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The limited fundamental knowledge about polymer binder selection in inorganic-rich hybrid electrolytes
(HSEs) hinders their optimization and translation to an industrial scale. Herein, we investigate, for the first
time, the crucial morphological effect of non-conducting polymer binders in HSEs based on a halide
electrolyte (LizInClg). We compared the effect of the ordered nanostructured styrene—ethylene—
butylene—styrene (SEBS) block copolymer and disordered polyisobutylene (PIB) homopolymer binders.
This work was aimed at understanding ionic conduction transport across halide-based inorganic-rich
HSEs with different polymer morphologies to optimize their design. We investigated ionic conductivity
via EIS and Li* diffusion using ’Li PFG-NMR, and the obtained results were supported by 3D
reconstruction from cryo-plasma FIB-SEM images, which were further correlated with rheology
measurements. PIB HSE presented higher transport properties than SEBS HSE with higher ionic
conductivity (0.39 x 10™* and 0.23 x 107* S cm™! at 30 °C, respectively) and ’Li diffusion (6.3 x 107
and 4.3 x 107 m? s7 at 30 °C, respectively) owing to a less tortuous percolated inorganic network
observed via the 3D reconstruction of cryo-plasma FIB-SEM images. Moreover, rheology measurements
indicated that HSEs composed of ordered block copolymers should be processed in the disordered state
(T > TopT) (in which the ordered microdomains disappear), reaching the terminal flow zone as disordered
homopolymers to improve the percolated inorganic network and thereby achieving high transport
properties in HSEs. Finally, Li plating/stripping demonstrated a more stable electrochemical performance
DOI: 10.1035/d5ta00979%k of PIB HSE and higher critical current density (400 pA cm~2) compared with SEBS HSE (25 pA cm™2),
rsc.li/materials-a which was in good agreement with the obtained transport and morphological properties.
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The combination of inorganic and flexible polymeric mate-
rials in inorganic-rich hybrid solid-state electrolytes (HSEs)
offers a possibility to overcome the previously mentioned limi-
tations of inorganic electrolytes.* Herein, we focus on a halide
solid-state electrolyte, Li;InClg (LIC), introduced by Sun et al
with promising properties, including high ionic conductivity
(~107* S em ™) at room temperature (RT), good cycling stability
and wide electrochemical window. It is also reported to be easily
recovered by heating, which is beneficial from a recyclability
perspective.>® One of the key factors in developing an inorganic-
rich hybrid electrolyte is understanding its electrochemical
performance in terms of lithium-ion transport at the atomic,
micro and mesoscopic scales. The movement of lithium ions is
affected not only by inorganic grains but also by grain bound-
aries, voids between the particles, and inorganic grain-polymer
boundaries.” Therefore, the appropriate selection of a polymer
binder that is compatible with the inorganic electrolyte of
choice is crucial to achieve an HSE with optimum properties
(mechanical and electrochemical).® The application of polymer
materials as binders mainly depends on their structure/
morphology and chemical polarity. The chemical polarity of
the polymers in inorganic-rich HSEs has been extensively
studied, concluding that non-polar (non-conducting) polymers
are the best candidates because they prevent any side reactions
that might occur in the HSE system and do not create
competitive pathways for ionic transport, which deteriorate the
final properties when applied in a battery.” Moreover, they serve
to avoid cracks, providing sufficient flexibility to enable the
processing of hybrids in current battery manufacturing lines.*
Among the typical polymer binders that are used at the indus-
trial scale, rubber-based materials, including poly(styrene—
butadiene-styrene) (SBS), styrene-ethylene-butylene-styrene
(SEBS) or polyisobutylene (PIB), are promising because of their
excellent flexibility and electrochemical stability as investigated
by Montes et al.™ Lee et al. investigated the polarity influence of
non-conducting polymer binders (polybutadiene, poly-
acrylonitrile and nitrile butadiene rubber (NBR)) with similar
hydrocarbon polymer chains but different degrees of nitrile
groups conjugated to the main backbone to investigate the
impact on the 5Li,S-25P,Ss electrolyte. Indeed, the X-ray
diffraction (XRD) results proved the instability between the
inorganic and the polyacrylonitrile binder, and the best ionic
conductivity was achieved for the NBR-based HSE (up to 4.2 X
10~* S em™ ). Although Tan et al. did not observe any inter-
actions between the dry mixtures of Li,P;S;; and different
polymers (PVDF-HFP, NBR, SEBS) by Raman spectroscopy and
XPS analysis, their choice of electrochemical investigation with
SEBS as a HSE binder was rather explained by compatibility
with the solvent and the stability of the inorganic structure
during slurry processing.** Additionally, Tron et al. presented
a variety of homopolymers and block copolymers (NBR, HNBR,
SBS, SEBS, and PIB) applied as binders, comparing the observed
mechanical properties and ionic conductivity values of LigPS5-
Cl-based HSEs. The preparation method, involving cold-
pressing or slurry casting, provided the HSEs with similar
ionic conductivity for each binder, proposing the application of
different polymer mixtures as HSE binders to achieve a balance
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of fair ionic conductivities and good mechanical properties.*
However, the polymer morphology effect has never been
studied, making the selection of a non-conducting polymer in
inorganic-rich HSE a trial-and-error approach, where different
inorganic materials are combined with a variety of non-
conducting polymers to achieve the highest ionic conductivity
values. Therefore, it is evident that a deep understanding of the
influence of non-conducting polymer morphology on transport
properties is needed to optimize the design of inorganic-rich
HSEs efficiently.

