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Introduction

Mitigating polysulfide crossover in lithium-sulfur
batteries with polymer-coated separatorst

R. Blake Nuwayhid, 2 Junghoon Yeom,” Hunter O. Ford,? Zachary G. Neale,®
Michael W. Swift,% Noam Bernstein,® Rachel E. Carter® and Jeffrey W. Long @ *<

Lithium-sulfur (Li-S) batteries promise high energy density and sustainability advantages by using earth-
abundant sulfur as a key component, yet practical performance is limited by the complexity of sulfur-
based redox reactions. One key challenge is the dissolution and redistribution of soluble lithium polysulfide
(LiPS) intermediates from the sulfur cathode, which leads to irreversible loss of active material, poor cycle
life, and high self-discharge rates. To ameliorate this issue, we use initiated chemical vapor deposition
(iCVD) to conformally coat conventional polyolefin separators with an ultrathin (40-400 nm) copolymer,
poly(divinylbenzene-co-(dimethylaminomethyl)styrene). This pDVB-co-DMAMS copolymer is designed with
amine functionalities to interact with LiPSs and mitigate cathode-to-anode crossover, while DVB
comonomer units serve as cross-linkers that improve mechanical integrity. We evaluate the
electrochemical properties of prototype Li-S cells that include pDVB-co-DMAMS-coated separators and
sulfur-infused carbon nanofoam paper cathodes. Separators with the thickest pDVB-co-DMAMS coating
(400 nm) provide extended protection against self-discharge, while 40 nm pDVB-co-DMAMS coatings
enable the highest overall rate capability and cycling stability while still maintaining reasonably low self-
discharge rates. Post-cycling analysis of anode, separator, and cathode components, in conjunction with
computational efforts, confirms that pDVB-co-DMAMS delays LiPSs crossover through chemical adsorption
in the polymer-coated separator. The pDVB-co-DMAMS-coated separators also interact with Li metal
anode to form favorable chemical speciation at the solid-electrolyte interphase that stabilizes the Li surface

for Li-S cell operation.

electron conductor, Li-S cathodes must be constructed to
include appreciable amounts of conductive carbon. Advanced

Lithium-sulfur (Li-S) batteries are emerging as a promising
energy-storage alternative to conventional lithium-ion
batteries (LIBs) by offering the advantages of an earth-
abundant cathode material (sulfur) that also exhibits high
specific capacity (1675 mA h g™* theoretical). Pairing sulfur-
based cathodes with Li metal anodes yields a materials-level
theoretical specific energy of ~2500 W h kg™.' Practical
packaged Li-S cells typically achieve ~400 W h kg™",* with
energy content varying with such factors as cathode thickness

and sulfur loading. Because elemental sulfur is a poor
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porous carbons have been designed as sulfur hosts to further
optimize mass, volume, and areal capacity values for sulfur-
based cathodes.>*

The high specific capacity of sulfur-based electrodes arises
from the conversion reaction between elemental sulfur and
lithium sulfide (Sg + 16Li" + 16e” < 8 Li,S), which proceeds
through a complex pathway involving multiple soluble
polysulfides. These intermediate lithium polysulfides (LiPSs),
including Li,Sg, Li,Ss, and Li,S4, unavoidably dissolve in the
electrolyte during cycling, leading to active material loss at
the cathode. Such polysulfide species may also cross over to
the Li anode where they are chemically reduced, then diffuse
back to the cathode to be re-oxidized in a process described
as the polysulfide shuttle effect.””® The combination of these
polysulfide-based processes results in rapid capacity fade and
high self-discharge rates during the operation of Li-S
batteries, limiting the practical application of this otherwise
promising energy-storage technology.

Several materials strategies have been used to address the
problems imposed by these polysulfide shuttle effects,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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including: (i) physical confinement or chemical interaction of
LiPSs within the sulfur-containing cathode; (i) optimization
of electrolyte composition to reduce LiPSs solubility or using
solid-state electrolytes; (ii) physical shielding or chemical
trapping effects at the separator through functional coatings;
and (iv) artificial protection layers at the Li anode to inhibit
chemical reactions of polysulfide with Li metal; and (v) using
catalysts to accelerate the redox kinetics of LiPSs.*™° For
example, conventional porous polyethylene/polypropylene
separators can be coated with chemical functionalities that
induce adsorption, repulsion, or entrapment of LiPSs,
thereby acting as a barrier to crossover of dissolved LiPSs
from the cathode to the Li anode.’™'* Additional benefits of
functionalized separators include enhancing thermal
stability, Li" conductivity, electrolyte wettability, sulfur
utilization, rate capability, and specific capacity.”*™** Such
coatings should be kept thin and conformal to avoid
occluding the pores of the separator (as small as 100 nm)
and introducing unnecessary resistance and additional mass/
volume to the cell.'™'® Atomic layer deposition (ALD) is a
popular thin-film coating technique that has been
successfully used to modify various battery components, but
ALD coatings (typically rigid inorganic materials) require
elevated temperatures for growth that are near the
decomposition temperature of common polyethylene/
polypropylene separators (130-150 °C)."”*®

Alternatively, initiated chemical vapor deposition (iCVD)
can be used to generate ultrathin polymer coatings at mild
substrate temperatures (20-50 °C) to modify thermally
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sensitive materials."®>' Polymers with varying functionality
can be generated by iCVD, typically using vinyl-substituted
monomers that have some degree of volatility. Because iCVD
is a non-line-of-sight deposition technique, it is amenable to
coating complex 3D substrates,>*>* as would be the case for
porous battery separators. Recent studies have demonstrated
that iCVD-modified separators can enhance Li-S and Li-ion
cell performance.>®*® This deposition technique has also
been shown to operate in large-scale roll-to-roll coating
systems,” >° which should be compatible with existing
battery manufacturing processes.

