<]
TUDelft

Delft University of Technology

Elucidating the Impact of Functional Additives on the Structure and lon Dynamics of
Hybrid Solid Electrolytes

Zhang, Shengnan; Li, Yuhang; Bannenberg, Lars J.; Liu, Ming; Wagemaker, Marnix; Ganapathy, Swapna

DOI
10.1002/aenm.202406003

Publication date
2025

Document Version
Final published version

Published in
Advanced Energy Materials

Citation (APA)

Zhang, S., Li, Y., Bannenberg, L. J., Liu, M., Wagemaker, M., & Ganapathy, S. (2025). Elucidating the
Impact of Functional Additives on the Structure and lon Dynamics of Hybrid Solid Electrolytes. Advanced
Energy Materials, 15(26), Article 2406003. https://doi.org/10.1002/aenm.202406003

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/aenm.202406003
https://doi.org/10.1002/aenm.202406003

RESEARCH ARTICLE

W) Check for updates

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

Elucidating the Impact of Functional Additives on the
Structure and lon Dynamics of Hybrid Solid Electrolytes

Shengnan Zhang, Yuhang Li, Lars J. Bannenberg, Ming Liu,* Marnix Wagemaker,*

and Swapna Ganapathy*

One of the major challenges in advancing polymer-inorganic hybrid solid
electrolytes (HSEs) lies in comprehending and controlling their internal
structure. In addition, the intricate interplay between multiple phases further
complicates efforts to establish the structure-property relationships. In this
study, by introducing a multifunctional Lil additive to an HSE compromising
of polyethylene oxide (PEO) polymeric electrolyte and the fast lithium-ion
conductor LigPS;Cl, the relationship between the bulk and interface structure
and ascertaining their impact on lithium-ion dynamics within the HSE is
disentangled. Using multidimensional solid-state nuclear magnetic
resonance, we find that the addition of Lil stabilizes the internal interfaces
and enhances lithium-ion mobility. A kinetically stable solid-electrolyte
interphase is formed at the lithium-metal anode, increasing the critical current
, and enabling long-term stable cycling of lithium
symmetric cells (>1200 h). This work sheds light on tailoring the structure of
HSEs to improve their conductivity and stability for enabling all-solid-state

density to 1.3 mA cm—2

lithium-metal batteries.

1. Introduction

Solid-state electrolytes (SSEs) are investigated for their supe-
rior safety, i.e., inflammable and leak-proof, compared to con-
ventional liquid electrolytes. SSEs with high ionic conductivity,
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(electro)chemical stability, and easy pro-
cessability are required to enable high-
energy-density all-solid-state lithium (Li)-
metal batteries (ASSLMBs), which ap-
pears to be one of the most appealing
next-generation battery technologies.!'*
However, the practical utilization of SSEs
remains challenging due to the absence
of a comprehensive single electrolyte
possessing all the required properties.
Among currently investigated SSEs, in-
organic solid electrolytes (ISEs) typically
suffer from severe sensitivity to ambi-
ent atmosphere, high resistance at the
electrode/electrolyte interface, and insta-
bility in contact with Li, despite their
remarkable ionic conductivity and me-
chanical strength.’”) Conversely, solid
polymer electrolytes (SPEs) offer greater
flexibility and favorable compatibility
with Li, yet their room temperature
conductivity tends to be relatively low
(<107 S cm™1).18%1 In this context, a hybrid concept that seeks
to combine the advantages of both ISEs and SPEs, appears
to be a promising solution for advancing the application of
ASSLMBs.[1%12] [n principle, the combination of ISEs and SPEs
can result in a wide variety of combinations of different ion con-
ductors and their respective ratios. One of the most extensively
studied systems is the polyethylene oxide (PEO)-Li salt (LiX) ma-
trix filled with ISEs fillers.

In the PEO-LiX matrix, Li-ion conduction occurs via the seg-
mental motion of the polymer, which relies on the solvation of
Li-ions through the lone electron pair donated from the oxygen
atom of the PEO chain (via the bonding and fracturing of EO-
Li bonds), allowing for the transport of Li-ions.['*!*] However,
the molecular segmental motion is confined to the amorphous
region, resulting in limited ionic conductivity. Embedding ISE
fillers, thus forming hybrid solid electrolytes (HSEs), can reduce
the degree of crystallinity of the polymer matrix and create addi-
tional fast Li-ion transport channels.!'>!8 An ideal triple Li-ion
conduction network is envisioned: i) within the PEO-LiX matrix;
ii) along the organic/inorganic interface; and iii) through the ISE
phase. However, achieving this ideal scenario remains challeng-
ing as the Li-ion conductivity of the obtained HSEs still falls short
of the requirements for ASSLMBs. This is primarily due to the
formation of an inert interface between the ISE fillers and the
polymer, and the persistently high crystallinity of the polymer
matrix. Various approaches have been proposed to address the
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aforementioned interlinked issues and reduce the crystallinity
of the polymer phase. One common approach is the addition
of plasticizers (e.g., tetraethylene glycol dimethyl ether, succi-
nonitrile, ionic liquid), which mainly work on reducing the crys-
tallinity of the polymer matrix."*-?*! However, this typically sacri-
fices the mechanical strength as well as the thermal and electro-
chemical stability of the HSEs. For instance, succinonitrile suf-
fers from poor reduction stability and can undergo irreversible in-
terfacial reactions with Li-metal anodes.[?*?°] Alternatively, mod-
ifying the Li salt composition presents another strategy. The use
of secondary salt additives can improve interfacial stability with
electrodes, yet careful selection is required. Factors such as anion
size, Li-ion coordination, and the solubility within the polymer
matrix significantly impact phase compatibility. Poorly matched
salts can lead to phase separation, disrupting ion transport path-
ways and diminishing overall performance.?6-28] Borate-based
additives, such as lithium difluoro(oxalate)borate (LiBOB), en-
hance interfacial stability by forming stable passivating layers on
electrodes. However, their bulky molecular structures can im-
pede ionic conductivity, posing a trade-off between stability and
ion transport.[23]

To address these issues, identifying additives for PEO-based
HSEs that enable a conductive organic/inorganic interface, and
reduce the crystallinity of the polymer matrix while maintain-
ing certain mechanical strength presents a viable strategy. Si-
multaneously, it is necessary that the HSEs interact synergisti-
cally with Li-metal to form a mechanically and chemically stable
solid-electrolyte interphase (SEI) layer with high conductivity. Re-
cently, the incorporation of a binary Lil additive into sulfide solid
electrolytes has been found to be advantageous, as Lil improves
the Li-ion conductivity and Li-metal compatibility by suppressing
the reductive decomposition of the sulfide solid electrolytes.[31-33]
This suggests that the introduction of LiI in the PEO-LiX/sulfide-
ISE can be highly advantageous. Lil is expected to lower the in-
ternal resistance by altering the interface structure of the PEO-
LiX/sulfide-ISE.

Herein, through incorporating LilI (5 wt.%) in the PEO-LiTFSI-
LigPS;Cl hybrid system, we aim to unveil how this secondary
Li salt phase modifies the interface structure between the or-
ganic/inorganic phases and how it changes the Li solvation
structure in the PEO-LiX matrix. Targeted at activating the high
conductivity of the inorganic Li;PS,Cl, multinuclear and mul-
tiscale solid-state nuclear magnetic resonance (NMR) are em-
ployed to address the major experimental challenge of disentan-
gling the local Li-ion transport across the polymer phase, the
inorganic phase, and the interface between these two phases.
Building on previous research, a combination of 2D exchange
(2D-EXSY),3**] pulsed field gradient (PFG), 1D direct excita-
tion with/without decoupling, and cross-polarization (CP) dy-
namics NMR experiments are utilized.3*3¢3"] A clearly improved
self-diffusion process between the organic and inorganic phases
is visualized and quantified by 2D °Li-°Li EXSY, rationalizing
the increased ionic conductivity observed with electrochemical
impedance spectroscopy (EIS) measurements. Unraveling the
bulk and local interfacial structures of the HSEs demonstrates
that the addition of Lil facilitates Li dissociation in the bulk while
impeding detrimental reactions between PEO and Li,PS,CL
Through X-ray photoelectron spectroscopy (XPS) and time-of-
flight secondary ion mass spectrometry (TOF-SIMS) analysis,
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a stable interface with Li-metal, rich in inorganic species, was
identified that is instrumental in inhibiting the formation and
aggregation of Li dendrites, thus facilitating stable and long cy-
cling Li/HSE/Li symmetrical cells and enabling the use of sulfur
cathodes.