In this work, we investigate, for the first time, the morpho-
logical effect of non-conducting rubbery polymer binders on the
transport properties in hybrid halide-based (LizInCls) solid
electrolytes with a high inorganic content (58 vol%) to optimize
the HSE design. The comparison between two polymers,
ordered nanostructured block copolymer SEBS and disordered
homopolymer PIB, provides new insights into the final trans-
port properties of flexible and self-standing thin membranes (30
um). We compare the ionic conductivity and “Li diffusion using
EIS and PFG-NMR, respectively. The results obtained are then
supported by 3D reconstruction images from cryo-plasma FIB-
SEM. The ionic transport and structure of the materials is
correlated with rheological properties. Moreover, the limiting
current measurements summarize the influence of the different
polymer structures of HSEs studied in this work. In the rapidly
growing electric vehicle market, we believe our results will
decipher the effect of non-conducting polymers on the trans-
port properties of halide-based HSEs and pave the way for
developing optimized HSEs in response to the remaining
challenges in all-solid-state lithium-metal battery production
lines.

Experimental section
Materials preparation

First, the Liz;InCls inorganic electrolyte (LIC) was synthesized by
the water-mediated method. Lithium chloride (LiCl; 99.9%,
ultradry; Alfa Aesar) and indium chloride (InCls; 99.999%,
anhydrous; Alfa Aesar) were weighed inside the glovebox in
a stoichiometric ratio (3:1) and dissolved in deionized water,
which was subsequently evaporated at 200 °C for 5 h under
vacuum, as described in detail previously in our previous
work.* The obtained LIC was ground in a mortar before further
use and exhibited an ionic conductivity of 0.23 x 10> Sem ™" at
RT and 150 MPa. The preparation of hybrid solid-state electro-
lytes (HSEs) involved overnight mixing of the LIC dispersion in
toluene (anhydrous, Scharlab) (1 g mL™") with 15 wt% styrene-
ethylene-butylene-styrene (SEBS; M,, = 118 000 g mol *, 29: 71
mole ratio styrene:rubber; Sigma-Aldrich) or 5 wt% poly-
isobutylene (PIB; M,, = 1000000 g mol '; Sigma-Aldrich)
solutions in toluene, casting on a Teflon Petri Dish and drying
overnight at room temperature under vacuum. The amount of
LIC was 80 wt% (58 vol%), and the amount of polymer was
20 wt% (42 vol%). Finally, the optimized last step involved hot
pressing of the dried membranes at 200 °C or 180 °C for 30 min
at 150 MPa for SEBS- or PIB-based HSE, respectively.
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Material characterization

