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Abstract: High energy density lithium—sulfur batteries (LSBs) are a potential replacement for lithium-
ion batteries (LIBs). However, practical lifetimes are inhibited by lithium polysulfide (LiPS) shuttling.
Concurrently, plastic waste accumulation worldwide threatens our ecosystems. Herein, a fast and
facile strategy to upcycle polyethylene terephthalate (PET) waste into useful materials is investigated.
Dilithium terephthalate (Li; TP) and dipotassium terephthalate (K, TP) salts were synthesized from
waste soda bottles via microwave depolymerization and solution coated onto glass fiber paper (GFP)
separators. Salt-functionalized separators with Li TP@GFP and K, TP@GFP mitigated LiPS shuttling
and improved electrochemical performance in cells. Pore analysis and density functional theory (DFT)
calculations indicate the action mechanism is synergistic physical blocking of bulky LiPS anions in
nanopores and diffusion inhibition via electrostatic interactions with abundant carboxylate groups.
LSBs with K, TP@GFP separator showing highest LiPS affinity and smallest pore size demonstrated
enhanced initial capacity as compared to non-modified GFP by 5.4% to 648 mAh gfl, and increased
cycle 100 capacity by 23% to 551 mAh g~!. Overall, K, TP@GFP retained 85% of initial capacity after
100 cycles with an average capacity fading of 0.15% per cycle. By comparison, GFP retained only
73% of initial capacity after 100 cycles with 0.27% average capacity loss, demonstrating effective LiPS
retention.

Keywords: waste PET; dilithium terephthalate; dipotassium terephthalate; microwave synthesis;
lithium sulfur battery; modified separator; shuttle effect

1. Introduction

As portable electronics become more ubiquitous in our daily lives for everything from
communication to transportation, there is a corresponding increased demand for enhanced
energy density from rechargeable batteries. Although the capacity of cell phone batteries
has been steadily increasing due to optimizations of current LIBs and cell design, they
have not managed to significantly outpace growing power demands of more powerful
processers and larger screens, much to the frustration of consumers who still recharge
their devices every night [1]. Additionally, for defense applications, higher energy density
electrochemical energy storage could provide critical advantages on the battlefield by
allowing greater mission times involving portable communications or by enabling longer
flight times for reconnaissance drones [2]. Unfortunately, LIB technology is approaching
its limit since its entrance into the market in 1991. Although the energy density of LIBs
has continued to see incremental improvements due to optimizations in cell packaging
and design, these marginal increases bring the technology ever closer to the maximum
theoretical energy density [3]. A disruptive improvement in electrochemical energy storage
has the potential to revolutionize transportation and information logistics as well as the
way electronic devices are integrated into our lifestyles. Towards this end, there have been
considerable efforts towards exploring alternative secondary battery chemistries which can
outperform the current state-of-the-art LIBs [4,5].
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One subsequent research area of interest is the promising LSB. Whereas LIBs have
a maximum theoretical energy density of 570 Wh kg~!, LSBs may theoretically reach up
to 2600 Wh kg~! due to the much higher energy density of both the electrode materi-
als. The sulfur cathode can store a maximum of 1675 mAh g~!, and the lithium anode
3860 mAh g~!. This is significantly higher than the current cobalt oxide cathode and
graphite anodes which can only store 274 and 376 mAh g~ respectively [6,7]. Further-
more, sulfur is cost effective at approximately USD100-150 ton~! versus cobalt at about
USD10,000-75,000 ton~! and geographically widespread, whereas cobalt is primarily
mined in the Congo and plagued by controversy [8,9]. However, LSBs also suffer from
poor utilization of the cathode material; although in this case, the difficulty arises from the
poor electronic conductivity of elemental sulfur rather than changes in crystal structure of
the metal oxide. Soluble LiPS species dissolve in the electrolyte and shuttle to the Li anode,
which leads to poor coulombic efficiencies (CE) and cycle lifetimes, precluding commercial
integration of LSBs [8,10,11].