2. Results and Discussion

2.1. Improving Li-ion Diffusion Between PEO-LiTFSI and
LigPS;Cl with a Lil Additive

To determine whether the inorganic phase actively contributes
to the overall Li-ion conductivity, it is crucial to directly and non-
invasively detect the Li-ion diffusion between the organic (PEO-
LiTFSI) and inorganic (Li;PS;Cl, 10 wt.%) phases in the HSE sys-
tem. 2D-EXSY experiments under magic angle spinning (MAS)
conditions are employed to investigate the impact of Lil on the
interfacial Li-ion conduction in the PEO-LiTFSI-Li PS,Cl hybrid
system. The exchange between distinct Li environments (in this
case, LITFSI-PEO and LigPS;Cl, as depicted in Figure 1a) within
the NMR time scale generates off-diagonal (cross) peaks in the
2D contour plots, marked by dotted boxes in Figure la—c. With
the increase in mixing time (t,;,) or temperature, more Li-ions
spontaneously diffuse between these environments, either due
to longer mixing period or faster dynamics, leading to the emer-
gence or growth of cross-peak intensity.

For PEO,,LiTFSI-Li,PS.Cl [EO:Li = 18:1 molar ratio, denoted
as HSE (18:1)], no cross-peaks are visible in the 2D-EXSY spec-
trum (Figure Sla, Supporting Information) despite a relatively
long t,,;, at an elevated temperature (338 K). This is attributed to
the accumulation of interfacial decomposition products on the
Li;PS;Cl surface, which forms a barrier layer that impedes Li-
ion diffusion and prevents this phase from contributing to the
long-range conductivity of the HSE.**) To address this limita-
tion, Lil was introduced to the HSE system, with the initial goal
of improving interfacial conductivity by modifying the composi-
tion and structure of the interface. When Lil is added to the HSE
(18:1), forming PEO,4LiTFSI-Li,PS;Cl-Lil (denoted as HSE-LiI),
cross-peaks are directly observed between the LiTFSI-PEO and
Li;PS;Cl environments at room temperature (Figure 1a,b), even
at a relatively short t,,;, (Figure S1b, Supporting Information). In
addition, an evident rise in cross-peak intensity is observed with
increasing t,;. and temperature (Figure 1a,b; Figure S1b,c Sup-
porting Information). Given the Lil peak (x%—4.56 ppm) is not
observed in the one-pulse °Li NMR spectrum (Figure S2, Sup-
porting Information), it is plausible that the Lil fully dissociates
in the PEO matrix, consistent with previous reports.[“**2] Ag a
result, the EO:Li ratio varies between these two samples, with
the HSE-Lil sample effectively having an EO:Li ratio of 13:1. To
have a more fair comparison, a sample with the same EO:Li ra-
tio was prepared, i.e., PEO,;LiTFSI-Li;PS;Cl (EO:Li = 13:1 mo-
lar ratio, denoted as HSE (13:1)), serving as a more appropriate
reference for examining the impact of Lil in the HSEs system.
Hence from hereon, we compare the HSE-LiI with HSE (13:1),
unless otherwise specified. It was found that increasing the salt
concentration from 18:1 to 13:1 results in a noticeable reduction
in the mechanical strength of the HSE membrane. As shown
in Figure S3a—c (Supporting Information), the HSE-Lil mem-
brane retains sufficient mechanical strength for handling.
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Figure 1. Measuring and quantifying Li-ion transport between the PEO-LITFSI and Li¢PSsCl phases in the HSE system. 2D ©Li-6Li EXSY spectra measured
with a) t,,,,, =3's, b) t,,,, = 7.5 s for HSE-Lil, and c) t,,;, = 7.5 s for HSE (13:1) at 298 K. d) Evolution of the normalized cross-peak intensity as a function
of t,,;, at the temperatures indicated in the graph. The inset figure illustrates the dependence of the diffusion coefficient (D), obtained by fitting the
2D SLi-5Li EXSY data to a diffusion model described in detail elsewhere.[333°] The normalized intensity is denoted in arbitrary units (a. u.). Fitting the
temperature dependence of D to the Arrhenius law provides an activation energy (E,) of 0.174 + 0.02 eV. e) Schematic figure of Li-ion diffusion pathway

in HSE (13:1) and HSE-Lil.

In contrast, the HSE (13:1) membrane is very sticky and chal-
lenging to process (Figure S3d,e, Supporting Information).

Fitting the normalized intensity of the cross-peak evolution to
a diffusion model derived from Fick’s law (Supplementary text
1), described in our previous work,*8391 leads to diffusion coef-
ficients as a function of temperatures (Figure 1d, inset). The lo-
cal Li-ion diffusion between the organic and inorganic species
in the HSE-LiI can thus be quantified. Fitting the diffusion coef-
ficients with the Arrhenius law results in an activation energy
(E,) of 0.174 eV for this process, which is notably lower than
that obtained from the EIS measurements (vide infra, 0.201 and
0.557 eV from Figure 4b). This disparity arises because the 2D-
EXSY measurement probes local Li-ion diffusion across the or-
ganic/inorganic interfaces, whereas the EIS measurement pri-
marily assesses bulk Li-ion conduction. This suggests that the
incorporation of Lil alters the interface structure between the or-
ganic and inorganic components, transitioning it from an inert
configuration to one that exhibits improved Li-ion conductivity,
thereby enabling the participation of Li,PS;Cl particles in the
overall Li-ion conduction (Figure 1e).

2.2. Impact of Lil on Bulk and Local Structures of the HSE

To understand how Lil interacts with the organic and inorganic
phases in the HSE-Lil system and consequently improves the Li-
ion mobility, it is essential to characterize both the bulk and local
structures of the HSEs. The 7Li NMR spectra in Figure 2a show
that the Li-ion resonances are shifted downfield for the HSE-Lil
electrolyte. The downfield shift of the LiTFSI-PEO peak is indica-
tive of reduced electron density around the Li atoms, suggesting

Adv. Energy Mater. 2025, 2406003 2406003 (3 of 13)

improved Li mobility within the PEO, which is a result of the en-
hanced dissociation degree of the LITFSL.[*14344] The shift of the
Li; PS;Cl peak likely stems from increased local disorder and par-
tial intercalation of I anions into the structure, or exchange with
Cl- %] To isolate this effect from interactions with the LiTFSI-
PEO environment, a control sample of Li;PS;Cl mixed with LiI
in acetonitrile (Li,PS;Cl@Lil) was prepared. The Li,PS;Cl peak
in this mixture also shows a downfield shift relative to pristine
Li,PS;Cl (Figure S4, Supporting Information), demonstrating
that Lil alone can alter the Li environment within the Li,PS,Cl
phase. Notably, the 'H peak also shifts to higher ppm for the
HSE-Lil sample in the 'H NMR spectrum (Figure S5, Supporting
Information), signifying the interaction between the PEO chains
and I~ anions.[**1] Furthermore, Raman analysis was conducted
to identify the TFSI- states (Figure 2b,c).l*! In HSE (13:1), the
content of free TFSI™, contact ion pairs (CIP), and aggregate clus-
ters are 17.9%, 54.5%, and 27.7%, respectively, while the corre-
sponding values for HSE-Lil are 33.1%, 37.7%, and 29.3%, re-
spectively. The nearly doubled amount of free TFSI~ suggests the
presence of more “free” Li-ions due to the improvement in dis-
sociation of the Li salt by the addition of LiI (Figure 2g), which is
consistent with the peak shift shown in the ’Li spectra (Figure 2a).

