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ABSTRACT: Sulfide-based solid electrolytes (SEs) are promis- [pc | e Electrochemical Comted (NG
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mitigation strategies rely primarily on inorganic coatings, which o= 3 n

Here, we introduce a new dynamic ion gel nanocoating that
stabilizes both cathode and anode interfaces in sulfide-based
SSBs. It is a type of ion-conductive polyelectrolyte complex
(PEC), which is formed via complex coacervation between
oppositely charged polyelectrolytes. Controlled mixing of a
polycation bearing ammonium groups with TFSI™ counteranions and a polyanion featuring pendant TFSI” groups with Li*
countercations yields a homogeneous, solution-processable dynamic ion gel accompanied by LiTFSI release. This enables
uniform, thin (*¥1—3 nm), and scalable PEC nanocoatings on active material particles via spray drying. Dynamic ionic cross-
linking endows the PEC with enhanced viscoelasticity and improved ionic conductivity relative to the parent polycation,
allowing it to adapt to solid—solid interfaces while maintaining efficient ion transport. SSBs employing PEC-coated silicon
anodes and PEC-coated LiNiO, cathodes exhibit improved cycling stability through suppression of interfacial side reactions.
Thus, the PEC nanocoating acts as a scalable stabilizer of solid—solid interfaces in SSBs.
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1. INTRODUCTION

Solid electrolyte batteries (SEBs) are a specific subtype of
solid-state batteries that use inorganic solid electrolytes (SEs)

as a challenging model for studying interfacial degradation in
nickel-rich CAMs.

The oxidation of LPSCI above 2.2 V vs Li*/Li results in the
formation of polysulfide species, such as —[S],—.'”"® These
side products are insulating and reduce first-cycle Coulomb
efficiency.'”"*~*" Additionally, at a 0% state of charge (SOC),
chemical reactions already take place at the CEI, causing a
decrease in first-cycle capacity.”> When the SOC increases to
~4.2 V vs Li*/Li, oxygenated reactions cause the formation of

as a catholyte and separator. They potentially offer significant
benefits over liquid electrolyte batteries (LEBs), including leak
prevention, enhanced safety, cost savings, and greater energy
density.””” Sulfide-based SEs, such as LigPS;Cl (LPSCI), have
sufficient ionic conductivity of ~2 mS-cm™ for realizing model

SEBs;*’ however, severe interfacial degradation between
electrode active materials (AMs) and the sulfide-based
SEs'”'" compromises their electrochemical performance.”"?
Nickel-rich cathode active materials (CAMs) are widely
used as CAMs."”'* The trend toward higher Ni content in
LiNi,Mn,Co;_,.,0, (NCM), such as LiNiyoMngosC0q 05O,
(NCM90), aims to increase energy density.'* LiNiO,
(LNO), with the highest Ni content, is preferred to maximize
the practical capacity and reduce cost.” However, LNO
undergoes more severe cathode-electrolyte interphase (CEI)
degradation with LPSCI than NCMs.'® Therefore, LNO serves
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a passivation layer, hindering charge transfer.'”*»** Moreover,
nickel-rich CAMs undergo chemo-mechanical fracture due to
oxygen loss and volumetric changes, especially above 4.2 V vs
Li*/Li***® To study CEI degradation, the present study
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focuses on single-crystal LNO, which minimizes particle
fracture' > but exhibits pronounced CEI passivation during
cycling,">"> while corroborating the results with NCMO90.

When brought in contact with anode materials, LPSCI
reduces below 1.7 V vs Li"/Li, forming a solid electrolyte
interphase (SEI).'® Silicon is an attractive anode material due
to its low cost, air stability, and exceptionally high theoretical
capacity of 3579 mAh-g™", approachmg the theoretical capacity
of lithium metal (3860 mAh-g_l)2 In addition, silicon
undergoes the alloying process at ~0.3 V vs Li'/Li and
provides higher energy density compared to other alloy-type
anode materials.”” Despite all these advantages, silicon
undergoes substantial volume expansion during lithiation/
delithiation (~300%).’° This repeated expansion and con-
traction mechanically degrade the SEI layer and promote
further reduction of LPSCI], ultimately accelerating interfacial
instability and deteriorating electrochemical perform-
ance 2331734

Surface coatlngs on nickel-rich CAMs and silicon
anodes®”*® are applied to improve the interfacial stability at
the CEI and SEI, respectively. Coating materials should be
electronically insulating, ionically conducting, and electro-
chemically stable.”” To keep lithium-ion transport resistance
below 1 Q-cm? with a 1 nm thick coating, an ionic conductivity
of above 0.1 uS-cm™ is necessary.”” Consequently, optimiza-
tion of the coating thickness and coverage is critical to avoid
impeding lithium-ion transport. However, inorganic coatings
with high Young’s modulus (such as LINbO; & 195 GPa) can
crack or detach during volume change. % In contrast, the
inherent flexibility of polymers (such as poly(ethylene oxide)
~ 700 MPa)42 minimizes coating fractures.

Our previous work demonstrated that polycations (PCs),
such as poly((4-vinylbenzyl)trimethylammonium bis-
(trifluoromethanesulfonylimide)) (PVBTA-TFSI), can effec-
tively induce surface coatings on nickel-rich CAMs through
strong electrostatic interaction.*® However, because these PC-
based coatings do not supply lithium ions, they may lead to a
reductlon 1n capacity, even though they stabilize the cathode
interface.** In contrast, polyanions (PAs), such as sulfonated
polyphenylene sulfone in its lithiated form (sPPSLi), can
provide lithium ions but exhibit insufficient ionic conductivity
and modest electrostatic attraction to form robust coatings.*"
These complementary limitations motivate the exploration of
polyelectrolyte complexes (PECs) that integrate a PC to drive
coating formation with a PA that simultaneously contributes
lithium ions, thereby uniting the advantages of both ionic
polymers.

However, before applying PECs as coatings, several
challenges must be addressed:

35,36

1 Poor solubility of the PECs. Typically, when solutions of
oppositely charged polyelectrolytes are mixed in low-
boiling-point solvents at stoichiometric ionic ratios, the
ion-exchange reactions trigger coacervation and PEC
precipitation, which usually renders PECs insoluble and
unsuitable for wet-coating processes.** 9 It is also worth
noting that the majority of known PECs are almost
exclusively based on water-soluble polyelectrolytes.
Switching to high-boiling-point polar aprotic solvents
in rare examples”’ can improve solubility, but it
introduces practical limitations, such as slow solvent
evaporation and more difficult drying of the resultant
coatings. Alternatively, adding salts to aqueous poly-

electrolyte solutions can screen polymeric charges and
yield colloidal dispersions.** However, a true molecular
solution is required for high-quality coatings, as colloidal
systems containing micrometer-sized aggregates cannot

. 48,49
form uniform coatings.”™”

2 High glass-transition temperature (T,) of polyelectro-
lytes participating in PEC formation. A widely studied
polyelectrolyte pair for PEC formation is poly(sodium 4-
styrenesulfonate) (NaPSS) combined with poly-
(diallyldimethylammonium chloride) (PDADMAC).”’
However, both polymers exhibit high T,: approximately
228 °C for NaPSS’' and 195-310 °C for PDADMAC,
depending on the associated counterion.”” These
elevated T, values result in PEC films that are
intrinsically rigid, mechanically stiff in the dry state,
and low in conductivity. Furthermore, the strong
electrostatlc interactions between the opp051te1y charged
chains®® render the dry coatlngs brittle,"* prone to
fracture, and loss of functionality.*’

3 Low ionic conductivity of the PECs. Most polyelec-
trolytes used to prepare self-standing PEC films exhibit
high T, values and inherently low ionic conductivities
under dry conditions. In the absence of water, these rigid
ionic matrices significantly hinder lithium-ion mobility,
limiting their suitability for battery applications. There-
fore, there is a clear need to design and synthesize new
polyelectrolytes capable of forming solvent-soluble PECs
that are compatible with wet-coating processes and can
yield nanometer-sized, flexible films with high ionic
conductivity.

Previous studies have not yet established a strategy for
producing processable nanometer-scale polyelectrolyte coat-
ings that rely solely on dense ionic interactions while
maintaining mechanical flexibility under dry conditions.*’
Recently, our group developed an alternative strategy for
synthesizing PECs based on the complex coacervation of
oppositely charged poly(ionic liquids), notably without
removing the low-molecular-weight salts generated during
ion exchange.”* Mixing acetone solutions of these two
poly(ionic liquids) with ion pairs in a stoichiometric ratio
initiates coacervation through ion exchange. As the solvent
evaporates, a new subclass of PECs is formed, namely dynamic
ion gels, which offer ionic conductivity, mechanical flexibility,
and structural stability.

Building on this methodology, in the present study, we
combine two suitable polyelectrolytes at a 60:40 wt % ratio to
form a homogeneous, solvent-soluble dynamic ion gel, while
the ion-exchange process releases free lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) that remains en-
trapped within the material. This stable dynamic ion gel is
applied to fabricate uniform 1~3 nm-thick PEC coatings on
silicon anode particles and nickel-rich CAM particles (LNO,
NCM90), which demonstrate improved electrochemical
performance in LPSCl-based 'SEB'N?. Time-of-flight secon-
dary ion mass spectrometry (TOF-SIMS) and X-ray photo-
electron spectroscopy (XPS) confirm significantly reduced
degradation in both the CEI and SEI when the novel PEC
coatings are employed. This paper first presents the
preparation and characterization of the materials in Sections
2.1~2.3, followed by the full-cell demonstration using LNO
and a Si anode in Section 2.4. To further distinguish the
contributions from the cathode and anode, we then separately
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Figure 1. Schematic illustration of the spray drying process used to coat AM particles, including LNO, NCM90, and silicon with PEC or PC
polymers (left). A precursor dispersion of polymers and AMs in acetone is atomized into fine droplets, which dry rapidly in the chamber to
form coated particles. The resulting coated AM particles are collected with a productivity of approximately 70 wt %.

analyze the LNO half-cell in Sections 2.5~2.7 and the Si half-
cell in Sections 2.8~2.10.

2. RESULTS AND DISCUSSION

2.1. Synthesis of PEC and its Characterization

To meet the targeted PEC performance requirements, the
study begins with the molecular design of polyelectrolytes
serving as the PA and PC components (Figure 1). PVBTA-
TFSI was selected as the PC component for several reasons:
(i) its moderate glass-transition temperature, T, (84 °C, Figure
S1 and Table S1), (ii) its ability to form self-supporting films
with good mechanical properties, (iii) its sufficient solubility in
common organic solvents, and (iv) its proven capability to
generate surface coatings on nickel-rich CAMs through strong
electrostatic interaction.” The synthesis of the PC was carried
out in two stegs, following the procedure previously reported
by our group:* first, VBTA-Cl was polymerized via free-radical
polymerization of VBTA-Cl in an aqueous medium using
Na,S,05 as the initiator. This was followed by ion exchange
with LiTFSI to afford the target polymer. The isolated PC
exhibited an M, of 29500 g-mol™' and a moderate dispersity
(M,/M, = 2.96) (Figure S4 and Table S1).

Poly[ (lithium1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide)-r-(poly(ethylene glycol)
methyl ether methacrylate)] was chosen as the PA counterpart
owing to several favorable characteristics: (i) a relatively high
ionic conductivity (8.2 X 1077 S-em™" at 25 °C; Table S1); (ii)
a single-ion-conducting architecture in which Li" ions are the
dominant mobile species; (iii) excellent solubility in common
organic solvents;>> and (iv) efficient ion dissociation resulting
from the highly delocalized charge distribution of the tethered
TESI groups, together with the plasticizing effect of the
oxyethylene segments, which reduce the polymer T, (=54 °C,
Table S1) and facilitate lithium-ion transport.The synthesis of
PA was performed via controlled random reversible addition—
fragmentation chain-transfer (RAFT) copolymerization of

lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide and PEGM monomers,
using azobis(isobutyronitrile) (AIBN) as the initiator and 2-
cyano-2-propyl benzodithioate (CPDB) as the chain-transfer
agent, following the procedure previously reported by our
group.”” The resulting PA exhibited an M, of 41000 g-mol™
and a narrow dispersity (M,,/M, = 1.50) (Figure S4 and Table
S1).