Various strategies have been tested to address these fundamental issues. One of the
most popular methods is to host the sulfur cathode in a carbon scaffold. The high surface
area, electronic conductivity, and affinity for LiPSs can mitigate issues surrounding the
poor electronic conductivity and LiPS diffusion, thereby improving the material utilization,
coulombic efficiency, and capacity retention [8,11-14]. This strategy alone, however, has not
been able to reach the cycle lifetimes required for marketable batteries. Therefore, on top
of this, researchers have further investigated active material coatings [15-17], functional
binders or carbons [14,18,19], and electrolyte optimization [20-23] with varying levels of
success. A simpler strategy that has also proven efficacious is the use of functionalized
separators which can block or trap LiPSs based on concepts of size-exclusion and chemical
affinity [24-27]. Overall, there have been extensive efforts spent towards development
of materials with high porosities and strong interactions with LiPSs. Many results in the
literature, however, feature complicated nanomaterial syntheses [28], energy intensive
carbonization processes [29], and costly transition metals [30]. Further these materials are
often coated onto the separator using environmentally hostile solvents and polymers [31].

At the same time, there is a separate concern growing over the use of plastics. Indus-
trial plastics have revolutionized manufacturing and facilitated significant improvements
in quality of life. Heralded as miracle materials for their facile processing, strength, and
resiliency, over 250 million tons of plastic are produced every year [32]. Much of this is for
single-use plastics which often end up in the landfill or as pollutants in the ocean. Globally,
more than 80 million tons of polyethylene terephthalate (PET) is produced each year to
make single-use bottles, packaging, and fabrics. Of this, less than 30% is recycled [32,33].
The same chemical resiliency that makes plastics desirable unfortunately also complicates
recycling, and harsh conditions are often required to revert the long polymer chains back
to their monomer constituents.

In this study, we present a strategy to simultaneously remove PET from the waste
stream and enhance the electrochemical performance of LSBs. By using a quick and
facile microwave process in the presence of alkali metal hydroxides, we return PET to
dilithium terephthalate (Li; TP) and dipotassium terephthalate (K, TP) monomer salts rich
in carboxylate functional groups. Through a benign aqueous dip-coating procedure, these
materials decorate glass fiber paper (GFP) separator, as shown in the schematic in Figure 1.
During electrochemical cycling in a LSBs, the high specific surface area, polar functional
groups, and nanopores effectively block the diffusion of LiPSs to the anode, as verified ex
situ with a separator diffusion test. DFT calculations also indicate the high binding energy
for geometrically optimized LiPSs to terephthalate salts (TPS). K,TP coated separator
performed the best with the highest specific surface area and improved 100 cycle capacity
retention from 73 to 85% as compared to uncoated GFP.
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Figure 1. Pictorial of synthetic process of TPS from waste PET and LiPS blocking mechanism of the
modified separator.

2. Results and Discussion
2.1. Material Characterizations

Alkali terephthalates are produced with a non-aqueous microwave synthesis as demon-
strated in our prior publications [34,35]. In the saponification reaction, PET soda bottle
flakes were combined with lithium hydroxide and potassium hydroxide in glycol solvent,
irradiated, and washed with ethanol to produce Li; TP and K, TP salts, respectively. Verifi-
cation and characterization of the as-synthesized materials are shown in Figure 2. FTIR
analysis in Figure 2a shows spectra of the PET soda bottle flake precursor as well as the
synthesized Li; TP and K;TP products. PET spectra match literature, with peaks at 724 and
872 cm~! corresponding to bending of the aromatic and disubstituted hydrogens, at 1095
and 1242 cm™! for the stretching of aliphatic and aromatic ethers, and at 1715 cm~! for
the stretching of the ketone functional group [36]. For Li, TP, a peak appears at 752 cm !
for the bending of the carboxylate group [37]. For K, TP, however, this peak is redshifted
to 742 cm~! due to weaker ionic bonding with the bulky potassium ion. This downward
shift in wavenumber is mirrored in peaks corresponding to symmetric stretching of the
carboxylate groups at 1300 and 1391 cm ™! for Li; TP. Wavenumbers for Li, TP correspond-
ing to bending of the benzene rings at 825 cm~! and stretching of the phenyl carbon bond
at 1501 cm ™!, conversely, are very similar to those of the K, TP as they are less affected
by substitution of the cation [34,35,37]. SEM images in Figure 2b,c for Li;TP and K, TP,
respectively, show the latter favors forms small sheet-like crystals, the majority being sub-
micron sized and less than 100 nm in thickness. Li; TP, conversely, forms much larger and
regular rod-like crystals up to 40 microns or more in length and can reach over 15 microns
in diameter. Nitrogen adsorption/desorption was further performed on the materials to
investigate physical surface properties. Measured BET surface areas of the Li; TP and K, TP
are 1.85 and 13.5 m? g~!, respectively, as shown in Figure 2d,e. High surface area increases
opportunity for electrostatic interactions of LiPSs with the negatively charged carboxylate
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groups [19]. In addition to higher surface area, K,TP shows a much higher cumulative
pore volume (Figure 2f). The lower pore size limits measured for Li; TP and K, TP are 2.4
and 1.6 nm, respectively. Literature suggests nanopores can inhibit the diffusion of LiPSs
through ionic sieving. Estimates for the size of LiPS anions range from <1 to 2.39 nm, and
even slightly larger pores may still effectively restrict anion transport [25,38-40]. We posit,
therefore, that nanopores for K, TP may be effective in physically blocking large LiPSs.