We use iCVD to conformally coat porous polyethylene (PE)
battery separators with the copolymer, poly(divinylbenzene-
co-(dimethylaminomethyl)styrene) (pDVB-co-DMAMS), which
is designed to express multiple characteristics that are
beneficial to Li-S cell operation. The DMAMS subunit
provides an amine functionality to interact with LiPSs and to
stabilize the Li metal anode interface, while the DVB subunit
crosslinks the copolymer to prevent its dissolution/
delamination into the battery electrolyte. We assess the
impact of these (pDVB-co-DMAMS)-coated separators on
electrochemical performance in Li-S coin cells that also
include freestanding carbon nanofoam paper (CNFP)
cathodes®® with high sulfur loading (3 mg cm™) and Li foil
anodes, ascertaining such critical metrics as self-discharge
rate and charge-discharge cycling stability. Based on post-
cycling analysis using a suite of characterization techniques
and computation by atomistic modelling, we elucidate the
interactions between pDVB-co-DMAMS with LiPSs that lessen
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(a) Schematic of iCVD-based synthesis of pDVB-co-DMAMS and chemical structures of initiator and monomers used. (b) Schematic of ideal

iCVD deposition to form conformal polymer coatings on porous separators. Core-level (c) C 1s and (d) N 1s XPS spectra of iCVD-generated pDVB-

co-DMAMS deposited on planar Si substrates.
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Fig. 2 Scanning electron micrographs of (a) bare polyethylene and (b-
d) 40 nm-, 170 nm-, and 400 nm-iCVD@PE separators, showing the
topside relative to the orientation of the separator in the iCVD reactor.

cathode-to-anode and Li-S
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crossover improve cycling

Results and discussion
Poly(DVB-co-DMAMS) synthesis and electrochemical properties

The iCVD process for generating the copolymer, pDVB-co-
DMAMS, is depicted in Fig. 1a, where DVB and DMAMS
monomer vapors are introduced into the vacuum chamber
along with the tert-butyl peroxide (TBPO), a common initiator
used with iCVD. The heated filament located above the
temperature-controlled stage decomposes TBPO to form
radicals that initiate the polymerization of DVB and DMAMS
monomers adsorbed on the surfaces of the PE separators.
Under optimized conditions, the polymer conformally coats
all surfaces throughout the separator volume (Fig. 1b). The

View Article Online
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chemical composition of pDVB-co-DMAMS is assessed via
XPS of films deposited on Si substrates (Fig. 1c and d). The C
1s core-level spectra show two peaks at 284.8 eV and 286.1
eV, assigned to C-C and C-N bonding, respectively. The N 1s
core-level spectra show two peaks: -N < at 399.8 eV and -N =
at 398.6 eV. The -N < peak accounts for ~70% of the N 1s
peak intensity, qualitatively similar to results recently
reported for iCVD-generated pDMAMS.>* Quantification of
the XPS peaks yields a C:N atomic ratio of 19.9 (with
negligible oxygen, 1 at%) that corresponds to a 1:1.1 ratio of
DVB:DMAMS, demonstrating the ability of iCVD to deposit
high-purity pDVB-co-DMAMS films.

Copolymer coating thickness is controlled by exposure time
to monomers and initiator in the iCVD chamber. Thickness
values of ~40 nm, 170 nm, and 400 nm for 25, 50, and 90 min
depositions, respectively, are measured based on spectroscopic
ellipsometry analysis of planar Si chips that are included in the
iCVD chamber along with the porous separators (Fig. S1t). The
porosity of pDVB-co-DMAMS-coated PE separators, hereby
referred to as “iICVD@PE” for simplicity, are examined using
scanning electron microscopy (SEM). Fig. 2 displays SEM images
of the separators after deposition at the boundary facing up
towards the deposition chamber ceiling and filaments, and
those at the boundary resting on the chamber floor are shown in
Fig. S2.f The inherent porosity is largely maintained for the 40
nm-iCVD@PE separator (Fig. 2b), while pore diameter
diminishes significantly with 170 nm-iCVD@PE and 400 nm-
iCVD@PE separators (Fig. 2¢ and d). Qualitatively similar trends
are noted in micrographs taken on the back side of the separator
(Fig. S27), confirming that iCVD polymer generation is generally
conformal and uniform through the separator thickness.