For spray drying onto AM particles, achieving a transparent
true polymer solution (solute particle size < 1 nm) in a low-
boiling solvent is essential to ensure uniform coating
formation.”** Consequently, the PEC must remain fully
soluble during the mixing of the PA and PC, without
undergoing coacervation or phase separation. This requires
sufficiently weak electrostatic interactions between the
oppositely charged polyelectrolytes. The use of highly
delocalized TFSI™ anions in both the PC and PA successfully
reduces these interactions, as evidenced by only minimal shifts
in the TFSI™ stretching bands in the FTIR spectrum of the
PEC compared to the spectra of the individual components
(Figure SS). Despite the excellent solubility of both
polyelectrolytes in acetone and their expected weak interchain
ionic attraction, mixing them at a stoichiometric ratio of ionic
pairs still leads to PEC coacervation and partial precipitation.
To overcome this, a series of PC:PA ratios was systematically
investigated. A clear, stable solution is obtained at a 60:40 wt %
ratio, avoiding phase separation. This homogeneous solution
was subsequently evaporated, and the properties of the
resulting PEC were evaluated and compared with those of
the individual PC and PA components.

The temperature dependence of ionic conductivity for the
PEC is further examined by electrochemical impedance
spectroscopy (EIS) (Figure S6). The conductivity increases
monotonically with temperature; however, the relationship is
nonlinear and deviates from the classical Arrhenius relation-
ship. Instead, the data follow a Vogel—Fulcher—Tammann
(VFT) trend (Table S2) as is characteristic of polymer
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Figure 2. High-resolution TEM images of (a) pLNO, PC-LNO, and PEC-LNO, and (b) pSi, PC-Si, and PEC-Si. The insets provide magnified
views of the coating layer on the crystalline lattice planes, clearly resolving a uniform coating layer with an estimated thickness of

approximately 1~3 nm.

electrolytes, where ionic transport arises from a combination of
free ions hopping, coupled with segmental motions of the
polyelectrolyte backbone.

The thermal properties of the polyelectrolytes are
investigated by differential scanning calorimetry (DSC)
(Figures S1~S3) and thermogravimetric analysis (TGA)
(Figure S7). Both PC and PA exhibit a single DSC transition
at —54 and 84 °C, respectively, corresponding to their T. In
contrast, the DSC trace of the PEC (Figure S3) displays two
distinct thermal events: a T, at —14 °C, representing an
intermediate value between those of the parent polymers, and
an endothermic peak at 183 °C, assigned to the melting of in
situ-generated LiTFSI. The thermal stability of the PEC is
further assessed by TGA, revealing an onset of mass loss
temperature (Tyn.) at 230 °C (Figure S7). This decom-
position onset lies between those of PA and PC (Figure S7 and
Table S1) and is sufficiently high to support the applicability of
the PEC in battery systems.

The viscoelasticity of PC, PA, and PEC in the linear
viscoelastic regime is analyzed by small-amplitude oscillatory
shear rheology (Figure S8 and Table S1). Measurements are
performed at 25 °C using a parallel-plate geometry with a
constant strain amplitude of 1%. The storage modulus (G’)
and loss modulus (G”) are recorded as functions of angular
frequency. PA exhibits a rheological profile characterized by a
pronounced separation between G’ and G” and the absence of
a terminal flow region (i.e,, no G’ ~ @* and G” ~ w scaling).
The strong increase in G’ with frequency indicates enhanced
segmental mobility, while the condition G” > G’ across the
entire frequency range confirms its predominantly viscous,
liquid-like flow. In contrast, PC, being in the glassy state at 25
°C, displays G’ > G” throughout the full frequency window,

indicative of a rigid, solid-like response. Formation of the PEC
results in a substantial increase in both G" and G” compared to
PA. Importantly, the ionic interactions between the oppositely
charged polyelectrolytes further enhance G’ relative to PC.
The PEC shows G’ > G” at low to intermediate frequencies (@
< 60 rad s™'), transitioning to G’ < G” at higher frequencies.
Such a relationship is characteristic of a soft, viscoelastic solid,
making the PEC a promising candidate for forming
mechanically robust yet flexible coatings on active material
particles to improve the stability of solid-state battery
interfaces.

Following the preparation of the soluble PEC and the
evaluation of its properties (Table S1), several key advantages
of its formation and use can be identified:

i While the PC component alone is capable of forming
mechanically robust films and coatings, its ionic
conductivity is too low for practical electrochemical
applications. Moreover, the conductivity is primarily
mediated by mobile TFSI™ anions, which may partially
hinder lithium-ion transport.

=

ii Incorporation of LiTFSI into the PC matrix leads to
only a modest increase in ionic conductivity and remains
insufficient to achieve the conductivity levels required
for applications in batteries. Moreover, even the addition
of a relatively small amount of LiTFSI to the PC matrix,
corresponding to the quantity generated in situ during
PEC formation (PC:LiTFSI = 15:1 by weight,
equivalent to a molar ratio of 9.4:1), results in
pronounced phase separation (Figure S9). This phase
instability compromises the homogeneity, film quality,
and long-term reliability of the material, rendering such
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salt-filled PC systems unsuitable for use in high-
performance electrochemical devices.

=

iii In contrast, the PA component alone provides the
desired level of ionic conductivity, with charge transport
occurring exclusively through the migration of Li" ions.
However, because of its low T, the polymer exhibits
pronounced cold flow and lacks the mechanical stability

required for durable coatings.

iv Formation of the PEC results in an ionic conductivity of
8.8 X 1077 S-cm™! at 25 °C, exceeding that of both the
individual PC and PA components (2.1 X 1077 and 8.2
X 1077 S-em™ at 25 °C, respectively). This enhance-
ment can be attributed to several synergistic effects,
including a substantial reduction in T, relative to the PC,
improved ion dissociation promoted by the oxyethylene
segments, and the in situ formation of LiTFSL The latter
facilitates ion transport by partially screening the
electrostatic interactions between oppositely charged
polymer chains.’>*’

v Finally, the weak ionic interactions established between
the PA and PC chains give rise to flexible, yet
mechanically robust coatings. This unique combination
of high ionic conductivity and favorable mechanical
properties cannot be achieved with a PA component
alone. In summary, the PEC is particularly attractive
because it combines the single-ion-conducting nature of
the PA component with the excellent film-forming and
coating capabilities of the PC component while
simultaneously mitigating the key limitations associated
with each individual polymer.

2.2. Preparation and Characterization of PEC-Coated
Active Materials

After optimizing the PEC composition and obtaining an
acetone-soluble PEC, solutions of PC and PEC in acetone are
prepared at a concentration of 0.67 mg-mL™'. PA alone is
excluded as its cold-flowing nature and unsuitable electrostatic
interaction with the particle surface forms a non-uniform NCM
coating.”* The AM particles are then added to these
polyelectrolyte solutions such that the polyelectrolyte content
in the resulting dispersions does not exceed 1 wt % relative to
the mass of the AMs. This concentration is selected because
previous studies demonstrated that such a loading produces an
approximately 2 nm coating thickness."”** Finally, using a
spray drying method, several AMs coated with PC or PEC are
obtained: PC-coated LNO (PC-LNO), PEC-coated LNO
(PEC-LNO), PEC-coated NCM90 (PEC-NCM90), PC-
coated silicon (PC-Si), and PEC-coated silicon (PEC-Si).
The pristine AMs are designated as pLNO, pNCM90, and pSi.

(Scanning) transmission electron microscopy ((S)TEM)
coupled with energy-dispersive X-ray spectroscopy (EDX) is
used to evaluate the coverage and thickness of PC and PEC
coatings on LNO and silicon. Figure 2 presents high-resolution
TEM images, revealing that pLNO and pSi exhibit exposed
crystalline lattice planes, whereas PC- and PEC-coated samples
display a uniform 1~3 nm thin amorphous layer covering the
crystalline layers. These findings are consistent with our prior
study on PC-coated NCM.* It is worth noting that the ionic
conductivity of the PEC polymer is 8.8 X 10~ S-cm™" at 25
°C (Figure S6 and Table S1), suggesting a 1~3 nm coating
may add less than 1 Q-cm? lithium-ion transport resistance to
the SEB.*

STEM-EDX analysis, shown in Figures S10~S13, confirms a
uniform coating in the case of PEC-LNO, PC-LNO, PEC-S;j,
and PC-Si surfaces. Coated AM particles exhibit significantly
stronger carbon signals arising from the polymer coating
compared to the uncoated AM particles, with the highest
carbon intensity consistently observed at the AM particle
edges. In addition, oxygen can be used as a complementary
indicator to verify the presence of the coating on PEC-Si and
PC-Si surfaces. In contrast, oxygen cannot serve as a reliable
indicator for LNO-based samples, as LNO inherently contains
a high oxygen content that substantially exceeds the amount
contributed by the coating.

Scanning electron microscopy (SEM) using an energy-
selective backscattered electron detector (ESB) (Figure S14)
shows no evidence of polymer aggregation on PEC-LNO
particles, supporting the TEM observations of a uniform
coating and indicating uniform coating formation over a larger
length scale. Detecting such aggregates on silicon-based
samples, however, is more challenging due to the similar
densities of silicon and carbon, which reduce ESB contrast.
Overall, taken together, the SEM, TEM, and EDX analyses
confirm that both PEC and PC form uniform coatings on LNO
and silicon particles, with a thickness of approximately 1~3
nm, sufficient to prevent direct physical contact between the
AM and LPSCI particles.

2.3. Electrochemical Stability of the Polymer Coating

Cyclic voltammetry (CV) is employed to evaluate the
electrochemical stability window (ESW) of the PC and PEC
in contact with inactive materials, such as vapor-grown carbon
fibers (VGCFs) and stainless steel stamps (SS), using pellet-
type cells with a scan range from 0 to 4.5 V vs In/Liln. PC-
coated and PEC-coated VGCFs, prepared via spray drying,
serve as working electrodes to enhance the interfacial contact
area with LPSCI, while pristine VGCF is used as the
reference.'” A Liln alloy is selected as the counter electrode
because of its well-established kinetic stability with LPSCL'"*®
The resulting cell configuration was SSILiInI[LPSCIIVGCEFISS.

Figure S15 shows that both PEC- and PC-coated VGCFs
exhibit a diminished current density and have no additional
side reaction peaks compared to pristine VGCF, confirming
the stability of PEC and PC against LPSClL. Moreover, the
lower current density observed with PEC-coated VGCF
compared to that with PC-coated VGCF suggests that the
rubber-like mechanical properties of PEC confer superior
protection. This elasticity helps maintain continuous coverage
on the VGCF, preventing the coating from being detached
during cell preparation.

However, because VGCF does not fully replicate the surface
chemistry or operating potentials of LNO or Si, the CV results
should be considered an indirect stability assessment. There-
fore, they cannot conclusively determine whether the coating
on CAMs remains stable or partially decomposes into a
beneficial passivation layer during cell cycling. Nevertheless,
the galvanostatic charge—discharge profiles shown in Figures
S15, S16, and S24 show no obvious additional side reactions
attributable to the polymers. Overall, both PEC- and PC-
coated VGCF have a stabilized interface with LPSCl and
record fewer side reactions at the VGCFILPSCI interface.