I T T T |l I
(5CH) ocor (6} PET Li;TP KTP)
724 _
1095 1242 1715
> _
‘0
o=
L _
£
(vCO0) 1376 7]
742
- 1014 1286 .
1 " 1 1 | " 1 " 1 " 1
800 1000 1200 1400 1600 1800 2000

Wavenumber (cm™)

Volume at STP (cm?®s™")

—&— Adsorption

—o— Desorption

Li, TP Powder
1.85m?g’!

—&— Adsorption
—o&— Desorption

60 K, TP Powder
13.5m? g’

o
o
ES

=4
=3
@

0.6
Relative Pressure

0.4 0.6
Relative Pressure

Pore Size (nm)

Figure 2. Characterizations of starting materials including (a) FTIR spectra of the PET bottle flakes,
Li, TP, and K, TP, as well as SEM images of the synthesized (b) Li, TP and (c) K, TP powders. Chara-
terization also includes nitrogen adsorption/desorption isotherms with calculated BET surface area
for (d) Li; TP and (e) K, TP, as well as (f) calculated pore size distributions for both TPS.
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2.2. Separator Characterizations

Modified glass fiber separators denoted Li, TP@GFP and K,;TP@GEFP are decorated
via dip-coating using a 5 wt.% aqueous solution of either Li, TP or K, TP, respectively, and
subsequently dried. Areal mass loadings of coated Li,TP@GFP and K,TP@GFP separa-
tors were measured to be 1.64 + 0.26 and 1.65 & 0.59 mg cm 2, respectively, with error
representing the standard deviation of 3 samples. The presence of TPS on the separators is
further confirmed in Figure 3. FTIR spectra of undecorated and decorated GFP separators
in Figure 3a reveal a broad peak centered around approximately 1000 cm~! for GFP, cor-
responding to stretching of surface hydroxyl groups [41]. After coating, the strong peaks
corresponding to the symmetric and asymmetric stretching of the carboxylate groups on
the terephthalates can be identified [34,35,37]. SEM images also confirm the loading of TPS.
Figure 3b shows the default GFP separator, with visible glass fibers. Li;TP on Li, TP@GFP
takes on an amorphous shape, with large, aggregated globules several microns in size
sporadically coating the fibers (Figure 3c). In comparison, K,TP coating on K, TP@GFP
remains as micron-sized particles on the fiberglass threads (Figure 3d). The flaky particles
more evenly coat the fibers and appear homogeneously distributed.
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Figure 3. Characterizations of separators, including (a) FTIR spectra of modified and unmodified
GFP, as well as SEM images of (b) GFP, (c) Li; TP@GFP, and (d) K,TP@GFP. (e) Absorbance spectra of
DOL:DME solution after 3 h against 0.1 M Li,Sg solution in separator diffusion test.
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Separator diffusion experiments were conducted to confirm the ability of the modified
separators to inhibit LiPS transport. Over the course of 3 h, polysulfides from a 0.25 M
LipSg solution diffuse across the separator into the clean DOL:DME solution, which is then
analyzed. Figure 3e shows light absorption spectra for the effluent solutions. Highest
absorbance and, thus, the highest LiPS concentration is seen for bare GFP. Conversely,
K, TP@GFP separator shows the lowest absorbance, demonstrating the ability to inhibit the
diffusion of LiPSs.

