, 0.5 wt% and 0.7 wt% graph-
ite in PS were selected to study the gas separation ability.
1 wt% was not considered because of its lower resistance
in moisture transmission. According to the results, by
the introduction of graphite flakes in the PS membrane,
the selectivity of the oxygen is increasing while the per-
meability is decreasing due to the Robenson limit [34].
From Fig. 10(a), the permeability of oxygen gas is 183,
142, 67, and 35 barrers for pristine, 0.3 wt%, 0.5 wt%, and
0.7 wt% of PS graphite filled membranes, while the nitro-
gen permeability were found to be 153, 77, 23 and 8.5 bar-
rers respectively. From Fig. 10(b), the O /N, selectivity for
the pristine membrane was reported to be 1.2, while for the
membrane containing 0.3 wt% graphite in PS the O,/N,
selectivity improved to 1.87. Upon further increasing the
amount of graphite flakes up to 0.5 wt% of PS, the O/N,
selectivity increased to 3.02 which was further improved
to 4.05 when the quantity of graphite flakes was increased
to 0.7 wt%. From these results, it can be concluded that
graphite flakes present in the matrix of PS support the dif-
fusion of oxygen molecules more as compared to nitrogen
molecules, therefore the O,/N, selectivity is increasing.
The increase in O,/N, selectivity occurs because graph-
ite shows affinity towards oxygen due to which oxygen
diffuses faster than that of nitrogen. The mechanism of
the graphite-oxygen interaction is quite complex. A fun-
damental knowledge about the crystal structure of graph-
ite along with the anisotropy is required to completely
comprehend the difficulty. The carbon basal planes in
graphite have strong directed covalent sp? hybridized
bonding (002) which are linked together by weak van der
Waals forces among the planes. It results in very weak

[
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Fig. 10 (a) Oxygen and nitrogen permeability (1 barrer = 3.35 x 107'® mol x m/(m> x s x Pa)); (b) Selectivity of oxygen over nitrogen

(for detailed description of sample type see the horizontal axis in Fig. 9(b))
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chemical interactions between planes [35]. This resulted
in the piling of oxygen in the membrane and, eventu-
ally, due to the upstream of the oxygen, they were forced
to cross the membrane faster as compared to nitrogen.
This result can enable the 0.7 wt% graphite-filled mem-
brane to be used in LABs.

The CV of the prepared cathodes was used to study
the oxygen reduction reaction (ORR) and oxygen evolu-
tion reaction (OER). The results are presented in Fig. 11.
The CV was conducted in 0.1 M aqueous solution of
KOH saturated with oxygen at a scanning rate of 10 mV/s.
Graphite was used as the counter electrode, while Ag/
AgCl was used as reference electrode.

From Fig. 11, it is evident that for the cathode with-
out MnO, the cathodic peak was observed at 0.38 V and
0.06 A, while no anodic peak was observed for the cathode
with MnO,. This indicates that without MnO, the battery
can be recharged to a small extent as no electrochemical
reaction is observed. Without any electrochemical reac-
tion, the battery can not reach its initial state. When MnO,
was added to the cathode, the cathodic peak was observed
at 0.29 V and 0.014 A. Very little bump as an anodic peak
(blue line) at around 0.65 V and 0.01 A was observed for
the cathode with MnO,. This peak is observed because of
the insertion of proton into MnO, according to Eq. (6) [36].
This little bump is an indication that some electrochemical
reaction occurred, however, the relatively low intensity of
the anodic peak suggests limited reversibility and, conse-
quently, poor cyclability of the cell. This limitation, how-
ever, does not affect the primary objective of the present
study, which is to investigate the influence of membrane
incorporation on the performance of the lithium-air bat-
tery (LAB) under moist-air operating conditions.
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Fig. 11 Cyclic voltammetry (CV) of the prepared cathodes