The ionic transport properties of pDVB-co-DMAMS-coated
PE separators are examined by electrochemical impedance
spectroscopy (EIS) in symmetric cells with stainless-steel (SS)
ion-blocking electrodes, which ensure that all measured ionic
contributions are from the electrolyte-soaked separator. For all
electrochemical experiments, we use an electrolyte comprising
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(a) Nyquist plots from EIS measurements with stainless-steel symmetric cells containing bare or iCVD@PE separators. (b) lonic

400

conductivities extracted from Nyquist plots. (c) Contact-angle measurements of bare and iCVD@PE separators wetted with a droplet of the Li-S

battery electrolyte (1 M LiTFSI + 0.2 M LiNOz in DOL/DME).
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1 M LiTFSI + 0.2 M LiNO; in DOL/DME, a commonly used
composition for Li-S cell testing (see further discussion below).
Nyquist plots for all cells show continuous increase in the
imaginary impedance as frequency decreases, consistent with
double-layer formation on the blocking electrodes (Fig. 3a).
The high-frequency real impedance for all cells ranges between
2 and 5 Q cm?; values taken from the intercept with the real-
impedance axis are used to calculate the ionic conductivity of
the electrolyte-infused separator, according to the equation,

o , where L is the separator thickness (20.4 pm), R is the

L
" RxA
total resistance, and A is the area of the electrode (see values in
Fig. 3b). Ionic conductivity is higher with the 40 nm-iCVD@PE
separator (0.71 mS cm™") versus the bare separator (0.51 mS
em™"), which we attribute to improved wetting of the PE-based
separator with the polar liquid electrolyte (1 M LiTFSI + 0.2 M
LiNO; in DOL/DME), as shown by decreasing contact angle
with an electrolyte droplet (Fig. 3c). Thicker iCVD@PE coatings
(=170 nm) decrease conductivity modestly as the pores of the
polyethylene separator become more occluded and the
electrolyte contact angle increases.

Poly(DVB-co-DMAMS) in lithium-sulfur batteries

Cycling performance. We first assess the voltage stability
of pDVB-co-DMAMS in Li-Cu cell configurations containing
coated separators, confirming a wide stability window
ranging from Li plating potentials (-0.05 V) to oxidative
conditions (up to 3 V) beyond the typical upper limit for
Li-S cells (Fig. S3f). The performance of iCVD®@PE
separators in Li-S cells also containing S-infused carbon
nanofoam paper (S@CNFP) cathodes® is initially evaluated
with galvanostatic cycling and EIS analysis. When cycling at
a typical rate of 0.1 A gsulfur_l, all cells exhibit the two-
plateau discharge profile commonly reported for Li-S
chemistry, with an initial step at ~2.4 V for conversion of
Sg to Li,S, followed by further reduction to insoluble Li,S at
~2.1 V (Fig. 4a). The average discharge voltage is ~50 mV
higher for cells with iCVD@PE separators.

On the reverse charge step, Li,S is oxidized back to Sg,
which is represented by a single broad plateau at ~2.35 V for
all cells. At the early stage of the charging process, there is
an “overpotential” to oxidize the insoluble and insulating
Li,S back to soluble LiPSs, which manifests as an initial peak
above the charging plateau (Fig. 4a, inset).>’ This charging
peak (~24 mV above the plateau) is most pronounced in the
Li-S cell with the bare separator, whereas it is essentially zero
for the 40 nm-iCVD@PE and minimal (~4 mV) for 170 nm-
iICVD@PE and 400 nm-iCVD@PE. The decrease in this initial
charge voltage confirms that Li,S oxidation within the CNFP
is more kinetically facile in such cases.

The charge-discharge voltage hysteresis is also lower in all
cells with pDVB-co-DMAMS coatings compared to those with
the bare separator, and lowest overall for 40 nm-iCVD@PE.
This trend is further supported by EIS analysis of Li-S cells
before cycling (Fig. S47), which shows minimal difference in
cell impedance with the bare separator versus the 40 nm-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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iCVD@PE separator. Alternatively, 170-400 nm@ZPE cells show
a 1.5x higher impedance due to the thicker polymer film and
less free volume within the separator for liquid electrolyte.

Long-term Li-S cell cycling behavior is assessed by first
applying 5 formation cycles at 0.1 A ggupr - followed by 100
cycles at 0.2 A gsulfur_l. All cells show similar first-cycle
capacity (~900-980 mA h goumr ) at 0.1 A geunr ', but
measured capacities diverge after a few cycles (Fig. 4b). Cells
with the 40 nm-iCVD@PE separator exhibit the best capacity
retention, maintaining ~640 mA h gsulfur'l after 105 cycles
compared to ~530 mA h ggus,, — for all other cells, while also
showing better cell-to-cell consistency than each of the other
cell types (Fig. S5t). Voltage profiles for cycles 5, 25, 50, and
100 at 0.2 A gsulfur'l show a high overpotential on initial
charge for all cells except with the 40 nm-iCVD@PE (Fig.
S61). The 40 nm-iCVD@PE cell displays a steady discharge
plateau throughout 105 cycles indicative of facile reduction
of Sg — Li,S, while each of the other cells show broad
features at the LiSeqy — LisSsqy and LiySyi) — LisS
transitions. These features arise due to the resistive nature of
the thicker pDVB-co-DMAMS coatings. Increasing voltage
polarization is further supported by EIS measurements after
cycling (Fig. 4c), where the 40 nm-iCVD®@PE cell shows a
single semicircular feature of ~5 Q ¢cm? diameter compared
to multiple semicircles of ~20 Q em” magnitude for 170 nm-
and 400 nm-iCVD@PE cells. We also note that the series
resistance increases linearly with pDVB-co-DMAMS coating
thickness, consistent with a decrease in free volume for
electrolyte in the separator.