The ability of charged functional groups, including nucleophilic alcohol and carboxyl
groups, to aid LiPS immobilization is well-established [8,19,24-26]. Cation selective trans-
port aided by solid ceramic additives or acidic groups also helps prevent migration of PS
anions to the anode [25]. When hydrogen on acidic carboxyl or sulfonate functional groups
is substituted for an alkali ion, this effect can be further enhanced, providing higher ionic
conductivities, higher lithium transference, and inhibited LiPS diffusion [42,43]. Vediappan
et al. found enhanced cation transport in Li; TP over terephthalic acid [44]. It is, therefore,
reasonable to extrapolate that our LiyTP@GFP and K, TP@GEFP separator with the same or
similar functional groups will provide similar advantages mechanistically in a LSB.

2.3. Electrochemical Cycling Analysis

Separators were tested by constant current cycling at C/10 rate in Li| |S/C batteries
with composite sulfur/carbon cathode at ~1 mg cm~2 S loading with results shown in
Figure 4. The cell with K,TP@GFP separator attains the highest capacity both initially
and after 300 cycles (Figure 4a). Average capacity fade per cycle for the first 100 cycles
is 0.27, 0.18, and 0.15% for GFP, Li;TP@GFP, and K,TP@GFP, respectively. K,TP@GFP
also facilitates the highest initial CE, shown in Figure 4b. Initial CEs for GFP, Li, TP@GFP,
and K,TP@GFP are 97.8, 98.2, and 101.6%, respectively. Higher CE for K,TP@GFP is
maintained during further cycling. At cycle 100, the CEs for each are 99.6, 100.6, and
101.8%, respectively. Since the battery is assembled in the charged state, CE is defined
according to Equation (1).

CE = C. Cap./(D. Cap.) (1)

LSB will spontaneously release LiPSs into the electrolyte from the cathode as the
battery self-discharges. Although solubilizing the LiPSs is necessary to enable a complex
set of electrochemical reactions, these LiPSs may migrate to the anode and be reduced
into insoluble species. They may also remain trapped in the electrolyte and separator or
be redeposited back on the cathode during charging [22]. A CE > 100% indicates that
sulfur which has spontaneously dissolved into the electrolyte is being redeposited on the
cathode during the charge step and undergoing faradaic reactions [45,46]. Due to the slow
charge/discharge rate of C/10, this overcharge effect may be magnified [46]. The high CE
for K,TP@GFP suggests greater ability to block migration and diffusion of LiPSs to the
anode and facilitate redeposition.

Voltage profiles for the initial cycle are shown in Figure 4c. Initial discharge capac-
ities for GFP, Li, TP@GFP, and K,TP@GEFP are 615, 620, and 648 mAh g_l, respectively,
with K, TP@GFP again providing superior performance. During discharge, three voltage
plateaus are seen. The first at ~2.4-2.3 V corresponds to the solid-to-liquid reaction of
Sg to form soluble Li;Sg A liquid-to-liquid reaction occurs in the second plateau from
~2.3t02.06 V as the polysulfide is further reduced to form Li,Ss and LiySy. The third
voltage plateau is consistent between all cells, occurring at 2.08 V, indicating the coating
does not increase impedance or electrolyte polarization. Here, a liquid-to-solid reaction
occurs where LiySy is converted in competing reactions into passivating Li»S; and Li,S
according to Equations (2) and (3) [8,20,47].

LipSy + 2LiT 4+ 2e~ — 2LiyS, )

LipSy + 2Li* +2e™ — 2LisS (3)



Batteries 2022, 8, 253

7 of 14

(a)

—
o
<

Voltage (V)

(e)

Voltage (V)

800

700

600

500

28

26

28

26

24

22

T T T T

= GFP

+ Li,TP@GFP ]
4 K,TP@GFP |

C/10 Rate

1 1
150 200
Cycle (#)