The charge transfer resistance of the cathode was
investigated using electrochemical impedance spectros-
copy (EIS), employing Graphite as the counter electrode
and Ag/AgCl as the reference electrode in an oxygen-sat-
urated 0.1 M KOH solution. This test covered a frequency
range from 0.01 Hz to 1 MHz (see Fig. 12). In the absence
of a catalyst, the charge transfer resistance was measured
at 2.3 W, while the overall cell resistance is 5.2 W. When
MnO, is introduced as catalyst, the charge transfer resis-
tance decreased to 1.2 W, and the cell resistance decreased
to 4.9 W. The notable reduction in both parameters high-
lights the catalytic activity of MnO,, which accelerates the
electrochemical reactions by facilitating faster electron
transfer and enhancing ion diffusion at the cathode sur-
face. This improvement reflects an overall enhancement in
the electrochemical performance of the cell, demonstrat-
ing that MnO, effectively promotes the oxygen reduction
process and reduces the interfacial resistance, ultimately
contributing to better cathode efficiency and stability.
Furthermore, MnO, introduces oxygen vacancies, fur-
ther reducing the overall resistance of the cathode and
enhancing its performance [37]. This means that ORR
will be faster because the charge transfer process is faster.
The nanorod structure of MnO, plays a significant role in
supporting the electrode-electrolyte interface of the cath-
ode and enhancing electron conductivity [38]. The addi-
tion of MnO, as a catalyst within the cathode material
proved to be beneficial in lowering the overall resistance
of the battery and enhancing its performance.

To assess the impact of the membranes on LAB per-
formance, tests were conducted both with and without the
membrane. The LAB lacking a membrane was assembled
within an argon filled glove box, resulting in an open cir-
cuit voltage of approximately 1.9 V, as depicted in Fig. 13.
To determine the total capacity of the battery, it was
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Fig. 12 EIS of the prepared cathode
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discharged entirely within oxygen environment at a dis-
charge rate of 1.5 mA/g. The results indicated that the bat-
tery achieved a discharge capacity of roughly 1058 mAh/g
in a pure oxygen environment, delivering a voltage of 1.8 V,
as illustrated by the red curve in Fig. 14. The discharge
voltage of the battery is different from the open circuit volt-
age because when the battery is connected to the battery
tester, there may be losses due to ohmic losses or internal
resistance of the battery, which can be studied separately.
The low voltage of the cell can be attributed to inadequate
contact between the electrode and the test cell. However, in
the context of this study, this issue is not deemed critical
since the primary objective is to assess the influence of the
membrane on the battery performance. To investigate the
impact of the membrane on the LAB discharge capacity,
a battery containing a 0.7 wt.% graphite filled membrane is
assembled within an argon filled glove box. Subsequently,
the battery underwent discharge at the same rate of 1.5 mA/g,
first in pure oxygen environment and then using a stream
of moist gas. Based on the findings from WCA and MTR
measurements, the 0.7 wt.% graphite filled PS membrane
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demonstrated the most promising performance as a mois-
ture barrier. Consequently, it was selected for incorporation
into the membrane for moisture prevention.

At first, when the battery with the membrane was dis-
charged in pure oxygen, it provided the maximum capac-
ity of 1022 mAh/g at the same rate as evidenced by the
green curve in Fig. 14. The low capacity was observed
because the membrane caused resistance in the oxygen
flow and the performance of the battery was strongly
dependent on the oxygen partial pressure [39]. After
studying the battery performance with the membrane in
pure oxygen another battery with 0.7 wt.% graphite filled
membrane was assembled and then discharged by using
a stream of moist gas to study the effectiveness of the
membrane in moisture blocking. The moist gas was used
to simulate the ambient conditions as ambient conditions
also include moisture. The stream of gas used consisted
of around 14% moisture and 86% oxygen. When a battery
equipped with the membrane was discharged in moist gas,
it behaved in the same way as the battery performed in
pure oxygen environment. The discharge capacity of the
battery equipped with membrane when discharge in the
moist gas was found to be around 981 mA/g as evidenced
by the purple curve of Fig. 14. The battery provided the
above-mentioned capacity because it is supposed for all
the studied batteries that during the discharge operation
first an electrochemical reaction between oxygen and
lithium occurs and Li,0, is formed as a discharged prod-
uct. However, due to the presence of the carbonate based
electrolyte, this discharged product can be transformed
into Li,CO, according to Eq. (7). The carbonate based
discharge product is assumed to get stuck on the surface
of the cathode and ultimately resulted in clogging of the
cathode, due to which there are no active sites available
for further electrochemical reaction. The discharge capac-
ity can be enhanced by using a cathode with a high sur-
face area and more active sites, because high surface area
means more active sites for electrochemical reactions.