The bulk structure of the HSEs was further explored by XPS
(Figures S6 and S7, Supporting Information). The signal at
~292.8 and ~288.2 eV in the C 1s spectra are attributable to the
—CF; group of LiTFSI and the small amount of —COOR from
the PEO decomposition, such as Li,CO, and ROCO,Li.*"*® The
intensities of the peaks at ~286.6 and ~284.8 eV, corresponding
to C—O—C and C—C/C—H of'the PEO backbone, show a clear dif-
ference in ratio between HSE-Lil and HSE (13:1). This difference
has not yet been addressed in publications, and presently it is
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Figure 2. Characterizing the bulk structure of the HSEs with and without Lil. a) 1D 7Li MAS spectra. Raman spectra of b) HSE (13:1), and c) HSE-Lil
electrolytes and corresponding quantification results of the TFSI~ anion states in the HSEs. CIP, contact ion pairs; AGGs, aggregate clusters. Fitting of
the high power decoupling (hpdec) '3C single-pulse spectra for d) HSE (13:1), and e) HSE-Lil. f) Integrated intensities extracted from the 1D 3C CP MAS
spectra obtained for HSE-Lil and HSE (13:1), expressed in arbitrary units (a. u.), with a focus on both the amorphous and crystalline *C environments
as highlighted in Figure S10 (Supporting Information). g) Schematic showing the influence of Lil on the bulk structure of the HSE, with the carbon

conformation of HSE-Lil and HSE (13:1) assigned in Figure 2d,e.

possibly attributed to the interaction between I~ and
C—C/C—H.*] Two doublets centered ~168.68 eV (S 2p;,)
and ~166.88 eV (S 2p,,) correspond to LiTFSI and its de-
composition products, such as —SO,CF,* and Li,S,0,.**! A
weak intensity doublet of polysulfides (-S,°-) is present in both
samples, while additional P—S—Li bonds from Li;PS;Cl are
observed in HSE (13:1).) The more intense PEO and LiTFSI
peaks in the XPS spectra imply a relatively higher coverage

Adv. Energy Mater. 2025, 2406003 2406003 (4 of 13)

of the organic phase on the surface of HSE-Lil. This corre-
sponds to the scanning electron microscopy (SEM) images in
Figure S8 (Supporting Information), where HSE-Lil displays
a smoother surface and HSE (13:1) shows obvious agglom-
eration of Li,PS;Cl particles. Further characterization of the
bulk structure of the HSEs was conducted using TOF-SIMS
(Figure S9, Supporting Information). Secondary-ion fragments
such as NS,0,C,F,~, NSO,CF;~, and C,H;0" are identified
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as representing the PEO-LiTFSI phase, while S~ and PS~
fragments originated from the Li,PS;Cl phase (with SO, at-
tributed to the oxidation of PS_~ species).’!] 3D reconstruction
and top-down depth profiles of the species of interest show
stronger signals from the polymer matrix and weaker signals
from the Li,PS;Cl phase in HSE-Lil, indicating a higher degree
of organic coverage that further supports the aforementioned
results.

A detailed study of the organic phase conformation is con-
ducted using 1*C NMR. This is realized by high-power decou-
pling (hpdec) single-pulse *C experiments and 1D *C CP MAS
(*H — 13C) (Figure 2d,e; Figure S10, Supporting Information).
Deconvoluting the hpdec *C spectra reveals that the *C envi-
ronments are dominated by trans-PEO, cis-PEO, and crystalline
PEO in both the HSE-Lil and HSE (13:1) (Figure 2d,e; Table S1,
Supporting Information).’?! An additional *C environment is
present in the HSE-Lil spectrum, with a chemical shift close to
that of the cis-PEO. This is attributed to the enhanced coordi-
nation between cis-PEO and Li-ion in the presence of I, which
causes an upfield shift of the cis-PEO peak due to a more pro-
nounced shielding effect [designated as cis-(Li*)-PEO, see the
carbon configuration in Figure 2g]. In contrast, the absence of
this peak in HSE (13:1) indicates a weaker PEO-Li* coordina-
tion environment due to the absence of I". In analyzing the
PEO matrix, it becomes crucial to discern the crystalline and
amorphous phases, as the Li-ion transport within the PEO phase
is governed by the segmental motion within the amorphous
phase. This can be efficiently achieved using *C CP MAS NMR,
as both the crystalline and amorphous phases exhibit distinct
dependencies on the CP contact time (t.p).°%! In these exper-
iments, abundant protons ('H) are utilized to identify *C en-
vironment in close vicinity (within a few atomic bond lengths)
through magnetization transfer during the t., period. In the
evolution of the *C CP MAS spectra, the peak intensity, vary-
ing with t.,, notably relies on the local structure and the
'H/BC dynamics of the investigated system. The signal from
the amorphous PEO phase is only detectable with a short ¢,
after which the intensity decreases on increasing t., due to
its high mobility, which reduces the efficiency of the dipolar
interaction.l>>>* In contrast, the less mobile crystalline phase
shows an increase in peak intensity with extended ¢.,. There-
fore, in Figure S10 (Supporting Information), the sharp peak
is assigned to the crystalline phase, while the broad peak cor-
responds to the amorphous phase, as determined by their in-
tensity evolution with t., and linewidth (Table S2, Supporting
Information). Comparing the buildup of their peak intensity
(Figure 2f), despite similar decay rates for the amorphous phase,
the decay of the crystalline phase is accelerated by the pres-
ence of Lil, suggesting improved local 'H dynamics of the HSE-
LiI.

Based on the 7Li, 'H, 13C hpdec, *C CP MAS NMR, and Ra-
man results, a conformation diagram of the HSEs with and with-
out Lil is proposed in Figure 2g. The impact of Lil on the bulk
structure of the HSE encompasses several critical factors, notably
promoting salt dissociation and reducing polymer crystallinity.
The resulting increase in “free” Li-ions and enhanced polymer
chain mobility collectively contribute to improved Li-ion diffu-
sion. Furthermore, the assigned carbon configurations indicate
the formation of a more Li-ion conductive polymer chain struc-
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ture, highlighting a novel aspect of the HSE system that warrants
further investigation.

The individual mobility of cations and anions was studied
by PFG-NMR. The Li-ion diffusion in the PEO phase and the
LiyPS;Cl phase can be readily distinguished as there is an ap-
preciable difference between their ’Li chemical shifts. The self-
diffusion coefficients of ’Li (D;;) and '°F (D;) were measured at
various temperatures (Figure 3a; Figure S11, Supporting Infor-
mation). The D;; in the PEO-LiTFSI phase is virtually identical
in the HSEs regardless of the presence of Lil, but a higher Dj; is
observed for the Li,PS;Cl phase in the HSE-Lil sample. This sug-
gests that the increased conductivity resulting from the addition
of Lil is associated with better participation of the Li; PS;Cl phase
and/or better conductivity of the Li;PS;Cl phase itself. From the
X-ray diffraction (XRD) patterns (Figure S12, Supporting Infor-
mation), no obvious difference is observed between the Li,PS;Cl
phase in these two samples. This suggests that the higher Dy, of
the Li;,PS;Cl phase in the HSE-Lil, as obtained from PFG-NMR,
is unlikely due to any major structural changes in the Li,PS,CL
Instead, it is more likely associated with changes in the surface
properties of the Li,PS;Cl particles, i.e., the interface between
PEO-LiTFSI and Li PS;Cl phases, which could improve Li-ion
transport between the two phases. In both samples, Dy, is gener-
ally higher than Dj; in the PEO phase, as expected for the PEO-
based polymer electrolyte, where Li-ions strongly coordinate with
the EO groups.I®! The introduction of Lil does not significantly
affect the dynamics of the TFSI™ anion, as the D remains similar
for both samples (Figure S11, Supporting Information).