1
50 100

1
250

30

| —GFP

T T

—— Li,TP@GFP
—— K,TP@GFP

Cycle 1

0 200

400 600
D Cap. (mAh g™

800

——GFP

—— Li,TP@GFP
— K,TP@GFP
Cycle 10

200 400

D Cap. (mAh g™

600

800

I -
\ 110
Zoomed
__ 90+ R 1
°\° A
< 105 "
8 e S W
80 | / 4
100} aoEEaeeee
70+ i .
o3 4 6 8 10
60 1 1 1 1 1
0 0 50 100 150 200 250 300
Cycle (#)
28| ——GFP i
—— Li,TP@GFP
,6l| — K TP@GFP |
“1| cycle 3 '
S 24t _
(0]
[e))
ol
S 22 H 4
>
20+ i
18 F .
16 1 i 1 1 " 1
0 200 400 600 800
(f) D Cap. (mAhg™)
28| ——GFP | ]
—— Li,TP@GFP
a6l —K2TP@GFP‘ |
|| Cycle 100
S 24t _
()
(o)}
8
3 2.2 H 4
>
20Ff i
18 F .
16 L 1 1 1
0 200 400 600 800

D Cap. (mAh g™

Figure 4. (a) C/10 cycling and (b) CE of LSBs with modified and modified separators, as well as

select voltage profiles from cycles (c) 1, (d) 3, (e) 10, and (f) 100.

The voltage subsequently inflects sharply downward as additional resistive Li,S forms.
During the charge step, this process is mirrored. Initially, however, there is an activation
barrier to oxidize and solubilize electronically insulating Li,S, witnessed by the sharp
peak in the voltage [8,20,47]. K, TP@GFP shows comparatively high polarization, giving
evidence of a more complete conversion towards Li,S in the discharge plateau. This also
increases specific capacity and material utilization and may be enabled by the modified
separator maintaining a higher local concentration of LiyS, in the cathode. Similar trends
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are observed in cycles 3, 10, and 100 (Figure 4d-f), as well as other studies involving
separators modified with polar non-conductive coatings [43,48].

LiPS confinement is further supported by a rise in capacity between cycles 3 and 10
(Figure 4d,e). Sulfur utilization is limited by the availability of conducting surface area.
Resistive sulfur may be redistributed over the conducting carbon additive during initial
cycles and increase active material utilization [49]. If the dissolved LiPSs instead migrate
to the anode and reduce into insoluble Li,S, active material and, thus, capacity is lost.
Between cycles 3 and 10, GFP, Li; TP@GFP, and K, TP@GFP cells see, respectively, a —17,
—11, and +43 mAh g_l change in capacity, suggesting K,TP@GFP resists diffusion of LiPS
out of the cathode. After sulfur has been distributed in the electrode, capacity fades due to
the shuttle effect. Despite greater LiPS generation due to higher material utilization, the
LSB with Ko TP@GEFP separator maintains higher capacity well past cycle 100.

Finally, voltage profiles with modified separators do not reveal any additional peaks
or plateaus, indicating that K, TP and Li; TP are electrochemically inactive. Although these
materials have been investigated as organic electrode materials, reduction with lithium
occurs below the lower cycling voltage limit, and the electronically insulating nature of
terephthalates inhibits reactions in the bulk of the separator [34,35,44].

2.4. Post-Cycling Analysis

After cycling, the cells were disassembled, and the separators rinsed and dried to
remove electrolyte for post-diagnostic characterizations. Figure 5a shows resulting FTIR
spectra of the cycled separators. New features can be seen when compared to the pristine
separator, particularly for the K, TP separator, which likely correspond to trapped LiPS or
those which have deposited on the separator due to disproportionation reactions of soluble
species into insoluble ones, as shown in Equation (4) [8,20,47].

Li»S,;, — LizS,,_1 +1/8Sg 4)

It is unlikely these peaks come from residual LiNO3 or LiTFSI salt [50,51]. The small
peak at 1002 cm~! may be attributed particularly to the asymmetric stretching of the sulfur-
oxygen bond in lithium sulfoxides [52], and others to various sulfur-containing species by
process of elimination.

Semi-quantitative EDS measurements allows comparison of the remaining sulfur
content (Figure 5b). Unsurprisingly, K,TP@GFP separator shows the highest sulfur content,
followed by Li TP@GFP and untreated GFP. This method, however, is unable to differenti-
ate between soluble polysulfides which have remained trapped in the micropores even after
rinsing, or of insoluble compounds which have deposited onto the separator. Regardless,
results support the enhanced polysulfide trapping ability of K,TP@GFP.