X-ray diffraction (XRD), Bruker D8 ADVANCE X-ray diffractom-
eter, ACu-K,; = 1.5418 A radiation in the scattering angle 20
range 10-80° with a step width of 0.05°, was used to examine the
crystallinity of the inorganic material. The samples were placed
in an XRD holder, covered with a Kapton film inside the glo-
vebox and transferred to the XRD equipment. The data were
collected under vacuum overnight for improved XRD spectra
quality. As shown in Fig. 2 and S1,7 the inorganic Li;InCls phase
contains its hydrated counterpart (Li;InCls-xH,0) due to
sample transportation issues in the XRD holder from the glo-
vebox to the XRD equipment; thus, the hydrated phase was
included in the refinement in Fig. S1,f fitting well with the
pattern. Two blank spaces in the refinement correspond to the
sample holder contribution. The refined parameters and anal-
ysis results are presented in Tables S1 and S2.1 To confirm the
purity of the inorganic phase (avoiding air exposure during
transfer from the glovebox to the XRD equipment), a spectrum
was recorded in an air-tight capillary by synchrotron wide-angle
X-ray scattering (WAXS). The WAXS pattern of the LizInCls
sample with the Rietveld refinement is shown in Fig. S21 with
refined parameters and analysis results (Tables S3 and S47),
confirming the purity of the inorganic phase without the pres-
ence of Liz;InClg-xH,O.

The polymer structure was investigated using an Avance III
300 MHz digital NMR spectrometer and deuterated chloroform
(CDCl3) solvent. Thermogravimetric analysis (TGA) (Perki-
nElmer TGA 8000) was performed from 40 to 800 °C under an N,
atmosphere at 10 °C min~'. The thermal properties were
studied using differential scanning calorimetry (DSC) (Perki-
nElmer DSC 8000) in the range of —40 to 240 °C with a heating
rate of 10 °C min~" under N, atmosphere. The samples for DSC
were placed in aluminum pans inside the glovebox using
approximately 5 mg of the sample. Li diffusion in the hybrids,
D(Li), was measured using “Li Pulsed-Field Gradient Nuclear
Magnetic Resonance (PFG-NMR). The samples were cut into
disks of 3.5 mm diameter and placed in the home-made cell in
order to conduct measurements at the desired stack pressure
(from 0 to 25 MPa) by applying torque after assembling. Then,
the cell was sealed with H-grease and parafilm to avoid air
exposure. Gradient strength and duration were set to 2200
G cm ! and 1.4 ms, respectively. The diffusion time was kept at
200 ms, except for the variable temperature experiment. During
the experiments, the temperature was controlled using Bruker's
VT unit equipped with BCU-II. The morphology of the electro-
lytes was investigated using Focused Ion Beam Scanning Elec-
tron Microscopy (FIB-SEM). The samples were packed inside the
glovebox under an argon atmosphere and then transferred to
the SEM vacuum chamber using the PP3010 Cryo Sample
Preparation System (Quorum Technologies, UK). SEM imaging
and 3D reconstruction were performed using the Amber X dual-
beam instrument (Tescan, Czech Republic). First, a piece of
silicon with a thickness of 15 pm was placed on top of the
sample to minimize curtaining artefacts during milling. The
cross-section of the region of interest was roughly polished away
from the sample's edge using a high beam current of
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approximately 2 pA to prepare a cross-sectional area around 500
um wide. Subsequently, the cross-section was polished step-
wise, gradually reducing the beam current. For the final serial
cuts during 3D data acquisition, a beam current of 30 nA was
used. To eliminate curtaining, a rocking stage was employed
with rocking angles set to £7°. Images were recorded using
a low-energy backscattered electron detector (LE BSE) while the
microscope operated at a beam energy of 2-3 kv and a beam
current of 300 pA. Three-dimensional characterization of the
samples was achieved using FIB-SEM tomography, with data
collected through the Tescan FIB-SEM Tomography Advanced
software. Two datasets were recorded: SEBS HSE: high-
resolution dataset ~75 x 47 x 18 pm (XYZ) with a voxel size
of 25 x 25 x 50 nm, which gives 3000 x 1885 x 364 voxels and
PIB HSE: high-resolution dataset ~29 x 26 x 14 um (XYZ) with
a voxel size of 15 x 15 x 50 nm, which gives 1944 x 1791 x 287
voxels. Three-dimensional (3D) reconstructions and data anal-
ysis were performed using Avizo software (Thermofisher, USA).
Finally, Rheometer ARES-G2 was used to investigate the struc-
tural changes in the materials. Non-destructive tests of small
amplitude oscillatory shear sweeps were conducted from 0.006
to 100 rad s~ at a fixed oscillation strain of 0.2% for the neat
polymers and from 0.03 to 100 rad s~ for HSEs. All rheological
measurements for the HSEs were performed under the N,
atmosphere and with the AtmosBag protection provided by
Sigma-Aldrich. Pure polymers did not require an inert atmo-
sphere during the measurements.