The results from the PFG-NMR motivate an in-depth study
on the impact of the added Lil on the interface between
the organic and inorganic components. For this, 1D %’Li CP
MAS (*H — ®’Li) and 2D 'H-°Li (*H-*C) heteronuclear cor-
relation (HETCOR) experiments were performed (Figure 3b—e;
Figures S13 and S14, Supporting Information). Similar to the 1D
13C CP MAS experiments (Figure S10 (Supporting Information),
the abundant 'H works as a medium to detect %’Li in close prox-
imity through magnetization transfer during the contact timei.e.,
tcp. Consequently, this aids in elucidating the interfacial ion dy-
namics and structure. In comparison to the °Li single-pulse ex-
citation spectra (Figure S2, Supporting Information), additional
resonances are resolved in the °Li CP MAS spectra from —0.7
to 1.2 ppm for both electrolytes (Figure 3b). These signals can be
attributed to: i) impurities on the Li, PS Cl surface given its inher-
ently high reactivity, and ii) the reaction products between PEO-
LiTFSI and Li;PS;Cl particles, delineated as interfacial products
in Figure 3b.[**°15657] Similar to the single-pulse spectrum, a
downfield shift of the °Li signal is also observed in the °Li CP
MAS spectrum of HSE-Lil. In addition, fewer interfacial prod-
ucts are detected in the HSE-Lil system. Examining the devel-
opment of the °Li CP MAS signal with varying t., from 0.2 to
8 ms (Figure S13a,b, Supporting Information), a distinctly faster
buildup of the LiITFSI-PEO peak is evident in the HSE (13:1) sam-
ple, suggesting lower mobility of Li-ions in the proximity of the
PEO, or that the Li-ions are more tethered to the PEO segments
(the more mobile it is, the harder it is to detect).**

To better resolve the °Li signals arising from the interfacial
Li-containing species in the °Li CP MAS experiments, 2D 'H-
SLi heteronuclear correlation (HETCOR) experiments were con-
ducted with a short t-, of 0.5 ms (Figure 3d,e). This enables
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Figure 3. Identifying the interface structure of the HSEs with and without Lil. a) Self-diffusion coefficients of ’Li (D|;) obtained by PFG-NMR from 298
to 353 K, where the Li-ion diffusion in the PEO-LITFSI phase (Lipgo) and the LigPSsCl phase (Li, psc) are deconvoluted. b) 1D 6Li CP MAS spectra with
a tcp of 8 ms (individual spectra with t-p ranging from 0.2 to 8 ms are shown in Figure S13a,b, Supporting Information). c) Integrated intensities and
the corresponding fits extracted from 1D 7Li CP MAS spectra obtained for HSE-Lil and HSE (13:1), expressed in arbitrary units (a.u.), with a focus on
the interfacial Li environment as highlighted in (b) (individual spectra with tqp ranging from 0.05 to 10 ms are shown in Figure S15a,b (Supporting
Information), see fitting details in Supporting Text 2). 2D 'H-®Li HETCOR spectra acquired with a tcp of 0.5 ms of d) HSE-Lil, and e) HSE (13:1).

f) Proposed Li-ion diffusion pathway in the HSE-Lil.

the detection of °Li directly bonded to 'H or in its immediate
proximity, and provides better-resolved °Li signals. Considerably
stronger correlations between PEO and LiTFSI, as well as the
interfacial products in the HSE (13:1), are observed, suggesting
stronger coordination between Li-ions and EO units and lower
mobility of the Li-containing species in close proximity to 'H in
this sample (Figure 3e). These findings are consistent with the
Li CP MAS spectra. The °Li signal in the HETCOR spectrum is
dominated by the correlations between the 'H in the main PEO
chains (—CH,—CH,—) and °Li in its proximity. An additional 'H
environment is present in the HSE (13:1) sample (~1 to 1.2 ppm,
in the left dotted box in Figure 3e), and this ' H resonance is corre-
lated to the main °Li peak at ~#0.43 ppm as well. This is attributed
to the degradation of PEO chains into shorter fragments due to
side reactions with Li;PS;CLI>%®] Such degradation is also ev-
ident in the 'H-1*C HETCOR spectra (Figure S14, Supporting
Information), where additional 'H-13C correlations emerge in
HSE (13:1) aside from the main correlation from the methylene
groups in the PEO chains. The 'H chemical shift also aligns with
what is observed from the 'H-°Li HECTOR spectrum (Figure 3e).
While the Li-containing interfacial products can be assumed to be
similar regardless of the presence of Lil, the 'H environments
are different as evidenced by the additional 'H environment de-
tected for HSE (13:1) in the HETCOR spectra. Therefore, vari-
ous ’Li CP MAS experiments at different t., were performed to
differentiate the 'H dynamics (Figure S15, Supporting Informa-
tion). Fits of the buildup of the interfacial products indicate a sig-
nificantly faster cross-relaxation time for HSE-Lil compared to
HSE (13:1) as shown in Figure 3¢, which implies a more mo-
bile interfacial Li environment in this sample. This disparity also
leads to differences in proton T, values (T,,;;, where T, is the

P
spin-lattice relaxation time in the rotating frame), as detailed in
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Table S3 (Supporting Information), with fitting details provided
in Supplementary Text 2. The lower T, ,;; values for both the in-
terface and the LiTFSI-PEO environments in HSE-Lil indicate
faster proton dynamics in this sample.

In summary, the impact of Lil on the PEO-LiTFSI-Li PS.Cl
HSE system extends from the bulk to the interface. Dynamics de-
rived from the PFG-NMR measurements reveal improved Li-ion
diffusion in the Li,PS;Cl phase, suggesting improved interfacial
Li-ion conduction between the PEO-LiTFSI and Li PS;Cl phases.
The 1D %7Li CP MAS spectra indicate that the Li-ion transport
over the organic/inorganic interface is facilitated by “cleaner”
interfaces with faster local kinetics. Additionally, the 2D 'H-°Li
and 'H-*C HETCOR spectra suggest that the structural stabil-
ity is improved by suppressing side reactions between PEO and
Li;PS;Cl. Combining the improved PEO chain mobility, mechan-
ical stability, and Li salt dissociation in the bulk with stabilized
organic/inorganic interfaces, Figure 3f presents a schematic il-
lustration of Li-ion conduction in the Lil-modified HSEs. The Li-
ion transport now occurs along the interface, through the organic
phase, and across the inorganic phase.

2.3. Evaluation of lonic Conductivity and Electrochemical
Performance of the HSEs

Based on the aforementioned findings, it is evident that LiI posi-
tively activates the inert interface between the PEO-LiTFSI and
Li;PS;Cl phases in the HSE. To complete the picture, electro-
chemical characterization of the HSE-Lil, HSE (13:1), and HSE
(18:1) were performed. EIS results demonstrate that the addi-
tion of Lil in the HSE effectively improves the ionic conductiv-
ity compared to the HSEs with or without an increase in salt
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Figure 4. Macroscopic Li-ion diffusion and electrochemical characterizations of the HSEs. a) lonic conductivity obtained from the fits in Figure S16 (Sup-
porting Information) for the cells using different HSEs. The measurements were conducted using EIS at 25 °C. b) Arrhenius plots of the HSEs with fitted
activation energies corresponding to different processes. c¢) LSV measurements of the Li/HSE/SS (SS: stainless steel) cells using different HSEs. d) CCD
measurements for the HSE-Lil and HSE (13:1) with a stripping/plating period of 30 min. e) Galvanostatic voltage profiles of the Li/HSE/Li symmetric

cells measured at 0.1 mA cm~2 and 40 °C (0.1 mAh cm~2

, with inserts showing the voltage profiles at ~303 and ~800 h). f) Cycling performance and