The rate performance of cells with bare and iCVD@PE
separators is displayed in Fig. 4d. All cells with iCVD@PE
separators deliver higher capacity than the bare separator at
rates of 0.1 and 0.2 A gsulfur_l, with the 40 nm-iCVD@PE
separator showing the highest overall capacity retention. Cells
with thicker pDVB-co-DMAMS coatings show decreasing
capacity at rates of 0.5-2 A gsulfur_l, but the 40 nm-iCVD@PE
cell exhibits a 1.3x higher capacity than the bare cell at 0.5 A
Zourrur - Upon returning to 0.1 A geugr ', the 40 nm-iCVD@PE
cell exhibits the best overall capacity retention, providing
87.5% of its cycle-10 capacity at cycle 40 after the high-rate
excursion. We attribute the improved rate performance of the
40 nm-iCVD@PE cell to a thinner pDVB-co-DMAMS coating
that preserves the porous transport pathways of the separator
while still stabilizing the electrode/electrolyte interfaces. At the
other end of the pDVB-co-DMAMS thickness range, the 400
nm-iCVD@PE cell exhibits a higher capacity at 0.1-0.2 A
gsulfur’l than the 170 nm-iCVD@PE coating. This trend is
supported by the decreased resistivity in Li/Li cells with the 400
nm-iCVD@PE separator (Fig. S71), suggesting that rate
capability may also be impacted by differences in the solid-
electrolyte interphase (SEI) at the Li metal anode. The overall
cycling performance benefits of the iCVD@PE separators are
summarized in Table 1 and are compared to their self-
discharge performance.

Self-discharge behavior. We assessed the ability of
iCVD@PE separators to mitigate polysulfide shuttling effects

RSC Appl. Interfaces, 2025, 2, 472-483 | 475
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Fig. 4 (a) Galvanostatic charge-discharge curves for Li-S cells with bare and iCVD@PE separators. Inset shows overpotential for Li,S oxidation at
the beginning of the charge half-cycle. (b) Capacity retention for the average of two cells of each type cycled at 0.1 A geusur - for 5 cycles followed
by 100 cycles at 0.2 A geuir & () Nyquist plots from EIS measurements of Li-S cells after completing 105 cycles. (d) Rate performance under

galvanostatic control with imposed currents from 0.1-2 A gsulfufl.

Table 1 Li-S electrochemical performance summary of iCVD@PE separators

Ionic conductivity”

Capacity at 0.5 A geupr 7

Capacity after 100 cycles® Self-discharge rate?

Separator (Sem™) (mA h geuirur V) (mA h geuirur V) (mVv day™)
Bare 5.06 x 10~ 500 532 35.7
40 nm-iCVD@PE 7.14x 107 627 641 18.6
170 nm-iCVD@PE 413 x107* 304 532 12.9
400 nm-iCVD@PE 4.05x107* 156 544 10.0

“ Jonic conductivity of the electrolyte-soaked separator determined by EIS measurements in Fig. 3a. © Capacity of Li-S cells the fifth cycle at 0.5
A gsulfur’l from the rate test in Fig. 4d. ¢ Capacity of Li-S cells after 100 cycles at 0.2 A gsulfu[l in Fig. 4b. d Self-discharge rate from Fig. 6d.

by visually and spectroscopically tracking crossover of Li,Sg
through various separators using an H-cell glassware
configuration, with a Li,Sg-containing electrolyte on one side
of the separator and the native electrolyte on the other
(Fig. 5a-d). The bare separator allows Li,Sg crossover almost
immediately, as evidenced by appearance of a dark brown
solution on the opposite side of that separator after 1 h. In
contrast, H-cells with iCVD@PE separators show solution
breakthrough of a lightyellow hue, with intensity
diminishing for thicker pDVB-co-DMAMS coatings. This

476 | RSC Appl. Interfaces, 2025, 2, 472-483

qualitative trend is maintained for 24 h of solution crossover,
with the cell containing bare separator turning dark red on
the opposing side versus light brown with the iCVD@PE
separators. Analysis of recovered solutions by UV-visible
spectroscopy further confirms the trend of decreasing
intensity in Li,Sg solution crossover with increasing pDVB-co-
DMAMS coating thickness on the PE separator (Fig. 5e).
Self-discharge behavior is assessed in Li-S cells that were
initially subjected to 14 charge-discharge cycles ending in a
final charge half-cycle, followed by monitoring open-circuit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Images of H-cell diffusion crossover tests at 0, 1, and 24 hours for (a) bare, (b) 40 nm-, (c) 170 nm-, and (d) 400 nm-iCVD@PE separators.

In the initial state, the left-side compartment contains 2 mM of Li,Sg in the 1 M LiTFSI + 0.2 M LiNOs in DOL:DME electrolyte and the right-side
compartment contains electrolyte only. The PE separator is placed between the glass compartments, which are held together with an O-ring and
spring-loaded clamp. (e) UV-vis spectra of solutions taken from the right side compartment of the H-cell after permeation through the respective

separators for 24 h.