SEM images of cycled separators in Figure 5c—e reveal the presence of deposited
solids, even on the GFP separator. Although modified separators may be able to hinder
migration of the LiPSs to the anode and subsequent corrosion and capacity loss, sulfur
solids which have deposited by disproportionation onto the insulating separators will
still be electrochemically inactive. Future considerations may include utilizing conductive
additives which can facilitate the recycling of these solids and allow them to still contribute
to the battery capacity.
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Figure 5. Post-mortem analysis of modified and unmodified separators cycled in LSBs including
(a) FTIR, (b) EDS sulfur quantitative analysis, and SEM of (¢) GFP, (d) Li, TP@GEFP, and (e) K, TP@GFP.

2.5. Binding Energy Analysis

To investigate the molecular basis for the superior trapping ability of K,TP@GFP
compared to Li;TP@GEFP, the binding energy between terephthalate salts (TPS) and LiPSs
was calculated at DFT level using conformational sampling to assess the most stable
binding configurations for each LiPS and salt (full details can be found in Section 3). The
LiPSs subjected to calculations included LiySg, Li»Sg, and LiSy, which are soluble in the
electrolyte solvents. All the optimized geometries of LiPSs have C, symmetry and are
nonlinear (Figure 6a), which is consistent with previous simulation results [53]. The binding
configurations of TPSs on LiPSs can vary drastically depending on the initial position of
TPSs, which have infinite possibilities due to the nonlinearity of LiPSs. Conformational
searches were conducted on each TPS-LiPS pair and the binding energy was calculated
based on the lowest energy conformer using the following Equation (5):

Epina = ELirs + ETps — Eadsorped system ®)

where E denotes the total energy. TPSs showed high binding energy of ~2.3 eV for Li;Sy
and LiySg, compared to ~0.8 eV previously reported for solvents, i.e., DME and DOL, [53]
with K, TP having slightly higher binding energy for both cases (Figure 6d). The much
higher binding energies (~1.5 eV higher) for both Li; TP and K, TP explains the observed
LiPS trapping ability. K, TP has a slightly higher binding energy than Li, TP which agrees
with the experimental observations, where K, TP has better performance. However, the
~0.15 eV difference alone may not fully account for the performance difference between
K,TP and Li; TP in experiments, suggesting other factors (e.g., pore size ... ) may also
contribute. In addition, binding energies for Li;Sg are low for both TPSs suggesting there
may be limited trapping ability of this specific species. Nonetheless, the binding energy
analysis still shows that the binding between TPS and LiPSs is an important factor that
enables LiPS trapping.
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Figure 6. Binding energy between Li,TP and K,TP, and LiySy, Li,Sg, and LiySg. (a) optimized
geometry of LipSy, LirSe, and LiySg; binding configurations for (b) KoTP-LiPSs and (c) Li; TP-LiPSs;
(d) summary of binding energy for each TPS-LiPS pair. The atoms were colored as: Li, green; K,
purple; S, yellow; C, brown; O, red.

3. Materials and Methods
3.1. Material Syntheses

Depolymerization of PET into dilithium terephthalate (Li, TP) or dipotassium tereph-
thalate (K, TP) was performed according to prior publications [34,35], wherein 2 g of soda
bottle PET flakes are combined with either LiOH or KOH (Aldrich, 99.9%), respectively,
at a molar ratio of 1:2 in 50 mL of ethylene glycol. The materials are irradiated at 700 W
in an ordinary microwave (Microwave Research Applications) four times for one minute,
with time in between to allow the solution to cool. The resulting white precipitate was
repeatedly rinsed in ethanol and centrifuged, and finally dried at 80 °C under vacuum.

3.2. Material Characterizations

Scanning electron microscope (SEM) images were provided by Nova Nano SEM 200.
Fourier-transform infrared (FTIR) spectra were obtained using an Agilent Cary 630 Spec-
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trometer with diamond ATR. Nitrogen gas adsorption/desorption is performed by Quan-
tachrome Instruments NOVA 2200e and analyzed with the Braunauer-Emmett-Teller (BET)
method. Quantitative energy dispersive spectroscopy (EDS) is provided by JEOL 600+
benchtop SEM.