Coulombic efficiency (CE) of the all-solid-state Li//S@CNTs cells using HSE-Lil or HSE (13:1) electrolyte at 0.1 C and 60 °C. The empty circles at the top
correspond to CE (blue: Li/HSE-Lil/S@CNTs cell; orange: Li/HSE (13:1)/S@CNTs cell). g) Galvanostatic charge-discharge profiles of the all-solid-state

Li/HSE-Lil/S@CNTs cells at various C-rates and 60 °C.

concentration (Figure 4a). The ionic conductivity of HSE (13:1)
shows improvement only in the low-temperature range com-
pared to HSE (18:1), which can be expected as the Li-ion trans-
port is governed by the segmental motions of the PEO chains
in these two samples. Increasing the salt concentration to a cer-
tain extent can reduce the crystallinity of the PEO phase.[5%¢0]
However, at higher temperatures, almost all the PEO chains
become mobile, resulting in no discernible differences in the
Li-ion conducting ability in the polymer phase. In both HSEs,
temperature-dependent conductivities reveal two processes with
distinct slopes (Figure 4a). In the HSE-LIl, the critical tempera-
ture for these processes is lower than that in the other two HSEs,
indicating a more amorphous structure in this sample. This is
also reflected in the Li-ion transference number (t,;,) measure-
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ments, where the HSE-Lil (¢, = 0.36) shows more than dou-
ble the t;;, compared to the HSE (13:1) (¢;;, = 0.17) (Figure S17,
Supporting Information). This trend is consistent with the dif-
ferential scanning calorimetry (DSC) results, which show that
the HSE-LII exhibits lower glass transition temperature (T,) and
melting temperature (T,,), as well as reduced crystallinity (Figure
S18 and Table S4, Supporting Information).*”] Also, in the FT-
IR spectra, the peaks corresponding to CH, stretching (v) and
wagging (w) vibrations show a decrease in intensity for the HSE-
Lil (Figure S19, Supporting Information), indicating the crys-
tallinity of the polymer matrix reduces due to the interactions
between HSE and LiL.[*%61%2] [n addition, the peak ~1620 cm™!
indicates the formation of C = C peak for the HSE without
Lil additive. This is indicative of the degradation of PEO, via

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOLILLIOD AIIRID 3(cedtdde au Aq pauenob ae il VO ‘8sN JO SN Joj AReiqiT8ulUO 8|1 LD (SUORIPUOD-PUE-SWRIALID"AB 1M Afe.q1jBu Uo//:Sty) SUORIPUOD pue SWLB | 8u) 89S *[6202/90/90] Uo AriqiTauliuo &M ‘Bpa AseAlun ealuyse L Aq £00907202 WUSe/Z00T 0T/I0p/LI0d™A8 | i Ake.q Ul |uo psoueApe//Sdiy Wwo.j pepeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

deprotonation through a series of fragment reactions.l’®%3 The
E, of HSE-Lil is not notably lower than that of the HSEs without
Lil (Figure 4b). This is attributed to the activated interfacial Li-ion
conduction introduced by adding Lil to the HSE system, which
involves three processes in calculating the energy barrier: Li-ion
diffusion in the PEO-LiTFSI phase, at the interfaces, and within
the Li;PS;Cl phase. In contrast, the other two samples lack the
latter two diffusion pathways. The electrochemical stability win-
dow of the HSEs was determined by linear-sweep voltammetry
(LSV) measurements (Figure 4c), where the HSE-LilI exhibits the
highest stability window up to 5.28 V, and the HSEs without Lil
show much narrower stability window of 4.75 V [HSEs (13:1)]
and 4.57 V [HSE (18:1)], respectively. The narrow window in
the PEO-LiTFSI-Li;PS;Cl HSE is attributed to the unstable inter-
faces between PEO-LiTFSI and Li,PS;Cl, which intensify the de-
composition of the Li,PSCl particles and the degradation of the
PEO chains, consequently resulting in incomplete Li-ion trans-
port channels.3*515¢1 The widened window of the HSE-Lil thus
also indicates that the addition of Lil is beneficial for suppress-
ing the side reactions between the PEO-LiTFSI and the Li,PS;Cl
particles.

The impact of Lil on the interfacial stability between the
HSEs and Li-metal anodes is conducted in Li//Li symmetri-
cal cells. During long-term cycling at 0.1 mA ¢cm™2 and 40 °C
(Figure 4e), the cell cycle with HSE (13:1) consistently shows a
higher overpotential than HSE-Lil, especially at the beginning
of the cycling (from ~87 to ~58 mV), which is ascribed to in-
sufficient Li-ion conductivity and severe side reactions. In con-
trast, the cell using HSE-Lil maintained a stable overpotential
at ~48 mV and remained stable for over 1200 h, while the cell
with HSE (13:1) failed at ~800 h (Figure 4e). In addition, the
Li/HSE-Lil/Li cell presents a critical current density (CCD) of
1.3 mA cm™2, which is much higher than that for HSE (13:1)
(0.6 mA cm~2) (Figure 4d). Furthermore, temperature-dependent
EIS measurements (Figure S20, Supporting Information) reveal
that the Li/HSE-Lil/Li cell shows lower resistances and E, com-
pared to the HSE (13:1) counterpart, indicating faster charge
transfer kinetics in the Li/HSE-Lil/Li cell. These results sug-
gest that the interfacial stability toward Li-metal and the abil-
ity to suppress Li dendrites can be effectively improved by the
presence of Lil. To further assess the interfacial compatibility of
the HSE-Lil with the cathode, ASSLMBs were assembled with a
cathode composite of sulfur with carbon nanotubes (S@CNTs)
and a Li-metal anode using the HSE-Lil or HSE (13:1) as elec-
trolyte. The high theoretical capacity (1675 mAh g!) and abun-
dance of sulfur make it a promising cathode material.[*l In addi-
tion, Lil is known to stabilize the SEI and suppress the polysul-
fide shuttle in Li-S batteries,|®=%7] while also enhancing interfa-
cial stability and suppressing dendrite formation in sulfide solid
electrolytes.32336869 The Li/HSE-Lil/S@CNTS cell delivers a dis-
charge capacity of #610 mAh g~! after 50 cycles at 0.1 C and 60 °C,
with an average Coulombic efficiency of ~#99.6% after the first two
cycles (Figure 4f). The rate capability, depicted in Figure 4g, re-
veals discharge capacities of 807, 605, 523, 429, and 345 mAh g!
at 0.1, 0.2, 0.3, 0.5, and 1 C, respectively. The dQ/dV profile of
the first cycle at 0.1 C reveals multi-step redox reactions charac-
teristic of the S cathode, similar to those observed in liquid elec-
trolyte systems (Figure S21, Supporting Information).[”®7!] This
suggests efficient Li-ion transport and good electrolyte/electrode
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interfacial compatibility enabled by the HSE-Lil electrolytes. In
contrast, the cell using HSE (13:1) as electrolyte exhibits a lower
discharge capacity of ~#306 mAh g~! under the same conditions
(Figure 4f), with a much more rapid capacity decline during the
rate test (Figure S22, Supporting Information).