2.4. Impact of Coatings on the Cycling Stability of S'SEB-N®
Full Cell

Cycling stability of SEB"™N® (an area-specific capacity of 3.3
mAh-cm™ based on 200 mAh-g™! of LNO, N/P ratio: 1.3)
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Figure 3. (a) Schematic representations of the P"SEBPINC and PEC-SiGEBPEC-INO fy]].cell configurations (area-specific capacity: 3.3 mAh-cm ™2,
LNO: 13.2 mg, Si: 1 mg, N/P ratio: 1.3). (b) Discharge capacity (qg;) plotted vs cycle number of cells operated at 25 °C. Cells were cycled at
0.05C, 0.1C, 0.25C, 0.5C, and 1C for five cycles each, followed by long-term cycling at a consistent rate of 0.1C.

with an SSIVGCEFISIILPSCILNOIVGCEISS configuration
(Figure 3a) is conducted under 60 MPa at different C-rates
(0.1C, 0.25C, 0.5C, 1C), followed by 0.1C for continuous
cycling. SSEB™© using pristine and PEC-coated AMs is
denoted as PS'SEBP'NO and PECSISEBPECINO respectively. The
specific discharge capacity (qg,) and C-rates are calculated
based on the amount of LNO.

PECSISEBPECINO shows better performance than PYSEBPMNO
across low and middle C-rates (Figure S16) and in the cycling
test (Figure 3b). In the first cycle at 0.05C, PECSISEBPECINO
shows an improved gy, & 172 mAh-g~', which is 21 mAh-g™'
more than PYSEBP™NC (151 mAh-g™'). After 200 cycles, the
retention (based on the sixth and 200th cycles) of "E¢S*
SEBPECINO j5 56%, about double that of PS'SEBP'NO (29%).

2.5. Rate Capability of "SEB"N® with PEC and PC Coating
on LNO

To corroborate the impact of the PEC coating on cycling
performance at the LNO cathode and silicon anode, “™™
SEBPECLNO apnd HInGEBPECS! half-cells are investigated next
(Figure 4a). Pellet-type half-cells with the configuration SSl
LiInILPSCILNOIVGCFISS (“"SEB™®, an area-specific ca-
pacity of 2.1 mAh-cm™ based on 200 mAh-g™! of LNO, an

area-specific mass loading of 10.6 mg-cm™ based on LNO)
compare the rate capabilities of pLNO-, PC-LNO-, and PEC-
LNO-coated cathodes, denoted as “"SEBPLNO, LinggpgPC-LNO.
and MSEBPECINO | regpectively. To focus on the impact of
CEI degradation, we prevent contact loss in “"SEB"NC by
applying 60 MPa during cycling and using single-crystal LNO
to reduce particle fracture.'>?*

Figure 4b shows that “"SEB"*“™NO sjgnificantly improves
qais compared to M"SEBPCMNO and LInGEBPINO across all C-
rates. The galvanic plots of the first and final cycles are shown
in Figure S17. In the first cycle at 0.1C, “SEBP™N? delivers
140 mAh-g™' with 67% Coulomb efficiency, “"SEB“NC
gives 148 mAh-g™! with 73%, and “"SEBPEC™NO achieves
157 mAh-g”' with 76%. The improved performance of
LingEBPECINO compared with “"SEBP“™O s related to the
higher ionic conductivity and flexibility of the PEC coating
compared with the rigid PC coating. Two primary factors
affecting the first-cycle Coulomb efficiency are the diffusion
within the LNO bulk materials’® and interfacial degradation at
the CEL As the coating mainly alters surface rather than bulk
properties, the improved first-cycle g4, and Coulomb efficiency
for UI"SEBPECINO are due to reduced CEI degradation.
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Figure 4. Rate capability of “""SEB° cells (2.1 mAh-cm™2, 10.6 mg'cm 2 of LNO), including “"SEBPINC, LingEBPC-INO 5 LilagggPEC-LNO,
evaluated using pellet-type cells at 25 °C. (a) Schematic representations of the respective cell configurations. (b) Coulomb efficiency (top)
and qg;; (bottom) at various C-rates (0.1C, 0.25C, 0.5C, 1C, and back to 0.1C). (c) dq/dU plots for the first (top) and 25th (bottom) cycles
at 0.1C, highlighting the characteristic LNO phase transitions (H1 <& M« H2 < H3).

Figure 4c shows that “SEB"ECNO exhibits a similar

differential capacity (dgq/dU) with respect to potential (U) of
M/H2 (~3.4 V vs In/Liln) as both MPSEBPC™NO and
LInGEBPINO i the first charge cycle. However, in the first
discharge and 25th cycles, “™SEB™*“™° demonstrates better
dq/dU of M/H2 than “"SEB?“™© and “I"SEBP'NC, The M/
H2 is majorly affected by active mass (m,,) utilization,” which
can decrease if LNO becomes isolated due to contact loss or
an insulating CEL?® The improved dgq/dU of M/H2 in the first
discharge cycle indicates higher m, utilization in “'™
SEBPECINO compared to “"SEBPMNC and YSEBPMNC. This
improvement may result from the PEC coating reducing
insulating CEI formation, such as —[s],=,"""® improving first-
cycle Coulomb efliciency. Notably, these insulating CEI
products dominate in the first cycle but diminish thereafter.*’

On the other hand, “™SEB*“'NO has improved dgq/dU at
H1/M (&3 V vs In/Liln)®" compared to “"SEBPLNC in the
first and 25th cycles, with “"SEB"“NO exhibiting intermediate
performance. The H1/M transition is affected by both m,,
utilization and kinetic limitations.”> A partially conductive,
rather than fully insulating, CEI can contribute to kinetic
limitations.”” During the first charging process, as M/H2
related to m,. utilization is similar across all samples,
LIngEBPECINO jmproves the interface kinetics of the CEI
during the H1/M transition. Subsequent cycle improvement of

H1/M stems from a combined influence of enhanced m,

utilization and interfacial kinetics. After the H1/M and M/H2
transitions, the improved H2/H3 (%3.6 V vs In/Liln) is
observed for “"SEBPEINO in the first and 25th cycles. The
improved H2/H3 suggests reduced oxygenated reactions at the
CEI over cycling, affecting both m,. utilization and
kinetics.”*** In conclusion, “SEBPECMNO chows the best
performance of all tested SEBs, mainly due to reduced CEI
degradation. This observation is further discussed in Section
2.7 (XPS and TOF-SIMS), where it is shown that the
decomposition of LPSCI is significantly suppressed in '™
SEBPECINO compared to M"SEBPLNO,

2.6. Cycling Stability of “I"SEB"N® with the PEC Coating on
LNO

LIngEBPECINO apnd LIGEBPINO ysing the same cell setups as in
the rate capability test, evaluated LNO cathode cycling
performance under 0.1C at 25 °C. EIS measurements were
taken at 3.15 V vs In/Liln during the first, second, 50th, and
100th cycles by the following steps. First, cells were charged to
3.15 V vs In/Liln, followed by chronoamperometry at 3.15 V
vs In/Liln until the current decreased to 2% of 0.1C. This step
ensured a consistent SOC.">%” EIS was then performed from 1
MHz to 100 uHz to evaluate the cathode resistance (R pode)-
3.15 V vs In/Liln ensured EIS was conducted at low R g ode
while avoiding degradation at higher potentials.”*** Sub-
sequently, cell charging was continued to 3.7 V vs In/Liln,
relaxed for 2 h, then discharged to 2.0 V vs In/Liln with
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Figure 5. Cycling performance of “""SEB™N° cells (2.1 mAh-cm™2, 10.6 mg'cm ™2 of LNO), including “""SEBP'N? and “I"SEB"ECNO, tested at
0.1C at 25 °C. EIS and chronoamperometry were performed at 3.15 V vs In/Liln during the first, second, 50th, and 100th cycles. (a)
Galvanostatic profile of the first cycle: the cells were charged to 3.15 V vs In/Liln, followed by the chronoamperometry (gray area) and EIS.
Subsequently, cells were charged to 3.7 V vs In/Liln, allowed to relax for 2 h, discharged to 2.0 V vs In/Liln, and relaxed again for 2 h. (b)
Cycling stability presented as gy, vs cycle number. (c) Nyquist plots of the first and 100th cycles (the apex frequency for both cells is

highlighted in blue).

another 2 h relaxation. Open circuit potential (OCP) after 2 h
relaxation determined m,.>>* Figure Sa displays the first-
cycle galvanic plots for both SEBs, with chronoamperometry
and EIS measurements marked.

Figure Sb shows that for the first and 100th cycles,
LIngEBPECINO has a higher g and capacity retention (first:
160 mAh-g_l, 100th: 109 mAh-g_l, retention: 68%) than
LInGEBPINO (first: 137 mAh-g™', 100th: 79 mAh-g~!, retention:
589%). After 100 cycles, there is no contact loss or LNO particle
cracking in both SEBs, as investigated via ion beam milling and
SEM (see Figure S18). As a result, the improved performance
of MINSEBPECINO can be attributed to mitigated CEI
degradation. Additionally, to demonstrate the applicability of
the PEC coating strategy to NCM-based cathodes, PEC-coated
NCM90 is cycled using an LPSCI catholyte, a
Lis sPS, <Cl,sBry- (LPSCIBr, 9.1 mS-cm™")% separator layer,
and a Liln anode. LPSCIBr is used to enhance separator ionic
conductivity, while the same LPSCI catholyte was retained to
maintain comparable CEI chemistry with LilnlSEILNO and

LiIn|SEINCM90 cells. As shown in Figure S19, the PEC
coating improves the rate capability and cycling performance
of NCM90.

Figure S20 presents m, results for “"SEB"N obtained via
open-circuit potential (OCP) measurements. The detailed
calculation is reported in our previous publication.””*
Generally, the OCP-SOC relationship reveals the lithium-ion
content (i.e., the “x” in Li,NiO,). To establish a reference for
OCP vs SOC, an “LEBP*N® cell composed of a lithium anode
and pLNO is utilized (see Figure S21). The LE helps mitigate
capacity loss by minimizing degradation at the CEI, contact
loss, and cracking.66 Based on the OCP-SOC reference, the
specific discharge capacity at a given SOC (ggoc) can be
determined. According to eq 1, m,, is calculated by the
measured discharge capacity (Quess) and ggoc.” "

() = e A
Isoc (%) (1)
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Figure 6. TOF-SIMS analysis performed on wedge-shaped craters of cathode composites before (left) cycling and after (right) 100 cycles.
Phosphoxide fragments (PO,”, including PO~, PO,~, and PO;") are shown at the top, sulfoxide fragments (SO, including SO~, SO,~, and
SO;7) in the middle, and —[S],— fragments (S,”) are at the bottom. The average NiO," signal is indicated by the gray area in each plot. All

fragment intensities are normalized to the total ion intensity.

Ideally, the SEB should have a m,. of 8.3 mg. In the first
cycle, “I"SEBPECINO shows a higher m,, of 8.1 mg than
LIngERPLNO (7.7 mg). The difference between the ideal and
actual m, arises from cathode distribution inefficiencies and
SEB internal resistance. The improved first-cycle m,, of
LIngEBPECINO 3ligns with the better M/H2 results in the rate
capability test (see Figure 4), confirming that the PEC coating
can reduce the formation of an insulating CEI in the first cycle,
such as —[S],—."”"® However, after 100 cycles, both U™
SEBFEC-LNO and MInGERPLNO have similar m,, retention
R74%, indicating that the mitigation of the kinetic limitations
at the CEI plays a role in “™SEB"*“'™NO during cycling,
thereby giving rise to improved capacity retention. Oxygenated
side reaction products such as Li,SO, and Li;PO, with ionic
conductivities ~107*~107° S-cm™”%" do not directly isolate
LNO particles, resulting in similar m, retention in both cells.
As a result, improved capacity retention in “SEBPFCNO
arises from improved kinetic limitations at the CEI during
cycling.

To verify this CEI-stabilization mechanism, EIS results are
shown in Figure Sc for the first and 100th cycles and in Figure
S22 for the second and 50th cycles. R_ .4 including charge
transfer resistance (R.) and electronic (R,,) and ionic (R;.,)
transport resistances, can be influenced by the effective contact
area at the CEI (impacting m,,)>>" and CEI kinetics.””
Although R, is normally used to assess CEI degradation over
cycling, the Gerischer-type impedance makes it difficult to

accurately separate R, from R, and Ry, in the cathode

composite using the transmission line model.” Distribution of
relaxation times (DRT) analysis (Figure S23) is used to
deconvolute these processes. Based on literature reported, first-
cycle Rpode can be assigned to approximately 10°~10° Hg,
with R, appearing at 10°~10° Hz.”"”* R, and R,,, manifest as
two asymmetric shoulders on the high-frequency side
(10°~10° Hz).”"”* Additionally, the Liln/LPSCI interphase
impedance appears at about 0.1~10 Hz, with the Warburg
diffusion process around 0.1 Hz.”"”* Minnmann et al.,, using
the same LPSCI separator and Liln alloy, also reported that the
Liln/LPSCl interphase impedance during the first cycle should
be below 10 Q-cm? at ~5 Hz apex frequency.”