3.3. Electrochemical Characterizations

Sulfur/carbon composite was prepared by combining 2 g nanosulfur (SkySpring Nano-
materials, 99.99%, <55 nm) with 1 g graphene nanopowder multilayer flakes (Graphene
Supermarket, AO-4) and ball-milling for 30 min at 20 Hz. The resulting composite was
combined with Super P conductive carbon (Timcal) and PVDF at weight ratios of 80:5:15, re-
spectively, for 53.3 wt.% sulfur in the total electrode composite. The mixture was combined
with approximately 3:1 weight ratio of dry materials to n-methylpyrrolidone solvent and
homogenized in a Thinky planetary mixer for 30 min. The resulting slurry was blade-coated
onto carbon-coated aluminum foil and dried under vacuum at 45 °C for 12 h. Electrodes
were punched into 12 mm cathode disks. Lithium anodes were prepared in an argon glove-
box (VAC) with H,O and O; kept below 0.1 and 0.5 ppm, respectively, by rolling lithium
rods (Aldrich, 99.9%) in a polyethylene bag and punched into 14 mm disks. Electrolyte used
was 1:1 v/v 1,3 dioxolane (DOL, Aldrich, anhydrous 99.8%) and 1,2-dimethoxyethane (DME,
Aldrich, anhydrous 99.5%) with 1 M bis(trifluoromethane)sulfonimide lithium salt (LiTFSI,
Aldrich, anhydorus 99.99%) and 0.3 M LiNOj3 additive (Alfa Aesar, anhydrous 99%). Cells
were assembled with CR2032 coin casings (MTI) and electrolyte-flooded glass fiber paper
(GFP, Whatman) separator under argon atmosphere. Electrochemical cycling occurs on
MTI BST8-3 Battery Analyzer.

3.4. Separator Characterizations

A 0.25 M LiyS solution was prepared in argon atmosphere by stirring stoichiometric
quantities of LiyS and S powders in 15 mL of DOL:DME. The polysulfide diffusion test
was carried out under argon by placing 2 mL of the polysulfide solution in an autosampler
vial with the septum replaced by the separator, and inverted and placed into a larger vial
with 5 mL of DOL:DME. After 3 h, 50 uL of the effluent solution was diluted in 200 pl
of DOL:DME and absorption analyzed with SpecraMax iD3 Microplate Reader. After
cycling, separators were disassembled in an argon glovebox and rinsed three times each for
10 min in 5 mL of DME prior to post-mortem FTIR and SEM analysis to remove residual
electrolyte.

3.5. DFT Calculations

Each TPS and LiPS’s geometry was first optimized using ORCA [54] with wB97X-
D3/def2-TVZP density functional theory (DFT) potentials. The initial configuration of
each TPS-LiPS pair was constructed ad hoc to avoid overlaps and optimized at the DFT
level. The optimized geometries were then subjected to a conformational search using the
Conformer-Rotamer Ensemble Sampling Tool (CREST) [55]. The lowest-energy conformer
was then used to calculate the binding energy at the DFT level using ORCA.

4. Conclusions

Herein, we have presented a method to address two unrelated but relevant issues,
namely, the polysulfide shuttling effect of LSBs and the ever-growing problem of plas-
tic pollution. Plastic PET waste from soda bottles was converted into Li; TP and K,TP
terephthalate salts using a fast and facile microwave method, and subsequently coated
onto glass fiber separators through a simple solution-coating process. Confirmation of the
reactant products and loading are confirmed through FTIR and SEM analyses. Modified
separators demonstrate enhanced electrochemical performance of LSBs, attributed to the
nanopores which may act as a physical barrier to larger polysulfide anions and strong
affinity of charged carboxylate groups for dissolved LiPS, as shown with BET analyses and
DFT simulations, respectively. Therefore, K, TP coated separator with the smallest pore
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size and highest LiPS affinity performs the best, enhancing initial capacity in long-cycling
studies at C/10 constant current rate by 5.4% to 648 mAh g1, and capacity retention after
100 cycles by 23% to 551 mAh g~!. LiPS blocking ability is further supported by inhibited
diffusion through the coated separators in ex situ analysis. Post-mortem analyses of cycled
separators reveal the presence of inactive sulfur on the separators. Future studies may
investigate ways to facilitate recycling of disproportionated sulfur to further enhance capac-
ity retention, such as including conductive additives or utilizing alkali terephthalates as an
active material coating. Systematic studies seeking to decouple contributions from physical
blocking, molecular interactions, and selective cation transport may also be warranted.
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