2.4. Interfacial Stability of HSE-Lil with Li-Metal

To understand the origin of the improved interfacial stabil-
ity of the HSEs toward Li-metal, both the pristine HSEs and
the SEI formed on the Li-anode disk after cycling (20 cycles
at 0.1 mA cm™2) were investigated by depth-profiling XPS in
conjunction with TOF-SIMS. Figure 5a—d shows the depth-
dependent evolution of the C 1s and F 1s XPS spectra for the
HSE-Lil and HSE (13:1). In the C 1s spectra, similar to the pris-
tine HSEs shown in Figure S6 (Supporting Information), the
C—C/C—H peak is from the ether groups of the PEO residues,
while small peaks C—O and C = O originate from the decompo-
sition products of PEO.I*”*8] The PEO residues and the decom-
position products of PEO form the amorphous outer layer of the
SEI and continue deeper into the HSE (13:1) sample. It is worth
noting that for the HSE (13:1), part of the decomposed species
(C=0) are distributed in the inner layer of the SEI, implying the
formation of a more organic-rich SEI

In the F 1s spectra (Figure 5c,d), two peaks centered
at ~684.5 eV (LiF from the decomposition of LiTFSI) and
~688.08 eV (—CF; group from the residual LiTFSI) were ob-
served for both samples.>!72] Apparently, a more LiF-rich SEI was
formed on the Li disk cycled with HSE-Lil, with LiF distributed
across both the outer and inner layers. Furthermore, upon track-
ing the relative spectral contribution of the O 1s species with
etching (Figure S23, Supporting Information), a dominant dis-
tribution of the Li,O component inside, accompanied by a small
amount of organic ROCO, Li and C—O—C species on the surface,
was observed in the SEI formed with HSE-LiL.*73] In the S 2p
spectra (Figure S24a,b, Supporting Information), the doublet at
~160 eV is attributed to the S?~ ions within Li;PS;CL17* Be-
sides, smaller doublets of -SO,CF; (at ~#168.8 eV, S 2p;),) and
-SO,CF,*/Li,S,0, (at ~167.5 €V, S 2p; ,), associated with LiTFSI
decomposition, were observed.[’#] Apparently, there is more
“free” $2~ and decomposed residual Li salt remaining on the sur-
face of the SEI formed with HSE (13:1). A weaker LiTFSI sig-
nal (at #398.6 eV) was detected in the SEI formed with HSE
(13:1), as indicated by the N 1s spectra (Figure S24c,d, Support-
ing Information).*”! This is in agreement with the rougher sur-
face morphology of the HSE (13:1) electrolyte, as depicted in
Figure S8 (Supporting Information), suggesting a lower amount
of polymer phase distributed over the surface. A doublet at
~618.6 and ~630.1 eV were observed in the I 3d spectra, con-
firming the formation of the Lil compound in the Li/HSE-Lil in-
terface (Figure S25, Supporting Information).[*}7]

TOF-SIMS top-down depth profiles and their correspond-
ing 3D reconstruction for the species of interest were con-
ducted to further detail the SEI composition and microstructure
(Figure 5e,f). It is evident that CH mainly disperses on the top
of the SEI, while a large amount of LiF is concentrated in the
interior part, with some iodine ions (I”) being homogeneously
distributed within the SEI formed after cycling with HSE-Lil
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andf) LiF,~ signals were selected, which are the main compounds of the investigated SEl layer. g) TOF-SIMS depth profiles of representative components
of the SEI formed at the Li/HSE-Lil interface. h) Schematic showing the main components in the SEI formed at the Li/HSE-Lil and the Li/HSE (13:1)
interfaces, respectively. For HSE-Lil, the SEI has an organic outer layer and a compact, inorganic-rich inner layer that is more Li-ion conductive, while for
HSE (13:7), the SEl is more organic and less conductive. For both the depth-profiling XPS and TOF-SIMS measurements, the Li-metal electrodes were
obtained by disassembling the Li/HSE/Li symmetrical cells cycled with HSE-Lil or HSE (13:1) electrolytes at 0.1 mA cm™" for 20 cycles (0.1 mAh cm™",

40°C).

(Figure S26, Supporting Information). In contrast, for the SEI
obtained by cycling with HSE (13:1), more concentrated CH with
less LiF is distributed in the inner layer. The depth profiles of the
main chemical compounds of the investigated SEI cycled with
HSE-Lil are depicted in Figure 5g. As the sputtering time in-
creases, the evolution of these fragments initially exhibits a sig-
nal attenuation but stabilizes as the sputtering progresses. In-
organic species such as LiF, Li;N, and Li,O dominate in the
SEI, which is in stark contrast with the SEI formed in Li/HSE
(13:1) (Figure S27, Supporting Information). These observations
are consistent with the XPS results, where a more inorganic-
rich SEI was also detected for HSE-Lil. A schematic interpre-
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tation is provided in Figure Sh, which illustrates the SEI struc-
tures formed for the HSE-Lil and HSE (13:1), respectively, as
determined by depth-profiling XPS and TOF-SIMS. For HSE-
Lil, the SEI features an organic outer layer and a more compact,
inorganic-rich inner layer that enhances Li-ion conductivity. In
contrast, the SEI formed with HSE (13:1) is more permeated by
the organic phase, resulting in a structure that is less conductive
for Li-ions. This inorganic-rich SEI layer is considered pivotal in
improving the interfacial stability of the Li/HSEs, which plays
a prominent role in inhibiting dendrite propagation and pro-
moting Li-ion conduction across the Li/SEI/HSE interfaces. Fur-
thermore, the improved Li-ion conductivity, optimized solvation
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structure, and sufficient mechanical strength of the HSE-Lil
work synergistically to promote uniform Li deposition and more
effectively distribute local stress.

2.5. Impact of Local and Bulk Structures in HSEs

Understanding and controlling the internal structure of HSEs
and their interface with the Li-metal anode is crucial for opti-
mizing the structure-property relationships that dictate the per-
formance of Li-metal batteries. Here, we introduce Lil to im-
prove both the bulk and interfacial structures in the PEO-LiTFSI-
Li;PS;Cl hybrid system and study in detail the structure-property
relationship. The influence of Lil on the HSE manifests in two as-
pects: Li-ion diffusivity and the stability of the Li/HSE interface.
The improvement of Li-ion diffusion on adding Lil is seen via the
higher ionic conductivity and ¢;;, obtained from the EIS measure-
ments on the macroscopic scale (Figure 4a,b; Figure S20, Sup-
porting Information). This result is supported by the intensified
equilibrium Li-ion exchange between the organic phase (PEO-
LiTFSI) and the inorganic phase (Li;PS;Cl), a phenomenon vi-
sualized and quantified by 2D °Li-°Li EXSY NMR (Figure 1). It
is worth noting that the E, derived from the 2D-EXSY experi-
ments (0.174 eV, Figure 1d) is lower than that obtained from
the EIS measurements (0.201 and 0.557 eV, Figure 4b). This dis-
crepancy indicates that both the interface and polymer phase
properties notably influence Li-ion transport in the HSEs. Fur-
thermore, the 'H dynamics have been differentiated by 7Li CP
MAS experiments with various t.p, from which the faster cross-
relaxation time for HSE-Lil compared to HSE (13:1) suggests
a more mobile interfacial Li environment between PEO-LiTFSI
and Li PS;Cl in the presence of Lil (Figure 3¢; Figure S15, Sup-
porting Information). This is further supported by the improved
local 'H dynamics in the HSE-Lil sample, as evidenced through
13C CP MAS measurements at varying t., (Figure 2f). Nonethe-
less, the individual 7Li mobility detected by PFG-NMR indicates
that the Li-ion self-diffusion over the polymer matrix remains
similar, regardless of the presence of Lil, though appears to
differ for the inorganic phase or at the inorganic/organic in-
terfaces (Figure 3a). Another pertinent aspect is the stabilized
Li/HSE-Lil interface. This is seen via the widened stability win-
dow (5.28 V), higher CCD (1.3 mA cm~2), and more stable
long-term cycling in the Li/HSE/Li symmetric cells. This ren-
ders the HSE applicable to the all-solid-state Li-S battery system
(Figure 4c—g).