During cycling, isolating R4 in the DRT becomes
increasingly difficult, although R still clearly indicates a shift
toward lower frequencies. This shift arises because cathode
degradation shifts the characteristic frequency of R, from the
high-frequency region toward lower frequencies, where it
increasingly overlaps with the Liln/LPSCI interphase impe-
dance. However, based on the literature reported, R mode
increases much more significantly than the Liln/LPSCI
interphase impedance during cycling,’*’” as the Liln alloy
exhibits well-established kinetic stability with LPSCL'"**
Therefore, Rhode can be estimated from the difference
between the two Re(Z)-axis intercepts in the Nyquist plot.

The similar apex frequency in “™SEBPECINO apg Lile-
SEBP'NO indicates that impedance growth during cycling for
both cells stems from the same CEI degradation process.”**°
In the first cycle at 3.15 V vs In/Liln, the R g, Of
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Figure 7. Rate capability of “"SEBS (SSILiIlnlLPSCIISilVGCFISS, 4.5 mAh:cm™ and 1.3 mgrem™2 of silicon), including “SEBFY,
LingEBPCS and I"SEBPECS!) evaluated using pellet-type cells. (a) Schematic illustration of the cell configurations. (b) Coulomb efficiency
(top) and g, (bottom) at various C-rates (0.05C, 0.1C, 0.2C, 0.5C, 1C, and back to 0.1C). (c) dq/dU plots for the second cycle at 0.05C
(top) and 30th cycle at 0.1C (bottom), highlighting the characteristic silicon phase transitions (a-Si — Li;Si < Li, (Si © a-Si).

LinggBPEC-LNO j¢ 11 Q-cm? 7 Q-cm? lower than that of
LInGEBPINO (18 Q-cm?). This aligns with the better m,
utilization for “"SEBPECINO than MINSEBPINC in the initial
cycle. After 100 cycles, the R ypoqe for “"SEBPNC (939 Q-cm?)
shows a more pronounced increase compared to 1™
SEBPECINO (218 Q.cm?). As a result, the PEC coating
mitigates the increase in R,g.q. during cycling. Given the
similar m,, retention of MI"SEBPECINO and LingERPLNO jfter
100 cycles, EIS results indicate that the PEC coating can
improve CEI kinetics during cycling, likely by suppressing
oxygenated degradation at CEL

2.7. Analysis of Interfacial Degradation in “I"SEB"N° by XPS
and TOF-SIMS

XPS is used to semiquantitatively analyze the CEI of
LingEBPLNO and MISEBPECINO focusing on SSILPSCI,
VGCFILPSC], and LNOILPSCI interfaces. The S 2p region
contains two signals associated with LPSCI: PS,*~ at 161.5 eV
and S*”-containing species at approximately 160.4 eV, which
may originate from the LPSCI lattice and/or residual precursor
phases such as Li,S in pLPSCIL Because these signals have
closely overlapping binding energies, they cannot be
unambiguously resolved by S 2p XPS alone.”®”” Additionally,
—[S],— are major CEI degradation products. Therefore, two

sulfur components are included in the S 2p spectrum to give a
better fitting after cycling: bridging sulfur species (S,), typically
observed at binding energies of 163.1~163.9 eV, and terminal
sulfur species (S,"), which appear at 161.7~162.3 eV.*" On the
other hand, the P 2p spectra show signals at 131.9 eV, assigned
to PS>~ in LPSCl, and at 132.9~133.2 eV, attributed to
oxidized phosphorus species (P,,).”* However, the Cl 2p
spectrum is excluded because LiCl remains stable once
formed,'® and there are minimal binding energy differences
between CI” in LiCl and LPSCI, making it difficult to
distinguish these signal contributions.®'

Figure S24 shows that the XPS spectra for S 2p and P 2p
before cycling are similar for “"SEBPINC and MInSEBPECINO,
After cycling, “"SEBP*N® exhibits more degradation products
than “"SEB"E“™NO_ 1n particular, the —[S],— species (S, and
S.") account for ~59 mol % in the S 2p spectrum of
LIngERPINO  compared with ~38 mol % for “"SEBPECINC, A
similar trend is observed in the P 2p spectra, where oxidized
phosphorus species (P,,) reach ~72 mol % for “""SEBP*NC but
~58 mol % for MI"SEBPECLNO However, sulfoxides (SO, e.g.,
Li,SO, at ~169 eV),*” which are oxygenated CEI products
formed during oxygen evolution from LNO,”*° are not
evident from the XPS S 2p spectra. This is likely due to the
detection limit of XPS, consistent with the results reported by
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Walther et al.** Therefore, ToF-SIMS is used to analyze
LPSCI/LNO interfacial degradation because it is several orders
of magnitude more sensitive than XPS for readily ionized
fragments and can semiquantitatively detect reaction products
below the XPS detection limit.*’

TOF-SIMS semiquantitatively®* detects CEI decomposition
product fragments in the cathode composite of “""SEB'NO (see
Figure 6), including —[S],— (S,”), phosphoxides (PO,
including PO~, PO,”, and PO;”), and sulfoxides (SO, ,
including SO~, SO,”, and SO;7), before and after
cycling.”#*%>%¢ To examine interfaces within the cathode
composite (SSILPSCI, VGCFILPSCI, and LNOILPSCI),*
wedges are created by gradually increasing the sputter dose
density from left (close to SSILPSCIl) to right across a
sputtered rectangle. This approach allows visualization of the
depth distribution of degradation products in the surface
spectrum, as schematically shown in Figure S25. Following the
formation of wedge-shaped craters, TOF-SIMS mappings of
the cathode composite before and after cycling are displayed as
linear scans. Due to the consistent overlap of LNO intensities
(NiO,”) across samples (Figure S26), the average NiO,~
intensity is used in each figure to mark where sputtering
reaches the LNO particles.

Before cycling, S, overlaps nicely across sputtering regions
for both MI"SEBPECINO 5nq HIngERPINO  However, PO,~ and
SO,” show slightly higher intensity near the LNO particles in
LingEBPLNO than in MI"SEBPECINO before cycling. Notably, the
contact between LNO (fully lithiated) and LPSCl during
sample preparation can already lead to the formation of PO,~
and SO,™.*’ Therefore, the PEC coating helps suppress such
chemical reactions during sample preparation.

After 100 cycles, LilngERPLNO hag higher S,7, SO,~, and PO~
intensity than “"SEBPESINO across the wedge profile. This
indicates that the PEC coating can mitigate CEI degradation
between LNO and LPSCI during cycling. In addition, the PEC
coating can inhibit the first-cycle side reaction that forms
—[S],—, aligning with the ESW results measured by CV and
supporting the first-cycle m, result in the rate capability and
cycling stability test. Interestingly, the SO, intensity is low at
the start of sputtering (near SSILPSCl) and increases as
sputtering reaches the LNO surface. In contrast, PO,”
intensity is observed across the entire range. This result aligns
with Walther et al, who observed similar outcomes near the
SSILPSCI interface.®® Overall, TOF-SIMS and XPS confirm
that the PEC coating improves CEI stability in comparison to
uncoated LNO.

On the other hand, detecting PEC-derived signals by XPS,
particularly in the N 1s and F 1s regions, is challenging because
the PEC coating layer is extremely thin and its concentration is
below the detection limit of the instrument. Moreover, X-ray
exposure during XPS may induce LiF formation from LiTFSI
decomposition, potentially complicating the F 1s analysis.””
TOF-SIMS shows that the PEC-related signals in “'™
SEBFEC-LNO. including characteristic TFSI™ fragments, remain
similar before and after cycling. However, LiF,” is not
observed before and after cycling, suggesting no obvious
PEC degradation. Nevertheless, it should be noted that the
TESI-rich PEC layer may still promote the in situ formation of
a LiF-rich interphase with LPSCI, which has been demon-
strated to improve CEI stability.*

2.8. Rate Capability of I"SEB®S' with the PEC Coating on Si

To study the PEC coating’s influence on the silicon anode,
pellet-type half-cells with the configuration of SSILiIn/LPSCIISil
VGCEFISS (M"SEB®, an area-specific capacity of 4.5 mAh-cm™
based on 3500 mAh-g™' of silicon, an area-specific mass
loading of 1.3 mg-em > based on silicon) were used to
compare the rate capability of pSi, PC-Si, and PEC-Si
composites, denoted as LilngpppSi - LilnggpPC-Si - 5pg Liln-
SEBPECS respectively (see Figure 7a). The rate capability
test was conducted under 60 MPa at different C-rates, with
first discharging and then charging: 0.05C, 0.1C, 0.2C, 0.5C,
1C, and then returned to 0.1C. While this pressure may not
entirely prevent contact loss from silicon’s 300% volume
expansion,”” comparing the interfacial stability between coated
and pristine silicon under the same conditions remains
valuable.

Figure 7b shows that “"SEBPESS! improves the specific
charge capacity () compared to “SEB“®' and “"SEBPS
across all C-rates. Figure S27 shows the galvanic plots of the
first, second, and 30th cycles. However, LingEBPC-Si and
LIngERPS! exhibit similar rate capabilities. In the first cycle at
0.05C, “I"SEBPS' delivers a g, of 2873 mAh-g~!, M"SEB"“S
gives 2867 mAh-g™!, and M"SEBF“S achieves 3048 mAh-g™".
The first-cycle Coulomb efficiency for all “"SEB® remains
consistent at around 95%, significantly higher than that of
LngEBINO  (67~76%), which varies more widely between
pristine and coated samples. This is because the main factor
contributing to the first-cycle efficiency loss in """SEB® appears
to be contact loss®> and/or lithium trapping in the silicon bulk
material.”’ However, a 1~3 nm coating is not expected to
mitigate contact loss caused by volume changes.

Figure 7c compares the dg/dU of “SEB™ for the second
and 30th cycles at 0.05C, while Figure S28 presents it for the
first cycle. dq/dU highlights the phase transitions from
crystalline silicon (c-Si) to LiysSi during the first discharge
cycle below —0.45 V vs In/Liln, and the subsequent phase
transitions between Li, (Si <> Li, Si <> amorphous silicon (a-
Si) in continued cycles.”" During the first-cycle charge process
and the second cycle, “SEB"#*%' exhibits a more pronounced
peak of delithiation from LiysSi — Li,Si, outperforming
LinggRPC-St and UISEBPS which can be attributed to the
improved SEI kinetics and mitigated m,, loss.””™>*

Furthermore, by the 30th cycle, “"SEB"**' demonstrates a
more improved dg/dU and less peak shift across all phase
transitions, LizSi <> Li,(Si <> a-Si, outperforming both
LIngEBPCSt and M"SEBPY, It has been reported in the literature
that the LiyoSi < a-Si is influenced by m, loss.””™"* As a
result, this suggests that the PEC coating helps mitigate m,
loss after 30 cycles. However, as the coating does not address
contact loss from volume changes,” the PEC coating may
improve m, utilization by limiting SEI resistance growth,
which otherwise isolates the silicon particle. This observation is
further discussed in Section 2.10 (XPS and TOF-SIMS), where
it is shown that the decomposition of LPSCI is significantly
suppressed in “"SEB"E¢S! compared to “"SEBPY,

To further check if the rate capability is influenced by the
mass loading in the silicon composite, we increased the area
capacity in both “"SEBFPECSI and MI"SEBPS' from 4.5 mAh-
cm™ to 9 mAh-cm™> by doubling the anode composite
amount, as shown in Figure S29. LIngEBS! with 9 mAh-cm™
shows decreased rate capability compared to “""SEB* with 4.5
mAh-cm™2. However, “SEB"®“* still improves the g,
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Figure 8. Cycling performance of “"SEB® cells (4.5 mAh-cm™? and 1.3 mg-cm ™2 of Si), including “"“SEBP* and “"SEB"S tested at 0.1C
at 25 °C from the third to the 102nd cycle. EIS measurements were performed at 0.05C at 0 V vs In/Liln in the first, second, and 103rd
cycles. (a) Galvanostatic profiles of the first cycle: cells were discharged to —0.6 V vs In/Liln, charged to 0 V, followed by a
chronoamperometry step (gray area) and EIS, and subsequently recharged to 0.9 V vs In/Liln. (b) Cycling stability expressed as q, vs cycle
number. (c) Nyquist plots of the first and 103rd cycles recorded at 0 V vs In/Liln.

compared to “"SEBP* across all C-rates, which confirms that
the PEC coating can improve the rate capability even when the
loading of silicon increases.