voltage (OCV) over a period of 7 days (Fig. 6b). After ~2 days,
the OCV of the bare-separator cell begins to decrease
substantially from 2.35 V down to 2.13 V. Cells with
iCVD@PE separators exhibit significantly slower self-
discharge, with the delay of voltage decay increasing with
thicker pDVB-co-DMAMS coatings. This effect also manifests
in the deliverable cell capacity following the self-discharge 7
d rest period. As depicted in Fig. 6¢c—f, separators with thicker
pDVB-co-DMAMS coatings support higher post-rest discharge
capacity. On the following charge step, there is some
irreversible loss of capacity in cells with <170 nm coatings,
while the cell with the 400 nm-iCVD@PE separator is able to
regain 100% of its initial (pre-rest) charge capacity, consistent
with its ability to best inhibit LiPS crossover. In a prior study
of iCVD-generated polyimidazole coatings on Dbattery
separators, Lim et al.*® reported 83.2% capacity retention for
Li-S cells (using conventional carbon-sulfur powder
composite cathodes) following a 12 h rest period. We
performed similar tests (12 h rest; Fig. S8f) and observed
96% capacity retention for the bare separator and 100%
retention with each of the iCVD@PE separators. This high
capacity retention (low self-discharge) for all of our cells at
these short 12 h rest periods is also attributable to enhanced
sulfur confinement within the 3D CNFP cathodes,*® which
enables even cells with the conventional separator to remain
OCV-stable for at least 48 h of rest time.

To further isolate the effect of the pDVB-co-DMAMS
coating on LiPS crossover, we also perform similar self-
discharge measurements on Li-S cells assembled without
LINO; in the electrolyte. Lithium-sulfur cells commonly
include LiNO; as an electrolyte additive to mitigate
undesirable reactions at the Li anode when soluble LiPSs are
present.>””** Our results with LiNOs-free cells also show that
iCVD@PE separators still delay cell self-discharge (Fig. S9at),
and also improve capacity and coulombic efficiency under

© 2025 The Author(s). Published by the Royal Society of Chemistry

galvanostatic cycling (Fig. S9bf). In all cases, we observe a
decrease in coulombic efficiency and faster self-discharge for
cells without the LiNO; additive. Thus, the combination of
both separator coating and electrolyte additive yields optimal
performance for Li-S cell operation.

Post-cycling characterization of Li-S cell components

Li metal anode characterization. To further elucidate the
role of the iCVD@PE separators in enhancing
electrochemical performance, we disassemble Li-S cells of
each type after 20 charge-discharge cycles at 0.1 A gqupur ©
(cycling data in Fig. S107) and analyze the individual cell
components. The separator-facing surfaces of the Li metal
anodes are examined for changes in surface morphology, SEI
composition, and the impact of LiPS crossover and reaction.
Lithium anodes from cells cycled with a bare separator
exhibit a surface morphology consisting of rough grains with
voids at the grain boundaries (Fig. 7a), whereas a smoother
Li metal morphology is noted from cells using the 40 nm-
iCVD@PE separator (Fig. 7b). The Li anode with the 170 nm-
iCVD@PE separator exhibits a rougher surface than for the
40 nm-iCVD@PE separator, with some cracking also observed
(Fig. 7c). For the 400 nm-iCVD@PE, this cracking behavior
exacerbated, leading to peeling of a thick film from the
surface (Fig. 7d). Despite the cracking at the surface of the Li
in cells cycled with 170-iCVD@PE and 400 nm-iCVD@PE
separators, the larger-scale Li morphology is relatively
smooth compared to Li cycled with a bare separator. In
contrast, rough Li morphology is commonly reported for
cycled Li-S cells due to reaction of the Li anode with
dissolved LiPSs.**"*®

X-ray photoelectron spectroscopy analysis of the Li surface
provides chemical information for products formed during Li-S
cell operation. We observe a lower total content of S at the Li
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voltage recorded during a 7 d rest period. (c-f) Galvanostatic charge-discharge profiles of Li-S cells before and after the 7 d rest period with bare,

40 nm-, 170 nm-, and 400 nm-iCVD@PE separators, respectively.

surface for anodes used with all of the iCVD@PE separators,
with ~1 at% S for each such case compared to 4.3 at% with the
bare separator; argon-ion depth-profiling also confirms
consistent chemical composition throughout the surface layer
(Fig. S117). Deconvolution of the S 2p spectra reveals additional
information about S speciation (Fig. 6e). After cycling with the
bare separator, the Li anode surface expresses several S species:
Li,S at 161.8 eV; terminal LiPS (Sy) or Li,S, at 163.2 eV; bridging
LiPS (Sp) at 164.7 eV; SO;> at 167.7 eV; and SO,*/R-SO,-R at
169.3 eV (j = 3/2 binding energies).*>*** Cells cycled with
iICVD@PE separators display a significantly different S
speciation at the Li surface. In the reduced S species region
(160-166 V), there are no peaks associated with Sz bonds but
only Sy bonds, indicating that no higher order Li,S, (n = 4, 6, 8)
are present at the Li electrode surface. Peaks for Li,S, which can
arise from the chemical reaction of LiPS with Li, are observed
with iICVD@PE separators but at a lower relative intensity
compared to results with the bare separator. In the oxidized
sulfur species region (167-173 eV), peaks associated with SO,
and SO,? /R-SO,-R are minimized at the Li metal surface for
cells cycled with iCVD@PE separators. In contrast, Li cycled
with the bare separator shows prominent peaks for lithium
sulfates and sulfites, as would commonly occur due to the
reaction of crossover LiPS with Li metal in the presence of
LiNO; and LiTFSI.>”*® Reaction of the Li metal anode with LiPS
also manifests with the reduction of LiNO; to LiNO,. Such
reduced NO, species are not observed in the N 1s spectra
(Fig. 7f) of the Li metal surface cycled with the iCVD@PE

478 | RSC Appl. Interfaces, 2025, 2, 472-483

separators, but only the bare separator. These findings support
the supposition that pDVB-co-DMAMS plays a role in preventing
detrimental LiPS interaction with the Li metal surface.