Combining the above results, it becomes clear that the addi-
tion of Lil facilitates both the Li salt dissociation in the bulk HSE
and interfacial Li-ion diffusion across the organic/inorganic in-
terfaces. This illustrates that the effect of Lil extends from the
bulk to the inner interfaces, impacting both structure and ion-
dynamics. Additionally, the interactions between the HSE and
Lil also improve its stability toward the Li-metal anode. XPS and
TOF-SIMS suggest more PEO phase coverage on the surface
of HSE-Lil, also seen from its smoother surface morphology in
SEM (Figures S6-S9, Supporting Information). This explains the
more stable Li/HSE-Lil interface, as typically a PEO-based SPE is
more compatible with the Li-metal anode than Li;PS;CLI" The
single-pulse ®’Li NMR spectra indicate that Lil has fully dissoci-
ated in the HSE. The change in the chemical shift of the 7Li peak
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suggests that the occurrence of more mobile Li-ions, as evidenced
in the Raman spectra, leads to an increase in the amount of Li-
ions coordinated to the PEO chains.[*}**4] (Figure 2a—c) Besides,
the downfield shift of the 'H peaks and the appearance of the ad-
ditional ¥*C peak indicate an interaction between the I~ anions
and the PEO chains.[“*!l (Figure S5; Figure 2¢) The local interfa-
cial structure, as detected by °Li CP MAS and 'H-°Li HETCOR ex-
periments, suggests suppressed side reactions between PEO and
Li PS;Cl phases due to the addition of Lil, which has been further
supported by 2D 'H-13C HETCOR spectra (Figure 3b—e; Figure
S14, Supporting Information). Discriminating between the lo-
cal amorphous and crystalline phases based on their respective
t-p dependence in the *C CP MAS experiments, higher local 'H
dynamics are observed in HSE-Lil based on the accelerated de-
cay of its crystalline phase (Figure 2f), implying improved chain
mobility.

The depth-profiling XPS and TOF-SIMS data suggest that
the addition of Lil changes the decomposition subsequence of
LiTFSI, tuning the growth dynamics of the SEI and leading to
the formation of a more inorganic-rich SEI layer abundant in LiF,
Li, 0, and Li;N, coupled with an organic outer layer (Figure 5h).
This SEI structure, rich in inorganic species, is well-known to
be beneficial for effective Li-ion transport and uniform Li-metal
deposition. LiF is electronically insulating and can prevent ex-
cessive electrolyte oxidation, while Li,O promotes the formation
of an anion-derived SEI by facilitating electron transfer.”*7] Ad-
ditionally, thermodynamically favored Li-Li;N interactions guide
uniform Li deposition.[8081]

It is thus evident that the local and bulk structures jointly de-
termine the properties of the HSEs. An effective percolation net-
work of ionic conduction within the HSEs requires active inter-
facial Li-ion diffusion as well as a favorable bulk structure. The
structure-property relationship of HSEs, investigated by incor-
porating LiI into the PEO-LiTFSI-Li;PS;Cl hybrid system, intro-
duces a viable approach. While previous studies have incorpo-
rated Lil into either the polymer or sulfide phases, this work is the
first to explore its effects within a hybrid system. The functional
Lil additive simultaneously improves Li-ion transport while pre-
serving the mechanical integrity of the HSE, as well as stabiliz-
ing both the organic/inorganic interfaces within the HSE and
the electrolyte/Li-metal interface. This stands in clear contrast to
widely studied plasticizer-type additives and Li salt modifications,
which often entail a compromise between ionic conductivity, me-
chanical strength, and interfacial stability.[?] This novel combina-
tion suggests that fine-tuning the bulk properties synergistically
stabilizes the interfaces within the polymer-Li salt-filler system,
an aspect that was previously poorly understood. The influence
of the Lil additive is also reflected in the improved stability of the
Li/HSEs interface, further highlighting the importance of regu-
lating and stabilizing interfaces to enable ASSLMBs. Reflecting
on the structure-property-performance relationship, the present
work provides insights into the rational regulation of various as-
pects of the HSE structure, from bulk to interface, with potential
applicability to other electrolyte systems.

3. Conclusion

In summary, this work investigates the structure-property rela-
tionship of HSEs through the introduction of a Lil additive into

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOLILLIOD AIIRID 3(cedtdde au Aq pauenob ae il VO ‘8sN JO SN Joj AReiqiT8ulUO 8|1 LD (SUORIPUOD-PUE-SWRIALID"AB 1M Afe.q1jBu Uo//:Sty) SUORIPUOD pue SWLB | 8u) 89S *[6202/90/90] Uo AriqiTauliuo &M ‘Bpa AseAlun ealuyse L Aq £00907202 WUSe/Z00T 0T/I0p/LI0d™A8 | i Ake.q Ul |uo psoueApe//Sdiy Wwo.j pepeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

the PEO-LiTFSI-Li PS;Cl HSE system. The interaction between
the HSE and Lil enhances Li-salt dissociation and reduces the
crystallinity of the bulk PEO matrix while also stabilizing the or-
ganic/inorganic interfaces, thus improving the overall ionic con-
ductivity. The bulk and interface structures revealed by multi-
dimensional NMR experiments suggest that the addition of Lil
mitigates the degradation of the PEO phase and its reactions
with Li; PS;Cl, leading to a more Li-ion conductive interface envi-
ronment and thereby improving the interfacial Li-ion diffusion.
Besides, given the altered decomposition sequence of LiTFSI, a
more inorganic-rich (i.e., LiF, Li,O, and Li;N) SEI was formed
at the Li/HSE-Lil interface, which facilitates the Li-ion transport
and suppresses dendrite propagation. The introduction of the
multifunctional LiI additive provides perspective on the rational
design of the internal structure of the HSE system, as well as the
Li/HSE/cathode interfaces, providing insights for the practical
application of high-safety and high-energy-density ASSLMBs.

4. Experimental Section

Preparation of Hybrid Solid Electrolytes: ~ For the HSE-Lil and HSE (18:1)
membranes, 384 mg PEO powder (M, = 600, 000 g mol~', Sigma-
Aldrich), 140 mg LiTFSI (Sigma-Aldrich), and 52.4 mg LigPSsCl (10 wt.%,
NEI Corporation) were first homogeneously mixed with and without
26.2 mg Lil (5 wt.%, Sigma-Aldrich) in a mortar by grinding, then added
into 7 mL acetonitrile (Sigma-Aldrich) and stirring for 24 h. The mixer used
is an IKA Magnetic Stirrers RCT basic, operated at a stirring speed of 400—
550 rpm at room temperature. The obtained homogenized slurry was cast
onto a Teflon plate and dried in the glove box at room temperature for 24 h,
and further dried under vacuum for 48 h. The HSE (13:1) membranes were
prepared using the same procedures with 347 mg of PEO powder, 177 mg
of LiTFSI, and 52.4 mg of LigPSsCl. The LigPSsCl@Lil mixture was pre-
pared by mixing 52.4 mg LigPSsCl and 26.2 mg Lil in 10 mL acetonitrile
at room temperature for 24 h, then dried in the glove box for 24 h, and
further dried under vacuum for 48 h.