2.9. Cycling Stability of “"SEBS' with the PEC Coating on Si

For the first, second, and 103rd cycles, “"SEBP* and
LingEBPECSI (4.5 mAh-cm™) are charged at 0.05C to 0 V
(vs In/Liln), followed by chronoamperometry at 0 V until the
current drops to 2% of 0.05C. Chronoamperometry ensures
stable measurements at a fixed SOC with sufficient ionic and
electronic conductivity.”> EIS is then used to evaluate silicon
anode composite resistance (R,,,4.) from 1 MHz to 100 uHz
at 0 V. The galvanic plot of the first cycle, including the
chronoamperometry and EIS process, is shown in Figure 8a.
From the third cycle to the 102nd cycles, “I"SEB®' is cycled at
0.1C. However, we cannot access the m, via OCP due to the
potential hysteresis of Si.”> This may need further study in the
future.

Figure 8b shows that "SEB*E“S' achieves a qg, of 3086
mAh-g™! in the first cycle, surpassing “""SEBF®' (2834 mAh-
g™'). After 103 cycles, “"SEB"*“¥ retains 56% of its initial g,
at 0.05C, which is more than """SEBPS (41%), demonstrating
that the PEC coating improves cycling stability. Figure S30

presents the cross-section of the anode composites after
cycling, examined using ion beam milling combined with SEM
after cell disassembly. Contact loss with a gap of approximately
500 nm is observed in both “MSEBFPECSI and LInGEBPS,
Although PEC viscoelasticity may help maintain interparticle
contact and thereby contribute to cycling stability, this effect is
difficult to quantify because contact retention may be altered
during cell disassembly. Notably, no fracture within silicon
particles is observed after cycling. This may be attributed to the
elastic softening effect caused by lithium incorporation into
silicon, reducing the hardness (from 10.6 GPa of pure silicon
to 1.5 GPa of Liy;5Si) and Young’s modulus (from 92 GPa of
pure silicon to 12 GPa of Li;,Si).”® Since the PEC coating
cannot significantly prevent physical contact loss and particle
cracking nor alter silicon intrinsic conductivity, its primary
benefit likely lies in reducing side reactions at the SEI, thereby
enhancing cycling stability.

To verify this SEI-stabilization mechanism, the R, 4. is
evaluated by EIS at 0 V vs In/Liln (see Figure 8c), with further
support from DRT analysis to deconvolute electrode processes
(see Figure S31). Based on literature reported, the first-cycle
Rinode including R, and Ry, at the SEI, can be assigned to
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Figure 9. (a) S 2p and P 2p XPS spectra of “""SEB?* (pSi) and “I"SEB”2"S (PEC-Si) after cycling, highlighting differences in interfacial side-
reaction products. (b) Relative ratios of S- and P-containing side-reaction products extracted from the quantitative fitting of XPS spectra.

approximately 1~10° Hz, with R, appearing at 1~10* Hz.””
Ry, at the SEI manifests toward the high-frequency side
(10°~10° Hz). Additionally, the Liln/LPSCIl interphase
impedance, as discussed previously in Section 2.6, appears at
about 0.1~10 Hz with around 5 Hz of apex frequency,”"”*”*
ove§17apping with the Warburg diffusion process around 0.1~1
Hz.”

However, accurately extracting R,,.4. from EIS by DRT
becomes difficult because the Warburg diffusion and the Liln/
LPSCI interphase increasingly overlap with R during cycling.
Nevertheless, direct visual comparison between “""SEBP' and
LInGEBPECS! remains valid because their postcycling impedance
difference is pronounced, while the kinetic stability of Liln
against LPSCI should limit its impedance growth during
cycling.'”® After 103 cycles, R,,oq. specifically R, based on
DRT results, for “SEBP increases significantly compared to
that for “I"SEB"*“!, As the PEC coating does not mitigate the
physical contact loss or the bulk properties of silicon, the
impedance results suggest that the PEC coating improves R, at
the SEI after 103 cycles.

2.10. Analysis of Interfacial Degradation in '"SEB> by XPS
and TOF-SIMS

XPS is used to semiquantitatively analyze the SEI of "SEBP*!
and “"SEB"®¢i, focusing on the VGCFILPSCI and SilLPSCI
interfaces after cycling. The SSILPSCI interface could not be
analyzed because part of the silicon composite anode remained
attached to the SS after disassembly, leaving only the VGCF!I
LPSCI and SilLPSCI interfaces in the pellet for analysis.

Figure 9 shows the XPS spectra for S 2p and P 2p after 103
cycles, indicating the chemical structure of the SEI Figure S32
shows that the XPS spectra for S 2p and P 2p before cycling
are similar for """SEBP* and “"SEB*“*. The Cl 2p spectrum
is excluded, as noted in Section 2.7."*"' The S 2p spectra show
Li,S at 160.4 eV, PS,>” at 161.5 €V, and S, at 163.2 eV.'®”®
The P 2p spectra show signals at 131.9 eV (PS,>),
132.9~133.2 eV (oxidized P species, e.g, P.,), 1304 eV
(reduced P species,'® e.g, elemental P), and 130.1 eV
(Li,P).”**! Following the ideal reduction of the LPSCI
shown in eq 2 ,'”"® the ideal SEI side reaction products are
Li,S and LisP.
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LPSCl + 8Li* + 8¢~ — LiCl + Li,P + SLi,S$ )

After 103 cycles, the S 2p spectrum shows that “"SEBP
exhibits a higher Li,S content, increasing to 46%, compared
with 37% for ""SEBPECS!, This confirms that the PEC coating
effectively mitigates side reactions at the SEI Interestingly, the
P 2p spectrum shows a relatively low Li;P ratio after cycling for
both cells, warranting further investigation. To support the
XPS results, TOF-SIMS (see Figure S33) reveals more Li,S
(LiS™ fragment) for “SEBPS than for “"SEBPECS' after
cycling, consistent with the XPS S 2p spectrum. However, Li;P
is not detected in TOF-SIMS, aligning with the XPS P 2p
spectrum. Overall, XPS and TOF-SIMS confirm that the PEC
coating can effectively reduce the Li,S side reaction product at
SEI after 103 cycles.

On the other hand, detecting PEC-derived signals by XPS
and TOF-SIMS is even more challenging for “""SEB®' than for
LIngEBNO | because the polymer content in the composite
anode is lower than that in the composite cathode due to the
lower active material fraction. Nevertheless, the TFSI-rich PEC
layer may promote the in situ formation of LiF through
reaction with LPSCI or reductive decomposition, and the
resulting LiF-rich interphase has been demonstrated to
improve the SEI stability.*>”®

3. CONCLUSION

To improve the stability of both the CEI between nickel-rich
CAMs and LPSCI, and the SEI between silicon anodes and
LPSCI in solid-state batteries, we introduce a new polymer
coating based on a solution-processable PEC applied to
electrode particles via spray drying. In this PEC system, PC
functions as a coating promoter and mechanical reinforcement
component, while PA provides the lithium-ion source and
facilitates lithium-ion transport. Owing to the highly
delocalized anions present in both PC and PA, the resulting
reduction in electrostatic interactions between the oppositely
charged macro chains, together with the intentionally non-
stoichiometric ion-pair ratio, PEC remains soluble in low-
boiling organic solvents upon formation, making it well-suited
for wet-coating processes. The PEC further exhibits rubber-like
mechanical properties, enabling it to effectively accommodate
chemo-mechanical stresses during cycling. High-resolution
TEM coupled with STEM-EDX analysis confirms the
formation of a uniform ~1~3 nm PEC layer on the surface
of LNO and silicon particles. In full-cell tests pairing a silicon
anode with an LNO cathode, the PEC coating improves
capacity retention by 27% under 0.1C after 200 cycles. To
isolate the coating’s influence at each interphase, half-cells with
Liln counter electrodes were assembled using coated LNO
cathodes or coated silicon anodes. The PEC coating improves
capacity retention by 10% on LNO and by 15% on silicon after
100 cycles in half-cells. TOF-SIMS and XPS analyses further
verify that the PEC coating mitigates detrimental interfacial
side reactions. Overall, these results demonstrate that
polymeric surface coatings such as PEC can substantially
enhance cycling performance in solid-state batteries, high-
lighting their value in the development of next-generation
electrochemical energy storage systems.

4. EXPERIMENTAL METHODS

4.1. Reagents and Materials

Poly(ethylene glycol)methyl ether methacrylate (PEGM, M, = 500 g:
mol™!, Aldrich), 2-cyano-2-propyl benzodithioate (CPDB, 97%,
Aldrich), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%,
Acros), (vinylbenzyl)trimethylammonium chloride (VBTA-Cl, 99%,
Aldrich), sodium persulfate (Na,S,0g, 98%, Aldrich), ortho-xylene (o-
xylene, anhydrous 97%, Aldrich), diethyl ether (HPLC grade 99.5%,
Acros), acetone (ACS reagent 99.5%, Aldrich, and HPLC grade
99.9%, Acros), dimethylformamide (DMF, HPLC grade 99.5%,
Acros), VGCF (Aldrich), silicon (particle size & 1~S um, 99.9%
metal basis purity, Alfa Aesar), lithium hydroxide monohydrate
(LiOH-H,0, >99%, Aldrich), and lithium carbonate (Li,CO;, 99%,
Fischer Chemicals, formerly Alfa Aesar) were used as received. The
Spectra/Por 1 (Spectrum Laboratories) dialysis tubing with MWCO
6000—8000 Da was used for polymer dialysis.

For the separator in “™SEB"N°, LPSCl (NEI Corporation) was
used as received. For the separator in “™SEBN“™*° LPSCIBr was
synthesized according to the previously reported procedure.®® For the
catholyte, LPSCI underwent wet milling’>**'*° to reduce its particle
size. First, 15 g of LPSCI was mixed with 50 mL of o-xylene and 80 g
of 1 mm ZrO, balls in an 80 mL ZrO, pot. Subsequently, the mixture
was wet-milled by a Fritsch premium line Pulverisette 7 mill at 500
rpm for 10 min, followed by a resting period of 10 min. This cycle was
repeated six times. After the ball milling was finished, the mixture was
centrifuged to get the LPSC] powder. The LPSCI powder was then
passed through a 100 gm mesh to remove the residual ZrO, balls.
The collected LPSCI was dried at 120 °C and 2 X 107> mbar for 2
days in the B-5S8S5 oven (Buchi Glass Drying Oven, Switzerland).
Finally, the LPSCI was manually ground in an agate mortar for 10 min
to break up aggregates, then sieved again using a 20 ym mesh. The
milling instrument was located outside the glovebox, but sample
transfers were protected from air exposure. The rest of the procedure
was conducted entirely inside an argon-filled glovebox (LabMaster,
MBraun, Garching, Germany), with O, and H,O levels maintained
below 0.1 ppm.