Li,0, +CO;* — Li,CO, +207* (7)

From the discharge operation, it is also found that there
is no safety issue during the operation of the battery with
moist gas. When the membrane is used for moisture block-
ing, as shown in Fig. 15, the lithium coin is found to be
in a better state as compared to the other. The discharge
capacity of a battery with a membrane was found to be
lower than that of a battery without a membrane, because
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Fig. 15 (a) Lithium coin after exposure to moist gas, (b) Lithium coin
from a battery with membrane after discharging in moist gas

the membrane creates a hindrance in the flow of oxygen
and thus reduces the pressure of oxygen in the battery.
The capacity of the battery performance is highly depen-
dent on the oxygen pressure [39].

Fig. 16 shows the cyclic discharge and charge perfor-
mance of LAB in pure oxygen without a membrane and in
an oxygen environment and moist gas with a membrane.
The moist gas is composed of around 14% moisture and
86% oxygen. The battery was discharged by setting the
capacity to 500 mAh/g. The battery was discharged and
charged at a rate of around 1.5 mA/g. During the first cycle,
the battery with and without membrane provided the same
capacity which is fixed initially. However, after the first
cycle, the battery capacity decreased continuously. It is evi-
dent from Fig. 16 that in every following cycle, the battery
provided a lesser capacity than the previous one and grad-
ually the overpotential continuously increased. In all three
scenarios, LAB just lasted for 7 cycles. The lower capacity
may be caused by the polycarbonate electrolyte. Carbonate
electrolytes, in general, react with the discharge prod-
uct Li,0, and form Li,CO,. It is difficult to decompose and
deposits on the cathode, thus decreasing the performance
of the battery [40]. The battery capacity may be enhanced
by replacing the carbonate based electrolyte with tetraeth-
ylene glycol dimethyl ether (TEGDME). A sudden over-
shoot was observed in the last cycle of the battery with-
out membrane because, during the battery operation, the
temperature of the battery increased and the electrolyte
evaporated. It can also be concluded that at the end of the
7% cycle, the battery ended not only because of carbonate
formation but also due to the evaporation of the electrolyte.

However, in the battery with a membrane, the electro-
lyte evaporation was restricted by the membrane due to
which a gradual decrement was observed. It can also be
said that the battery with a membrane performed better
because in the battery with a membrane the shortening of
battery life is mainly due to the carbonate formation and
the electrolyte evaporation is negligible.

Cyclic test without membrane in pure oxygen
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Fig. 16 Cyclic Performance of battery (a) without membrane in pure
oxygen, (b) with the membrane in moist gas, (c) with the membrane in

pure oxygen

4 Conclusion

To ensure the safe and reliable operation of LABs in ambi-
ent conditions, it has been determined that hydrophobic
membranes represent the optimal choice. These mem-
branes effectively prevent moisture ingress while permit-
ting the passage of oxygen into the battery. In this con-
text, a polystyrene based membrane was successfully



synthesized and comprehensively characterized using
techniques such as FTIR, XRD, SEM, WCA and MTR.
The most effective PS-based membrane, identified through
these analyses, was subsequently employed in the battery
to serve as a moisture barrier. The following research find-
ings are drawn from this investigation:
» The optimum quantity of graphite within in PS matrix
is 0.7 wt.% of PS. Among all the prepared membranes,
0.7 wt.% graphite filled PS membrane has performed
the best in restricting moisture and also has the high-
est WCA, which means high hydrophobicity.
¢ Incorporating MnO, as a catalyst in the cathode mate-
rial yielded positive outcomes, reducing the overall
resistance and allowing multiple cycle cathode use.
e The utilization of a 0.7 wt% graphite filled
PS membrane proved to be effective for operating
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