The N 1s and F 1s spectra (Fig. 7f and g) show that the 400
nm-iCVD@PE separator produces a significantly different
chemical composition at the Li anode surface, exhibiting the
most N and C content, and the least amount of S and F (as
quantified in Fig. S11f). We posit that the thick pDVB-co-
DMAMS coating contacting the Li metal surface reacts to form
a pDVB-co-DMAMS-derived passivating layer, evidenced by
excess LizN and C-N peaks in the N 1s spectra (Fig. 7f). This
supposition is further supported by our SEM observation of a
thick film on the Li surface for cells cycled with the 400 nm-
iCVD@PE separator (Fig. 6d), and the lower impedance
measured with this separator in Li/Li symmetric cells
compared to cells with the bare separator (Fig. S7f). The F 1s
spectra confirms the superior SEI quality at Li from the 40 nm-
iCVD@PE cell (Fig. 7g); in such case the F content is 88% LiF,
which is known as a desirable SEI product.’*** Alternatively,
the bare separator results in a F surface chemistry dominated
by C-F functionalities arising from electrolyte decomposition
(see also C 1s spectra in Fig. S121) with only 21% of F content
as LiF. The Li electrode from the 400 nm-iCVD@PE cell exhibits
minimal F content, further evidence of its passivation from
electrolyte decomposition. In combination, the XPS and SEM
results confirm that the pDVB-co-DMAMS coating plays a
significant role in mitigating LiPS crossover, and promoting
favorable Li metal morphology and SEI chemistry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Scanning electron micrographs (collected at a 45¢° tilt angle) for Li metal from cycled cells with (a) bare, (b) 40 nm-, (c) 170 nm- and (d)
400 nm-iCVD@PE separators. Core-level X-ray photoelectron spectra at the surface of Li metal anodes from cycled cells recorded in the (e) S 2p,

(f) N 1s, and (g) F 1s regions.

Separator characterization. Separators from Li-S cells
disassembled after 20 cycles are analyzed by optical imaging
and SEM to determine their interaction with LiPSs, electrolyte,
and other cell components (Fig. 8a-d). The bare separator
(Fig. 8a) shows a significant amount of debris covering the
cathode-facing surface, consistent with formation SEI/
decomposition byproducts at the Li anode, as noted in Fig. 7.
Elemental mapping by energy-dispersive spectroscopy (EDS)
also shows that the large debris particles are S-rich (Fig. S137).
The iCVD@PE separators generally show a smoother surface
morphology and less debris (Fig. 8b-d), while the 40 nm-
iCVD@PE separator shows the lowest distribution of
S-containing particles. The 170 nm-iCVD@PE and 400 nm-
iCVD@PE separators exhibit a thick, cracked film, suggesting
volume expansion and contraction with these thicker pDVB-co-
DMAMS coatings (Fig. 8c and d), in agreement with the thick
film and cracking noted on the surface of the contacting Li
metal anodes (Fig. 7c and d). The inset optical images show
that the separators display a darker amber color with thicker
pDVB-co-DMAMS coatings, which is consistent with additional
adsorption of LiPSs species.

These LiPS-stained separators were further extracted with
DME solvent and the resulting solution characterized with

© 2025 The Author(s). Published by the Royal Society of Chemistry

UV-visible spectroscopy (Fig. 8e). The observed peaks are
consistent with reduced LiPS species in LiTFSI/ether
solutions, as reported in literature.**** The spectra in Fig. 8e
show an increase in absorbance of Sg species for extracts of
thicker pDVB-co-DMAMS coatings, indicating that pDVB-co-
DMAMS is chemically trapping LiPSs*®™*® and delaying their
crossover towards the Li anode.

Atomistic simulations are performed to determine the
thermodynamics of the interaction between DMAMS and
LiPSs. The results of these simulations indicate that Li,S,
molecules can reversibly attach to DMAMS units in the
pDVB-co-DMAMS layer through the nitrogen lone pair on the
pedant dimethylamine group (Fig. 8f). The binding energy
(calculated in vacuum using DFT) is 0.93 eV, consistent with
reversible binding of LiPSs. In contrast, the bonding of LiPSs
to the CNFP cathode surface (as approximated
computationally by a graphene monolayer) is substantially
weaker, averaging 0.48 eV in vacuum. The bonding of LiPSs
with DMAMS is primarily a Lewis-base interaction between
the amine and the Li',*® whereas interaction with carbon
surfaces is primarily driven by van der Waals forces. This
large vacuum binding energy is consistent with reversible
attachment of LiPSs to the pDVB-co-DMAMS layer in solution,
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because solvation acts to weaken the bond. The reversible
binding of LiPSs is crucial for maintaining a long-lasting Li-S
battery, whereas if the binding forces are too strong, some
sulfur-based material will be lost from the cathode.