LiNiyeMng 5C0g0s0, (NCM9O0, particle size & 3~5 ym and a BET
specific surface area of 0.5~0.9 m>g™', MSE Supplies) was dried at
120 °C and 2 X 107* mbar for 2 days in the B-385 oven (Buchi Glass
Drying Oven, Switzerland). Lithium 1-[3-(methacryloyloxy)-
propylsulfonyl]-1-(trifluoromethanesulfonyl)imide was pregared in
full accordance with the procedures published previously.””'" The
resulting crystalline powder was dried at 25 °C and 0.5 mbar
overnight and stored under an inert atmosphere in an argon-filled
glovebox (MBRAUN MB-UniLAB, H,0 and O, content <0.5 ppm).
2,2’-Azobis(isobutyronitrile) (AIBN, initiator, 98%, Aldrich) was
recrystallized from methanol. Indium foil (100 wm, ChemPUR
GmbH) was punched into circular electrodes with a diameter of 9
mm. Lithium foil (125 pm thick, Albemarle Rockwood Lithium
GmbH) was punched into circular electrodes with a diameter of 6
mm.

4.2, Synthesis of Single-Crystal pLNO

LNO was prepared in accordance with the procedure published
previously," although with minor changes. In brief, to obtain single-
crystal LNO, 10 g of LiOH-H,O was manually ground in an agate
mortar for 30 min. Subsequently, 16.18 g of NiO was added, and the
mixture was ground for an additional 30 min. The resulting powder
was loaded into alumina crucibles and annealed under an oxygen flow
at 780 °C for 6 h, followed by a second annealing step at 680 °C for
another 6 h. Both heating and cooling ramps were set to 100 °C-h™".
The resulting black brick-like pLNO precursor was then manually
ground in an agate mortar for 20 min. To ensure sufficient lithiation,
6.39 g Li,CO; was added and the mixture was manually ground for an
additional 20 min. The powder was transferred to alumina crucibles
and annealed under an oxygen flow at 750 °C for 40 h, followed by a
second step at 680 °C for 20 h, again using heating and cooling ramps
of 100 °C-h™". To remove excess Li,CO;, the pLNO precursor was
washed with ice-cooled deionized water (1 g of pLNO precursor with
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30 mL H,0) by vigorous agitation for 1 min, immediately centrifuged
at 4000 rpm for 2 min, and the supernatant was discarded. The
washing procedure was repeated three times, with a total water
contact time of <12 min. A final rinse with ethanol was performed to
aid drying. The resulting pLNO precursor was then dried at 60 °C
and 0.5 mbar overnight. After drying, the pLNO precursor was loaded
into alumina crucibles and annealed at 680 °C for 3 h under oxygen
flow (100 cm®min™"). The obtained pLNO was manually ground for
20 min in an agate mortar and sieved through a 45 ym mesh inside an
argon-filled glovebox (LabMaster, MBraun, Garching, Germany, with
0, and H,0 levels maintained below 0.1 ppm). The pLNO powder
was then sieved a second time using a 20 ym mesh. Yield: 13.34 g.
The obtained pLNO showed a 1~4 um average particle size as
analyzed by SEM (see Figure S14). XRD refinement confirmed its
composition and crystal structure (Figure S34), indicating the
presence of 8.5 wt % residual Li,CO; and 0.6 mol % cation
disordering.

4.3. Synthesis of Poly(vinylbenzyl)trimethylammonium
bis(trifluoromethanesulfonyl)imide (PC)

PC was synthesized in two steps: (1) free-radical polymerization of
VBTA-C], followed by (2) ion exchange with LiTFSL For the first
step, a solution of VBTA-CI (5.00 g, 23.58 mmol) and Na,S,05 (1.68
g, 7.07 mmol) in 20 mL of deionized water was purged with nitrogen
for 1S min to remove dissolved oxygen, then heated to 75 °C and
polymerized for 48 h. After cooling to room temperature, the viscous
reaction mixture was diluted with deionized water and dialyzed for 7
days. The resulting aqueous polymer solution was concentrated to 50
mL using a rotary evaporator and used directly in the subsequent ion-
exchange step.

For the ion exchange, a solution of LiTFSI (7.50 g, 26.13 mmol) in
20 mL of deionized water was added dropwise to the polymer
solution under stirring. A white precipitate formed immediately, and
the mixture was stirred for an additional 2 h at room temperature. PC
was isolated by centrifugation as a white powder, washed three times
with deionized water, and dried at 80 °C under vacuum (0.1 mbar)
for 72 h in the B-585 oven (Buchi Glass Drying Oven, Switzerland).
Yield: 6.88 g (64%). "H NMR (400 MHz, acetone-dy): 6 = 7.32 (br.s,
2H), 6.68 (brs., 2H), 4.58 (br.s, 2H), 3.12 (brs, 9H), 1.68 (brs,,
3H) ppm; *C NMR (151 MHz, DMSO-d;): § = 138.6—138.4 (m),
136.7, 1194 (q, J = 321.8 Hz), 51.5; "’F NMR (564.8 MHz, CDCL,):
& = —81.0 (s, CF;) ppm; IR (ATR mode): 3044 (w), 2926 (w, vcy),
1615 (w), 1489 (m, vcy), 1478 (m, vey), 1347 (s, Uysoz), 1327 (s,
Vasso2)y 1229 (m, veg), 1176 (vs, vgso,), 1132 (vs), 1051 (vs, vcp),
988 (w), 976 (m), 921 (w), 886 (m), 587 (w), 828 (w), 789 (m), 763
(w), 740 (m), 719 (w), 653 (w), 611 (s), 599 (s), 569 (vs), 509 (s)
cm™'; M, = 29500 g mol™! g-mol™', M,,/M, = 2.96 (by GPC); T, =
84 °C (by DSC); Topeet = 290 °C (by TGA in air).

4.4, Poly[(lithium

1-[3-(methacryloyloxy)-
propylsulfonyl]-1-(trifluoromethanesulfonyl)-
imide)-R-(poly(ethylene glycol) methyl ether
methacrylate)] Synthesis (PA)

The PA was synthesized via random RAFT copolymerization of
lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide and PEGM using AIBN as the
initiator, in accordance with the procedures published previously>>'**
with the exception that instead of CPAD, CPDB was used as the chain
transfer agent. Briefly, a solution of Li monomer (0.50 g, 1.40 mmol),
PEGM (3.26 g, 6.50 mmol), CPDB (18.5 mg, 0.083 mmol), and
AIBN (2.74 mg, 0.017 mmol, [AIBN]:[CPDB] = 1:5 by mol) in
anhydrous DMF (12.0 mL, 11.3 g, [DMF]:[ILM + PEGM] = 3:1 by
weight) was transferred to a Schlenk flask equipped with a magnetic
stirring bar. The solution was degassed via three freeze—pump—thaw
cycles and flushed with argon, whereupon the flask was placed into a
bath preheated to 60 °C, and polymerization was carried out at 60 °C
for 48 h. The resultant viscous pink polymer solution was diluted with
DMF and precipitated into an excess of diethyl ether. PA was
collected by decantation of the solvents, then redissolved in acetone

and precipitated in an excess of diethyl ether for the second time. The
isolated copolymer represented a pink sticky mass that was dried at 60
°C and 0.1 mbar for 24 h in a B-585 oven (Buchi Glass Drying Oven,
Switzerland) filled with P,O;. Yield: 2.40 g (64%). '"H NMR (600
MHz, CDCly): 6 = 4.09—4.11 (t, 13H, —CO—0—CH,), 3.58—3.68
(m, 175H, —CH,—O—CH,—CH,—0-), 341 (s, 16H, —O—CHS,),
3.25 (m, 2H, —CH,—S0,—N-S0,CF;), 2.25 (m, 2H, —CH,—CH,—
$0,-N—S0,CF,), 1.92 (m, 13H, —CH,—C(CHS,)), 0.86—1.04 (m,
19H, —CH,—C(CH;)) ppm; “’F NMR (564.8 MHz, CDCL,): § =
—79.8 (s, CF;) ppm; 'Li NMR (155.5 MHz, CDCL): § = —0.75 (s,
Li) ppm; FTIR (ATR mode): 2947 (m, vc_y), 2872 (s, ve_y), 1729
(vs, Uc—o), 1475 (m), 1455 (m, Sc_py an), 1404 (m), 1379 (w), 1352
(m, V,50,), 1326 (w), 1265 (m), 1246 (m), 1227 (m), 1179 (s, vc_g),
1105 (v8, Vyc—o0-c) 1055 (s, vep), 947 (m), 858 (s, Uic_o-c), 842
(s), 789 (w), 749 (w) cm™'; M, = 41000 g mol™", M,,/M, = 1.49 (by
GPC); T, = —54 °C (by DSC); Topeer = 150 °C (by TGA in air).

4.5. Synthesis of PEC

A series of PECs was synthesized by mixing the acetone solutions of
two oppositely charged polyelectrolytes, namely PC and PA, at
different molar ratios. The typical PEC formation procedure is given
by the example of PEC synthesis with a PC PA = 60:40 wt % ratio. A
solution of PC (0.6 g, 1.32 mmol of cationic ion pairs, 60 wt % based
on the weight of PEC) in 10 mL of acetone was added dropwise to a
solution of PA (0.4 g, 0.14 mmol of anionic ion pairs, 40 wt % based
on the weight of PEC) in 10 mL of acetone under continuous stirring.
The mixture was stirred for 1 h at 25 °C. Afterward, the solution was
poured onto a Teflon Petri dish and dried on a hot plate at 60 °C
overnight. Further drying was performed in the B-585 oven (Buchi
Glass Drying Oven, Switzerland) at 60 °C and 0.1 mbar for 1 week to
ensure the complete removal of residual acetone. The polymer was
then stored inside an argon-filled glovebox (LabMaster, MBraun,
Garching, Germany), with O, and H,O levels maintained below 0.1
ppm, to prevent the moisture or humidity influence. T, = —14 °C (by
DSC); melting temperature (T,,) = —183 °C (by DSC); Topeee = 230
°C (by TGA in air).

4.6. Polymer-Coated AMs

A BUCHI Mini-Spray Dryer B-290 was used to coat AMs (NCM90,
pLNO, and pSi) with PC or PEC. Two grams of AMs was dispersed
in a solution containing 20 mg of polyelectrolyte (1 wt % relative to
the AMs) in 30 mL of acetone to prepare the precursor suspension.
The suspension was stirred vigorously for 1 h at room temperature.
During spray drying, the inlet temperature was set to 100 °C, the
vacuum pumping rate to 37 m>h™' and the nitrogen flow to 40 L
min~". The precursor suspension was fed at 8 mL-min~". These
parameters were optimized to achieve a productivity of approximately
70 wt %. Following spray drying, the coated AMs were dried in the B-
58S oven (Buchi Glass Drying Oven, Switzerland) at 50 °C and 0.1
mbar for 1 week.

4.7. Polymer-Coated VGCF

For the PEC- and PC-coated VGCF, a precursor is prepared by
dissolving 10 mg of PC or PEC polymers in 20 mL of acetone. To
create a VGCEF solution precursor for spray drying, 100 mg of VGCF
is sonicated in 20 mL of acetone and then added dropwise to the
polymer solution. This mixture is ultrasonicated for 30 min to achieve
a homogeneous solution. Subsequently, the coated VGCF is formed
using a spray drying process under the same conditions as those used
for the coated electrodes. After spray drying, the coated AMs are dried
in the B-58S oven (Buchi Glass Drying Oven, Switzerland) at 50 °C
and 0.1 mbar for 1 week and then stored in the glovebox.

4.8. Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on an AMX-600 (Bruker, Germany)
spectrometer at 25 °C in the indicated deuterated solvent and are
listed in ppm. The signals corresponding to the residual protons and
carbons of the deuterated solvent were used as an internal standard
for 'H and “C NMR, respectively. The CsFs (—164.9 ppm) and
LiNOj; were utilized as external standards for '°F and "Li, respectively.
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4.9. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded using a Thermo Fisher Scientific iD$
ATR spectrometer over a wavenumber range of 550~4000 cm ™! with
a total of 96 scans. All measurements were conducted inside an argon-
filled glovebox (LabMaster, MBraun, Garching, Germany), with O,
and H,O levels maintained below 0.1 ppm to prevent moisture
interference.