Material Characterizations: Raman spectra were acquired using a
miniature laser confocal Raman spectrometer (Renishaw inVia Qontor)
with a 785 nm laser at room temperature. For scanning electron micro-
scope (SEM) imaging, the samples were transferred into an SEM (JEOL
JSM-6010LA) machine under dry argon conditions by an air-tight Ar-filled
sample holder. The images were taken using an accelerating voltage of
10 kV (secondary electron). Bragg-Brentano X-ray diffraction (XRD) mea-
surements were conducted on an X'Pert Pro X-ray diffractometer (PAN-
alytical) with Cu Ka radiation (4, = 1.540598 A and A, = 1.544426 A, at
45 kV and 40 mA) using an in-house air-tight holder. Differential scanning
calorimetry (DSC) measurements were carried out at 10° min~" step using
a commercial TA-Q2000 DSC calorimeter (TA instruments). Fourier trans-
form infrared spectroscopy (FT-IR) spectra were collected on Bruker VER-
TEX 70 spectrometer in an attenuated total reflection (ATR) mode. X-ray
photoelectron spectroscopy (XPS) measurements were performed with a
Thermo Fisher K-Alpha spectrometer to investigate the chemical composi-
tions of both the pristine HSEs and the cycled Li electrodes. The samples
were transferred into the XPS machine under vacuum using an air-tight
sample holder. The spectrometer is equipped with a focused monochro-
matic Al ka source (1486.6 eV) anode operating at 36 W (12 kV, 3 mA), a
flood gun operating at 1V, 100 pA. The base pressure of the analysis cham-
ber was ~2 x 10~° mbar and the spot size was ~800 x 400 um?. For the
detailed scan collected before etching, a pass energy of 50 eV was used.
Depth profiling was performed with an Art ion gun operated at 3 kV, cor-
responding to ~0.5 nm s~! as calibrated on Ta,Os and a pass energy of
200 eV was used. In the analysis, the binding energy was corrected for the
charge shift relative to the primary C 1s hydrocarbon peak at BE = 284.8 eV.
For each sample, at least three points were measured which showed sim-
ilar results. The data were fitted using 70% Gaussian and 30% Lorentzian
line shapes (weighted least-squares fitting method) and nonlinear Shirley-
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type background using the Thermo Fisher Avantage software. Time-of-
flight secondary ion mass spectrometry (TOF-SIMS) measurements were
carried out on a Nano TOF-2 instrument (ULVAC-PHI, Japan) equipped
with a Bi*** beam (30 kV, 2 nA) cluster primary-ion gun for analysis, and
an Art beam (3 keV, 100 nA) using a sputtering rate of 0.1 nm s~ to ob-
tain the desired depth profile. The area of analysis was 100 x 100 um?,
whereas the sputtering area was 400 X 400 um?. For depth-profiling XPS
and TOF-SIMS measurements of Li-metal anode, the Li-metal electrodes
were obtained by disassembling the Li/HSE/Li symmetrical cells cycled
with HSE-Lil or HSE (13:1) electrolytes at 0.1 mA cm™' for 20 cycles
(0.1 mAh cm~', 40 °C).

Batteries Assembly and Electrochemical Measurements: The ionic con-
ductivity of the HSEs was calculated based on electrochemical impedance
spectroscopy (EIS) data. The measurements were conducted from
10 MHz to 1 kHz with a sinusoidal signal (V,,,, = 10 mV). The HSEs
were sandwiched between two stainless steels (SS) in coin cells (with a
surface area of 1.13 cm?), and each test temperature was maintained for
more than 30 min to ensure thermal equilibrium. The same protocol was
also used for the EIS measurements of the Li//Li symmetric cells. The EIS
data was fitted using an Equivalent Circuit (EC) model that included Rg
as the series resistance, R, as the bulk HSE resistance, and CPE, as a
Constant Phase Element (CPE) representing the bulk capacitance of the
HSE membranes. Additionally, CPE;,, was introduced to account for the
capacitance associated with the blocking electrodes at low frequencies.
Subsequently, the bulk resistance (R,) and ionic conductivity (o) were de-
termined using the formula: o = d/(R,, X A), with d representing the thick-
ness of the HSE and A denoting the area of the HSE in contact with the
stainless steels. The Li-ion transference numbers (t;;,) of the HSEs were
obtained from the symmetric Li//Li cell at 60 °C based on the equation:
tiie = ls(V=1pR0) /1o(V=IsR;), where V is the polarization voltage (10 mV),
lo and R, are the current and resistance of the initial state and I, and R; are
the current and resistance of the stable state. Linear-sweep voltammetry
(LSV) curves were measured at a scan rate of 0.1 mV s~ using Li/HSE/SS
cells. All the EIS, t;;,, and LSV data were collected from an Autolab PG-
STAT302N workstation.

The galvanostatic charge-discharge tests of the Li//Li symmetric cell
were performed on a Maccor 4000 battery cycler at 40 °C. The S@CNTs
cathode mixture was made by first grinding sulfur powder and carbon nan-
otubes (CNTs) in a mortar with a mass ratio of 2:8, then transferring the
mixture to a quartz ampule and heated to 155 °C for 6 h in an argon atmo-
sphere. The cathode slurry was prepared by mixing S@CNTs, PEO, LiTFSI,
and Super P with a mass ratio of 8: 0.5: 0.5: 1 in acetonitrile. Then, the
slurry was spread evenly on aluminum foil to create a cathode film with
loadings of 0.6 mg cm~2, and dried under vacuum at 60 °C for 48 h. The
all-solid-state Li/HSE/S@CNTs coin cells were assembled in a glove box
filled with argon. Galvanostatic cycling was performed on a Maccor 4000
battery cycler at 60 °C.

Solid-State NMR Measurements: Solid-state NMR measurements
were performed on a Bruker Ascend 500 MHz magnet (BO = 11.7 T)
equipped with a NEO console, operating at frequencies of 194.37 MHz
for 7Li, 73.6 MHz for 6Li, 500.130 MHz for 'H, and 125.758 MHz for 3C.
The chemical shifts of ®7Li were referenced with respect to a 0.1 m LiCl
solution (0 ppm), while the TH and 13C chemical shifts were referenced
to solid adamantane ('H at 1.81 ppm and >C at 38.48 ppm). A Bruker
three-channel MAS 4 mm direct variable temperature (DVT) probe was
used for all the measurements. Individual samples were prepared by cut-
ting the HSEs membranes into small pieces, which were then transferred
into 4 mm zirconia rotors and sealed with a Vespel cap. A MAS frequency
of 10 kHz was applied for all the measurements.

One-pulse 7Li and SLi experiments were performed with z/2 pulse
lengths of 3.3 and 9 ps. A recycle delay of ~4 times T, (spin-lattice re-
laxation time) was used for each nuclei, where the T; was determined us-
ing saturation recovery experiments. Variable temperature (VT) 2D 6Li-5Li
EXSY measurements were performed for the HSE-Lil and HSE (13:1) sam-
ples at different mixing times. All 2D spectra consisted of 8 scans for each
of the 1950 transients, each transient incremented by 8.5 pus. For 1D Li
CP MAS ("H — 7Li) experiments, a radio frequency (r.f.) field strengths of
81 kHz and various contact times were applied, the r.f. field amplitude of
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"H during CP experiments was ramped from 70 to 100% and 128 scans
were acquired for each sample with a recycle delay of 6 s. The 1D éLi CP
MAS ('H — ®Li) experiments were performed with a contact time of up
to 8 ms, the r.f. field amplitude of 'H during CP experiments was ramped
from 70 to 100% and 10240 scans were acquired for each sample with a
recycle delay of 6 s. 2D "H-6Li HETCOR measurements were performed
with a short CP contact time of 0.5 ms for HSE-Lil and HSE (13:1). For
each of the 128 transients in the indirect 'H dimension, 1024 scans were
accumulated. A recycle delay of 5 s was applied after each scan.

One-pulse 3C measurements were conducted with a /2 pulse length
of 6.2 s and a recycle delay of 1s. The 1D *C CP MAS ('H — 13C) exper-
iments were measured with an initial "H z/2 pulse of 3.8 us and various
contact times. An r.f. field strength of 64 kHz was applied, and 2048 scans
were acquired for each sample with a recycle delay of 2 s. The data were
fitted and deconvoluted using MestReNova 11. 2D "H-3C HETCOR mea-
surements were measured with a contact time of 2 ms for both HSE-Lil
and HSE (13:1). For each of the 128 transients in the indirect 'H dimen-
sion, 256 1*C scans were accumulated. A recycle delay of 2 s was applied
after each scan. For both the CP MAS and HETCOR experiments, proton
decoupling was performed during acquisition using the SPINAL-64 decou-
pling sequence.

Pulsed-field gradient NMR (PFG-NMR) was used to determine the dif-
fusion coefficients of 7Li and '°F for all the HSEs at VT (from 25 to 80 °C)
using a Bruker Avance NEO 600 MHz narrow bore NMR spectrometer
equipped with a diffusion probe. A stimulated echo sequence was used
for all diffusion measurements. The typical diffusion time for both nuclei
was 20 to 200 ms, gradient pulse duration was 2 ms. The maximum field
strength was 7.05 T on a log scale. The diffusion coefficients were obtained
by fitting the pulse data obtained with the Stejskal-Tanner Equation.[82]
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