To further explore solvation effects, we perform molecular
dynamics (MD) simulations of Li,S¢ and DMAMS in the
presence of a realistic solvent (DOL:DME 1:1 by weight).
Simulations are performed using a machine-learning
interatomic potential fine-tuned based on DFT data of
solvated DMAMS and LiPSs.’>"" The binding enthalpy in the
presence of solvent is 0.146 + 0.038 eV, likely large enough to
trap the polysulfide but small enough that the polysulfide is
still available for further reduction during discharge. The
atomistic simulations also suggest that the Li,S, species do
not dissociate into 2Li* + S,>” in solution, but rather remain
as an ion complex. Further details of the MD simulations
may be found in the ESL}

Cathode characterization. The S@CNFP cathodes cycled in
Li-S cells with bare and 40 nm-iCVD@PE separators display
S-rich deposits filling some cracks in the CNFP (see SEM-EDS
images in Fig. S147). The S deposits in the CNFP cracks are
denser for the bare-separator cell than the 40 nm-iCVD@PE
cell. Alternatively, the S@CNFP cathodes cycled with 170 nm-
and 400 nm-iCVD@PE separators exhibit a surface
morphology closely resembling that of the pristine CNFPs

480 | RSC Appl. Interfaces, 2025, 2, 472-483

without cycling (Fig. S15t), and show no S deposits in the
CNFP openings but rather a uniform distribution (Fig. S14+).
The cross-sectional SEM images of each S@CNFP cathode
confirm this trend, as with the bare and 40 nm-iCVD@PE
cells the cathodes show a dense accumulation of particles
throughout (Fig. 8e and f), while the 170 nm- and 400 nm-
iCVD@PE cell cathodes show a more open structure and the
gaps are unfilled. This finding is attributed to the thicker
pDVB-co-DMAMS layer anchoring S-based species near the
separator, as confirmed in Fig. 7. In the case of thin
iCVD@PE coatings, we observe partial trapping of LiPSs in
the S@CNFP cathode, although Fig. 7e shows additional
LiPSs absorbed in the 40 nm-iCVD@PE separator versus with
the bare separator. Furthermore, DFT calculations confirm
that the binding energy of LiPSs with carbon are less than
half of that for the iCVD polymer, as noted above. While the
CNFP cathode architecture provides some containment and
mitigation of LiPSs on its own, electrochemical performance
is further enhanced by combining the S@CNFP cathode with
iCVD@PE separators in Li-S cells.

Conclusions

Our findings demonstrate the efficacy of iCVD as a route to
modify commercial battery separators with thin, conformal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coatings of a specifically designed copolymer—pDVB-co-
DMAMS—that effectively mitigates the negative effects of
LiPS shuttling on Li-S cell operation. In addition to reversibly
adsorbing LiPSs at amine functionalities, the pDVB-co-
DMAMS coating also interacts with the Li metal anode
surface to form a stabilizing layer, while also improving the
wettability of the PE separator to liquid electrolyte. As a
result, Li-S cells that include these iCVD@PE separators
exhibit enhanced electrochemical performance in terms of
resilience to self-discharge, better charge-discharge cycle life,
and greater capacity retention with increasing discharge rate.
Specifically, thicker coatings of 400 nm-iCVD@PE offer
extended protection towards self-discharge, while 40 nm-
iCVD@PE separators provide the best overall electrochemical
performance while maintaining effective self-discharge
mitigation. Combining these polysulfide-mitigating, iCVD-
modified separators with advanced carbon cathode
architectures such as the CNFP opens new possibilities for
Li-S battery performance and application.

Experimental
Initiated chemical vapor deposition of polymer coatings

A GVD Corporation “iLab” reactor was used to iCVD-synthesize
pDVB-co-DMAMS. In a typical deposition, the 4-DMAMS
monomer (synthesized according to our previous report™®) was
heated to 70 °C, the DVB monomer independently heated to 50
°C, and the di-tert-butyl peroxide (TBPO 98%, Aldrich) initiator
was maintained at room temperature, all in separate source
vessels. The lines from source vessels to the reactor were
heated to 80 °C in order to minimize vapor condensation. The
DVB flow was controlled through a ball-valve while DMAMS
and TBPO flow to the reactor were controlled using mass-flow
controllers set for rates of 2.1 SCCM DMAMS and 1 SCCM
TBPO, respectively. The reactor substrate stage was maintained
at 45 °C and a pressure of ~200 mTorr was maintained in the
deposition chamber using an automated throttle valve. The
initiator was thermally activated by resistively heating a
Nichrome filament to ~220 °C (35 V, ~2A applied) mounted
above the substrate stage. Depositions were conducted directly
on Entek Gold LP separators (UHMWPE, 19.4 um thick, 37%
porosity) and on Si chips that were subsequently used for
thickness measurements. Ellipsometry measurements on these
Si chips were collected at variable angles (55°, 65°, 75°) and
film thickness was modeled using a general oscillator model
consisting of Tauc-Lorentz and Gaussian oscillators (J. A.
Woolam M-2000 spectroscopic ellipsometer). The bare and
pDVB-co-DMAMS-coated separators were dried at 60 °C under
vacuum overnight, then quickly transferred to an Ar-filled
glovebox (<0.1 ppm H,0, O,) to minimize moisture exposure.

Sulfur-CNFP cathode synthesis

The CNFPs were synthesized as previously reported.*>>* Sized
(15 mm diameter) and weighed pieces of CNFP were
supported on a stainless-steel mesh placed above a bed of 1 g
sulfur powder inside a PTFE chamber. Vapor infiltration with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sulfur was achieved by heating the chamber inside a muffle
furnace for 4 hours at 175 °C, as previously described.”* >’
After infiltration, the chamber was removed from the oven
and cooled for 30 min; the CNFPs were then removed from
the chamber, weighed, and immediately transferred to an Ar
glovebox. The resulting S@CNFP cathodes contained an
average of 38.4% sulfur by weight, corresponding to ~3 mg
cm? areal S loading.