4.10. Gel Permeation Chromatography (GPC)

The number-average molecular weights (M,) and M,/M, ratios for
PC and PA were determined by size exclusion chromatography (SEC)
or gel permeation chromatography (GPC). The GPC experiment was
performed using a 1200 Infinity gel permeation chromatograph
(Agilent Technologies, USA) equipped with a PLgel S ym MIXED-D
column (Agilent Technologies, USA), a PLgel S um (Agilent
Technologies) precolumn, and an integrated refractive index detector.
The system was operated at 50 °C and 1.0 mL-min™" flow rate using a
0.1 M Li(CF,;S0O,),N solution in DMF as an eluent. The poly(methyl
methacrylate) standards (EasiVial PM, Agilent Technologies, M, =
550 + 1558 x 10°) were used to perform calibration.

4.11. Thermal Gravimetric Analysis (TGA)

TGA was carried out in air on a TGA2 STARe System (Mettler
Toledo, Switzerland), applying a heating rate of 5 °C-min~". The
Tonset Was determined as the point on the TGA curve at which a

significant deviation from the horizontal was observed. The resulting
temperature was then rounded to the nearest 5 °C.

4.12. Differential Scanning Calorimetry (DSC)

For DSC measurements, all samples were hermetically sealed in Al
pans inside the argon-filled glovebox (MBRAUN MB-Labstar, H,0
and O, content < 0.5 ppm). DSC was performed on a DSC 300
Caliris Select (Netzsch, Germany) differential calorimeter, applying a
heating rate of $ °C min~" (first and second cycles) and 10 °C min™"
(third cycle) in the range of —120 to 240 °C. Three to four heating—
cooling cycles were carried out for each sample. T, and T, were
determined from the second heating curve.

4.13. Rheology

Rheology measurements were performed using a Physica MCR 302
theometer (Anton Paar, Austria) equipped with a CTD 450
temperature control device and a disposable aluminum plate—plate
(diameter: 25 mm, measurement gap: 1 mm) geometry. Measure-
ments were recorded in oscillation mode at an imposed 1% strain
amplitude (), ensuring that both storage G’ and loss G” moduli were
obtained in the linear viscoelastic regime. All measurements were
carried out at 25 °C. Tests were repeated at least twice to ensure good
repeatability of the results. For PA, which represents a cold-flowing
rubber, the material was placed directly between the rheometer plates.
For PC and PEC, the following sample preparation procedure was
applied: polymer discs (typical diameter X thickness ~ 20 X 1.5 mm)
were prepared using a MeltPrep vacuum compression molding
machine (MeltPrep GmbH, Germany). Approximately 0.15 g of
polymer was loaded into the mold and heated at 90 °C for 10~1S min
under a vacuum of 0.1 mbar. After heating, the mold was allowed to
cool to room temperature, opened, and the polymer disk was gently
released.

4.14. X-ray Diffraction (XRD)

The pLNO powders were loaded into glass capillaries with an inner
diameter of 0.5 mm. XRD measurements were performed on an
Empyrean 3 diffractometer (Malvern PANalytical, Netherlands)
equipped with a Mo—Ka radiation source in Debye—Scherrer
geometry. Data were collected over a 20 range of 5°—40° with a

step size of 0.007° and a scan rate of 1°min™".

4.15. Scanning Electron Microscopy (SEM)

SEM imaging was performed using a GeminiSEM 560 (Carl Zeiss
AG, Germany), operated at an acceleration voltage of 2 kV with a 20
um aperture. Both backscattered electron and secondary electron
images were recorded to characterize the morphology of LNO
particles, LNO cathode composites, and silicon anode composites

after cycling. LNO particle morphology was examined in powder
form, adhered to conductive copper tape. To assess particle cracking
in the cycled LNO cathode and Si anode composites, cross-sections
were prepared by ion beam milling using a Leica EM TIC 3X (Leica
Microsystems, Germany). Milling was conducted at 6 kV and 2.2 mA
for 6 h at —100 °C.

4.16. (Scanning) Transmission Electron Microscopy
((S)TEM)

TEM analyses were performed using a double Cs-corrected JEM
2200FS microscope (JEOL Ltd., Japan) operated at 200 kV. The
convergence angle in the scanning mode was 15.07 mrad. Powders of
the various particles were dispersed onto lacey carbon-coated copper
mesh grids and subsequently pumped in a vacuum stand to remove
excess solvent and loose material before being inserted into the
(S)TEM column. Bright-field TEM images were acquired using a
TVIPS TemCam XF416FS camera (TVIPS GmbH, Germany), while
STEM-EDX spectra were collected using a Bruker Nano XFlash
detector 5060 (Bruker, Germany). STEM overview images were
recorded with an annular detector covering an angular range of 70—
280 mrad.

4.17. Time-of-Flight Secondary lon Mass Spectrometry
(TOF-SIMS)

All TOF-SIMS measurements were performed on an M6 Plus
instrument (IONTOF GmbH, Germany) operated in negative ion
mode. Surface spectra were acquired using the NanoProbe 50 LMIG
in bunched mode with 30 keV Bi;* cluster ions as the primary species.
For silicon samples, surface spectra were collected over an area of 200
X 200 pm? with a resolution of 128 X 128 pixels and a dose density of
1 X 10" ions cm™2. Five spectra were recorded per sample. For wedge
preparation of the cathode composite samples, a DSC/S sputter gun
equipped with 2 kV Cs* ions was used on a 300 X 100 ym” area with
a maximum dwell time of 200 ms. Subsequent surface spectra of the
wedge cross-sections were acquired either at 400 X 400 ym? and 256
X 256 pixels or at 450 X 450 ym® and 512 X 512 pixels, using a dose
density of 5 X 10" ions cm™. For data evaluation, ion images were
binned to 128 X 128 pixels. A region of interest with a constant I-scale
of 350 pm and 20 lines in the x-direction was selected. Twenty line
scans extracted along the x-direction were summed using SurfaceLab
7.4 software and normalized to the total ion intensity for comparison.

4.18. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed using a PHI 5000 VersaProbe IV
(ULVAC-PH], Inc., Japan), equipped with an Al Ka source (1486.6
eV). The instrument was operated at SO W beam power and 15 kV
voltage, with a beam diameter of 200 pm. Survey spectra were
acquired at a pass energy of 224 eV, while high-resolution spectra
were collected at 55 eV. Samples were transferred to the analysis
chamber using an argon-filled transfer module to minimize air
exposure. Data analysis was carried out using CasaXPS software.
Initial calibration of the XPS spectra was performed using the
adventitious carbon signal at 284.8 eV to locate the main S 2p
component (PS,>”). Subsequent spectra were calibrated relative to
the PS,*~ signal at 161.6 eV.*

4.19. lonic Conductivity

Ionic conductivity was measured by electrochemical impedance
spectroscopy (EIS or complex alternating current (AC) impedance
analysis) with a VSP potentiostat/galvanostat (Bio-Logic Science
Instruments, France). To avoid any influence of moisture or humidity
on the conductivity of polymer electrolytes (PC, PA, and PEC), the
latter were preliminarily dried at 80 °C and 0.1 mbar for 12 h in the B-
585 oven (Buchi Glass Drying Oven, Switzerland) filled with P,O;
and were transferred under vacuum inside an argon-filled glovebox
(MBRAUN MB-Labstar, H,0 and O, content < 0.5 ppm). The
samples were sandwiched between two SS electrodes. The distance
between the electrodes was kept equal to 250 pm using a Teflon
spacer ring with an inner area of 0.50 cm® Symmetrical SSlpolymerlSS
cells assembly was clamped into the 2032-coin cell and afterward was
taken out from the glovebox. EIS experiments were carried by

https://doi.org/10.1021/acsnano.6c05725
ACS Nano XXXX, XXX, XXX—XXX

9z0z ¥snbny /| uo Jasn HIHLOITEIE LIM Aq Jpd'GZ/G009 0UBUSOE/|L 8/ /£99/52 /G099 OUBUSIE/LZ0L 0L/10P/APd-8joilE/goBOUE/BI0 OB SGNd WOl) papeojumoq


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c05725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

applying a 10 mV perturbation in the frequency range from 107 to 2
X 10° Hz. The measurements were carried out in the temperature
range from 20 to 100 °C. The temperature was controlled using a
programmed M-53 oven (Binder, Germany), where cells were allowed
to reach thermal equilibrium for at least 45 min before each test.

4.20. Cyclic Voltammetry (CV)

CV was carried out using the cell configuration SSILiInILPSCIIVGCFI
SS to evaluate the electrochemical stability. To prepare 99 mg of the
LPSCI/VGCEF composite, 9 mg of VGCF was mixed with 90 mg of
LPSCIl and ball-milled at 30 Hz for 1 h using a mini-mill
PULVERISETTE 23. For cell assembly, 80 mg of LPSCI was pressed
into a 10 mm diameter pellet, serving as the separator within a PEEK
insulator. Subsequently, 30 mg of the LPSCI/VGCF composite was
pressed onto one side of this separator. On the opposite side, indium
metal (100 um thick, 9 mm diameter) and lithium metal (125 pm
thick, 6 mm diameter) foils were placed as the counter electrode, with
indium in direct contact with the LPSCIl. The complete cell stack was
compressed at room temperature under a force of 30 kN for 3 min
using an Atlas AutoTouch automatic press. Finally, the cell was
secured in an external aluminum frame, applying an additional
pressure of approximately 50 MPa.

4.21. Open-Circuit Potential (OCP) vs Capacity Reference

To create an open-circuit potential (OCP) vs capacity reference
curve, a liquid cell with pLNO as the CAM and lithium metal as the
anode was prepared. The cathode slurry was prepared by mixing
LNO, Super P carbon, and PVDF binder in a 94:3:3 weight ratio in
NMP, with a total solid content of 56 wt %. The mixture was stirred at
room temperature for 12 h and subsequently cast onto aluminum foil
using a 60 ym doctor blade. The tape was dried at 120 °C and 0.1
mbar for 12 h. For the cell assembly, a cathode with a 12 mm
diameter was punched, pressed at 2000 atm, and then placed on the
bottom of the cell. First, a Celgard separator was placed on the
catholyte tape, then a glass fiber separator was placed on top and filled
with 1 M LiPF4 in EC:DEC (1:1 vol %) liquid electrolyte. A disk with
a 14 mm diameter was punched from Li metal foil and added as the
anode to the assembly. CR2032 coin cell casings with aluminum
coating on the cathode side were used to avoid parasitic currents that
appear, especially in the first cycles. First, two 0.1C formation cycles
between 3.0 and 4.17 V vs Li*/Li were applied. Finally, the cell was
held for 36 h at 3 V vs Li*/Li to ensure stable SEI formation on the
anode and a high degree of lithiation in the cathode. Then,
subsequent 0.1C pulses for 10 min with 2 h relaxation were applied
80 times (U limit 4.3 V vs Li*/Li). The same pulse relaxation
sequence was carried out for discharge (U limit 3.0 V vs Li*/Li). A
final diagnostic cycle similar to the second formation cycle was
applied to confirm that no significant changes occurred during the
experiment.

4.22. Cathode and Anode Composite Preparation

The cathode and anode composite preparation was conducted inside
an argon-filled glovebox (LabMaster, MBraun, Germany) with O, and
H,O levels maintained below 0.1 ppm. The cathode composite was
prepared by mixing 69.3 wt % NCM90 or LNO (pristine or coated),
29.7 wt % LPSCI, and 1 wt % VGCF. The anode composite consisted
of 20 wt % silicon (pristine or coated), 70 wt % LPSCI, and 10 wt %
VGCEF. Both cathode and anode mixtures were homogenized by a
ball-milling method using a mini-mill PULVERISETTE 23 operated
at 30 Hz for 1 h. The resulting composites were employed for the
SIGEBLNO, LingERINO, LingERNCN90 4 LInGERS! cell assembly.