Electrochemistry

Lithium-sulfur cells were constructed inside an Ar-filled
glovebox using CR2032 coin-cell hardware (Hoshen Corp.) with
a 9/16" diameter Li anode (99.9% MSE supplies, 0.6 mm thick),
i" diameter Entek separator with 70 uL of 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)/0.2 M lithium
nitrate (LiNO;z) in 1,3-dioxolane (DOL)/1,2-dimethoxyethane
(DME) electrolyte, and a 15 mm diameter S@CNFP cathode.
The Li/Li symmetric cells, SS/SS symmetric cells, and Li/Cu
cells were assembled in a similar fashion. All electrochemical
cycling was performed inside environmental chambers at 25 °C
with control and data collection provided by a Maccor Model
4300 test system; an Ametek Parstat multichannel potentiostat
with PMC-1000 modules was used for EIS and cycling. All cells
were cycled at specified rates normalized to the mass of sulfur
(A gounur ), and operated with voltage limits of 1.8 and 2.6 V.
Impedance measurements were performed by scanning the
frequency between 600 kHz-0.06 Hz with a sinusoidal
amplitude of 10 mV for cells in an OCV state.

Characterization

Diffusion-crossover tests. An H-type glass cell
assembled with the respective separator placed between the
two chambers, with 2 mM Li,Sg in the Li-S battery
electrolyte on one side and native electrolyte on the other
(10 mL each). Photographs of the cells were taken over
intervals of time. This test was performed in the Ar-filled
glovebox due to the sensitivity of the LiPS solutions to O,,
which induces color changes.

UV-visible spectroscopy. UV-visible spectroscopy was
performed using a Perkin Elmer Lambda 1050+ instrument.
The crossover solution from the H-cell tests was measured
directly. Recovered separators from cycled cells were placed
in a vial with 2 mL of DME and soaked for 24 h, from which
0.1 mL diluted in a quartz cuvette with 2.9 mL DME (to bring
solution absorbance within a suitable range for the
spectrometer). The cuvettes were sealed inside the Ar-filled
glovebox and analyzed immediately to minimize effects from
air exposure.

X-ray photoelectron spectroscopy. Lithium metal electrodes
were retrieved from cycled coin-cells and each rinsed with 0.5
mL of acetonitrile to remove salt residue, followed by drying
under vacuum. Lithium metal electrodes were assembled in a
vacuum-transfer vessel inside the glovebox, pumped down in
the glovebox antechamber to create the inert vacuum seal, and
transferred to the XPS load lock to minimize exposure of the Li

was
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metal to air. X-ray photoelectron spectra were collected with
monochromatic Al Ko radiation (12 kV) at an anode current of
6 mA (Nexsa Surface Analysis System, ThermoFisher). The flood
gun was used for charge neutralization with all XPS scans.
Survey spectra were collected using a pass energy of 200 eV and
a binding energy step size of 1 eV. High-resolution spectra were
collected using a pass energy of 20 eV and a binding energy step
size of 0.1 eV. Monatomic Ar' depth profiling was performed at
an ion energy of 2 keV and a calibrated sputter rate of 7.8 nm
min~' of Ta,0s;. Data analysis was performed with Thermo
Avantage® software using 70/30 Gaussian/Lorentzian pseudo-
Voigt functions with Shirley backgrounds. High-resolution peak
area ratios were used for elemental quantification, using
tabulated Thermo relative sensitivity factors and all peaks were
calibrated to the C-C peak at 284.8 eV.

Scanning electron microscopy. Lithium anodes and CNFP
cathodes were cleaned as described above before mounting
on sample stubs in the glovebox and sealing in an air-tight
container for quick transfer to the SEM (~10 s air exposure).
The separators were air-exposed to deposit a thin-layer of Au
prior to SEM imaging in order to minimize charging effects.
Scanning electron microscopy was performed on a Thermo
Fisher Scientific Quattro Environmental SEM with the
e-beam voltage of 15 kV. X-ray energy dispersive spectroscopy
(EDS) maps were taken using an EDAX Octane Elite detector.

Atomistic simulations. First-principles calculations were
performed using the Vienna Ab Initio Simulation Package
(VASP)*®*  with  projector-augmented  wave (PAW)
pseudopotentials®’ and the HSE06 range-separated hybrid
functional.® The plane-wave energy cutoff was 500 eV and
Gamma-only k-point sampling was used. van der Waals
(vdW) interactions were included using the DFT-D3 method
of Grimme with zero-damping,”® with HSEO6-fitted
parameters sg = 0.109 and s, = 1.129. Calculations of
solvation effects were based on a MACE interatomic
potential.>® The potential was fine-tuned starting from the
MACE-MP-0 foundation model®® using a dataset of DFT
energies, forces, and stresses of 2836 atomic configurations
with an average of ~200 atoms each. The fine-tuning
procedure achieved low root-mean-square errors (RMSE)
compared to a reserved test set: 1.5 meV per atom in energies
and 48.2 meV A" in forces. Additional information on the
atomistic modelling is described in the ESL}
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