4.23. SSEB™N Full-Cell Assembly and Cycling Stability Test

The SSEB™OC cell configuration consisted of SSIVGCFISIILPSCII
LNOIVGCEFISS, where the LNO composite served as the cathode, the
silicon composite as the anode, and LPSCI functioned as the anolyte,
catholyte, and separator (Figure 3a). When a PEC-LNO cathode
composite was paired with a PEC-Si anode composite, the resulting
SEB is denoted as "ECSISEBPECINO [ ikewise, pairing a pLNO
cathode composite with a pSi anode composite yields the SEB
denoted as PS'SEBPINO,

Cell assembly was performed using pellet-type asymmetric cells
inside an argon-filled glovebox (LabMaster, MBraun, Germany), with
0, and H,O levels maintained below 0.1 ppm. For the separator, 100
mg of LPSC] was hand-pressed into a 10 mm diameter pellet inside a
cylindrical PEEK insulator. Subsequently, S mg of the silicon anode
composite (1 mg Si, 3.5 mg LPSC], 0.5 mg VGCF) was hand-pressed
onto one side of the separator, and 19 mg of the LNO cathode
composite (13.2 mg LNO, 5.6 mg LPSC], 0.2 mg VGCF) was hand-
pressed onto the opposite side. Based on the practical capacity of
LNO (2200 mAh-g™") and the theoretical capacity of silicon (~3500
mAh-g™"), the cathode-specific surface capacity was calculated to be
3.3 mAh-cm™?, corresponding to an N/P ratio of 1.3.

After assembly, the SSEB™ cell was compressed at 30 kN for 3
min using an Atlas Autotouch automatic press (Specac Ltd., UK),
resulting in an 800 ym LPSCI separator, a 65 ym composite cathode,
and a 1S pm composite anode. During the cycling stability test, the
cell was mounted in an external stainless-steel frame that applied a
constant stack pressure of approximately 60 MPa. Cycling stability
tests of SSEB'NC were performed at 25 °C using a MACCOR
electrochemical workstation (Maccor Inc., USA). The C-rates were
calculated based on a practical capacity of ~200 mAh-g™' of LNO.
The SISEB"™C cell was initially charged and discharged at C-rates of
0.1C, 0.25C, 0.5C, and 1C within a potential window of 2.0~3.7 V.
Charging was performed up to 4.3 V, followed by a discharge to 2.0 V,
with five cycles recorded at each C-rate. Subsequently, long-term
cycling was carried out at a consistent rate of 0.1C to evaluate long-
term cycling performance.

4,24, InSEBINO gnd HInGEBNCM Half-Cell Assembly and
Electrochemical Test

For half-cell testing of the LNO and NCM90 cathodes, a Liln alloy
was used as the anodic counter electrode. LPSCIl served as the
catholyte for the LNO and NCM90 cathode composites. For the
separator, LPSCI and LPSCIBr served as the separators for LNO and
NCM90 cathode composites, respectively. Accordingly, the ™
SEB™© configuration was SSILiIn[LPSCIILNOIVGCFISS (Figure
4A). When pLNO, PC-LNO, and PEC-LNO were used as the
cathode active materials, the SEBs were denoted “I"SEBPMNO
LhngEBPCINO | and UINSEBPECINO | respectively. Similarly, the “'™
SEBNM cell configuration was SSILiInILPSCIBrILPSCINCMO90I
VGCEFISS, with the corresponding designations “SEBPNCM and
LingEBPECNCM when pristine or PEC-coated NCM90 was used.
Cell assembly was performed using pellet-type asymmetric cells inside
an argon-filled glovebox (LabMaster, MBraun, Garching, Germany)
with O, and H,O levels maintained below 0.1 ppm.

For M"SEB™NO, 80 mg of LPSCl was hand-pressed into a 10 mm
diameter pellet within a cylindrical PEEK insulator to form the
separator. Then, 12 mg of the LNO cathode composite (8.3 mg LNO,
3.6 mg LPSC], and 0.1 mg VGCF) was hand-pressed onto one side of
the separator. For "™SEBN™* 80 mg of LPSCIBr was similarly
pressed to form the separator, and 20 mg of the NCM90 cathode
composite (13.8 mg NCM90, 3.6 mg LPSC], and 0.1 mg VGCF) was
applied onto one side of the separator. The counter electrode
consisted of an indium foil (100 pm thick and 9 mm in diameter)
placed directly against the separator, followed by a lithium metal foil
(125 pm thick and 6 mm in diameter), attached to the current
collector and positioned onto the other side of the separator.

After assembly, the “SEB'™N© and M"SEBNM% were compressed
at 30 kN for 3 min using an automatic Atlas Autotouch press (Specac
Ltd., UK), resulting in a separator of 650 pm thickness, along with 40
pum composite LNO and 70 ym composite NCM90 layers. During
electrochemical testing, each cell was mounted in an external stainless-
steel frame, applying a constant stack pressure of approximately 60
MPa. Rate capability and cycling stability tests of “™SEB'N® and
LiIngEBNCM0 cells were carried out at 25 °C using a MACCOR
electrochemical workstation (Maccor Inc., USA). The potential range
was set to 2.0~3.7 V vs In/Liln, with charging performed up to 3.7 V,
followed by discharge to 2.0 V. The C-rates were calculated based on
a practical capacity of ~200 mAh-g™! for both LNO and NCM90.
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After each charge—discharge step, a 2 h relaxation period was applied
to record the OCP.

For rate capability test, “™SEB™° (2.1 mAh-cm™) was cycled at
0.1C, 0.25C, 0.5C, 1C, and finally again at 0.1C, with five cycles
performed at each C-rate. “"SEBP'™NC was repeated three times.
LinggBPCLNO tyas repeated three times. “"SEBPECINO yas repeated
two times. All the data can be found in Data Availability.

LIhngEBNM (3.5 mAh-cm™) was cycled at 0.05C, 0.1C, 0.25C,
0.5C, and finally 1C, also with five cycles at each C-rate. “"SEBPNCM?
was repeated three times. “I"SEBPECNCM yag repeated three times.
All the data can be found in Data Availability.

For cycling test, “"SEB™? (2.1 mAh-cm™2) was cycled at 0.1C.
Chronoamperometry and EIS at 3.15 V vs In/Liln were recorded
during the first, second, 50th, and 100th cycles using a fresh cell.
UInGEBPLNO was repeated two times. “"SEBFECINO s repeated
three times. All the data can be found in the Data Availability.

LInggBNCEM0 (3.5 mAh em™) was cycled at 0.25C immediately
following the rate capability sequence described above. “"SEBPNCM
was repeated three times. "SEBPECNM yyag repeated three times.
All the data can be found in Data Availability.

For the EIS measurements conducted during the cycling stability
test, “I"SEBNO cells were cycled at 0.1C within a potential window of
2.0 ~ 3.7 V vs In/Liln at 25 °C using a VMP-300 (BioLogic, France)
electrochemical workstation. Prior to each EIS measurement, the cell
was charged at 0.1C to 3.15 V vs In/Liln. A chronoamperometry step
was then applied at this potential until the current decayed to below
2% of the 0.1C. EIS was subsequently recorded over a frequency
range of 1 MHz and 100 yHz. The sinusoidal perturbation amplitudes
were set to 10 mV (1 mHz~10 mHz), S mV (10 mHz~1 mHz), and
3 mV (1 mHz~100 pHz). These amplitude adjustments were made
to ensure quasi-linear current responses and to minimize measure-
ment errors, with smaller AC amplitudes used at low frequencies to
maintain linearity. After EIS acquisition, the “™SEB"NC cell was
recharged to 3.7 V vs In/Liln, allowed to relax for 2 h, and
subsequently discharged to 2.0 V vs In/Liln, followed by another 2 h
relaxation period.

4.25, HI"SEBS' Half-Cell Assembly and Electrochemical
Testing

For half-cell testing of the silicon anode, a Liln alloy was employed as
the anodic counter electrode. LPSCI functioned as both the anolyte
and the separator in combination with the silicon anode composite;
thus, the configuration for """SEB' cells was SSILiInILPSCIISilVGCFI
SS (Figure 7a). When using pSi, PC-Si, and PEC-Si as anode active
materials, the corresponding SEB configurations were denoted as
LingERpSi, LigERPC-S! o d LIGEBPECS: respectively.

Cell assembly was carried out using pellet-type asymmetric cells
inside an argon-filled glovebox (LabMaster, MBraun, Garching,
Germany), with O, and H,O levels maintained below 0.1 ppm. For
the separator, 80 mg of LPSCl was hand-pressed into a 10 mm
diameter pellet inside a cylindrical PEEK insulator. Subsequently,
either S mg of anode composite (1 mg Si, 3.5 mg LPSC], 0.5 mg
VGCEF) or 10 mg of anode composite (2 mg Si, 7 mg LPSC], 1 mg
VGCF) was hand-pressed onto one side of the separator. The counter
electrode consisted of an indium foil (100 ygm thick, 9 mm diameter)
placed directly on the separator side and lithium metal foil (125 ym
thick, 6 mm in diameter) attached to the side of the current collector.
For cells containing 10 mg of anode composite, two indium pieces
and two lithium pieces were required as the counter electrode,
doubling the amount used for assemblies with 5 mg composite.

After assembly, the “"SEB" was pressed at 30 kN for 3 min using
an Atlas Autotouch automatic press. This process yielded a separator
with a thickness of 650 ym and an anode composite thickness of 15 or
30 um for cells containing S mg or 10 mg of composite silicon,
respectively. During electrochemical testing, the assembled cell was
placed inside an external stainless-steel frame that applied a constant
stack pressure of approximately 60 MPa.

LIngEBS! cell was evaluated for rate capability and cycling stability at
25 °C using a MACCOR electrochemical workstation. The potential
window was set between 0.9 and —0.6 V vs In/Liln, where discharge

proceeded to —0.6 V, followed by charge to 0.9 V. C-rates were
calculated based on the theoretical specific capacity of silicon (~3500
mAh-g™"). A 2 h relaxation period was applied to SEBs after each
charge and discharge step.

For rate capability testing, “""SEB®' cells containing 1 mg of silicon
(4.5 mAh-cm™2) or 2 mg of silicon (9.0 mAh-cm™) were cycled at
0.05C, 0.1C, 0.25C, 0.5C, 1C and finally returned to 0.1C, with five
cycles recorded at each C-rate. “"SEBPS' (4.5 mAh-cm™) was
repeated three times. “"SEB"CNC and MIRGEBPECINO (4.5 mAh-
cm™2) were each measured once. "SEBPS (9 mAh-cm™2) was
repeated three times. “"SEB™E“S' (9 mAh-cm™) was repeated two
times. All the data can be found in Data Availability.

For cycling stability evaluation, the “""SEB% cell (4.5 mAh-cm™)
was cycled at 0.1C from third to 102nd cycle. Chronoamperometry
and EIS measurements were conducted at 0.05C and 0 V vs In/Liln
during the first, second, and 103rd cycles. LilngpBPC-INO  and
LlngEBPECINO (45 mAh-cm™) were each measured twice. All the
data can be found in Data Availability.

For the EIS measurements performed during the cycling stability
test, “SEB® cells were operated at 0.05C within a potential window
of 0.9 V to —0.6 V vs In/Liln at 25 °C using a VMP-300 (BioLogic,
France) electrochemical workstation. Prior to each EIS measurement,
the "SEBS' cell was discharged at 0.05C to 0 V vs In/Liln, after
which chronoamperometry was continuously conducted at this
potential until the current decreased to below 2% of the 0.05C.

Following chronoamperometry, EIS spectra were recorded from 1
MHz to 100 uHz. The AC perturbation amplitudes were set to 10 mV
(1 MHz~10 mHz), S mV (10 mHz~1 mHz), and 3 mV (1 mHz~ 00
uHz). These amplitude adjustments ensured an approximately linear
current response and minimized measurement error, as smaller AC
signals improve linearity at low frequencies. After EIS acquisition, the
LIngEBS cell was discharged to 0.9 V vs In/Liln, allowed to relax for 2
h, then charged to —0.6 V vs In/Liln, followed by another 2-h
relaxation.
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