Electrochemical characterization

The total ionic conductivity was measured using electro-
chemical impedance spectroscopy (EIS) in the frequency range
of 7 MHz to 1 Hz with a signal amplitude of 40 mV and VMP200
from Biologic. Before the measurements, the HSEs were hot
pressed for 30 min at 150 MPa and a temperature of 200 °C or
180 °C (for SEBS HSE and PIB HSE, respectively) between
carbon-coated aluminum current collectors with a diameter of
16 mm. The EIS measurements were recorded every 10 °C
increase from 30 °C to 90 °C. Ionic conductivity ¢ [S cm™ '] was
calculated by the equation:

/

’T R4

where [ is the membrane thickness [cm], A is the active surface
area [em”] and R is the total resistance [Q].

The activation energy (E,) of the hybrids was calculated using
the equation:

o(T) = 4 exp( - kf})

where A is the pre-exponential constant, E, is the energy of
activation calculated from the slope of the Arrhenius plot [eV],
kg is the Boltzmann constant [J K~ '] and T is the temperature
[K].

Finally, the cycling of lithium symmetric cells was performed
to evaluate the electrochemical performance of the SEBS HSE
and PIB HSE hybrids. Commercial LigPSsCl (LPSCl, NEI
Corporation, particle size ~1 pm) solid electrolyte was used as

This journal is © The Royal Society of Chemistry 2025
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an interlayer, and metal lithium foil (Sigma-Aldrich) was used
as the source of lithium. A custom-designed cell with a diameter
of 4 mm was used for assembly. In the first step, 15 mg of LPSCI
was placed inside the cell, which was lightly densified. Subse-
quently, the HSE was placed on the surface of LPSCI. Another
15 mg of LPSCI] powder was added to cover the other side of the
hybrid electrolyte. The cell was subjected to a pressure of
approximately 380 MPa for 3 min to densify the powder. In the
last step, a lithium foil with a diameter of 2.5 mm (surface of the
lithium foil was brushed before assembling) was placed on both
sides of LPSCI. Then, a pressure of 50 MPa was applied to the
cell to ensure good contact between the lithium foil and the
densified LPSCI. Before galvanostatic cycling of the symmetric
cells, the pressure decreased to 10 MPa. Galvanostatic cycling of
the symmetric cell was performed at RT on Autolab from Met-
rohm (type: PGSTAT302N). The cells were initially cycled at 25
um cm™ > and subsequently, the current density was gradually
increased to 50 pA cm™2, 100 pA cm™ 2, 200 pA cm ™2, 400 pA
ecm™?, 800 pA cm > and 1000 pA cm™ >, with four platings/
strippings performed at each current density.

Results and discussion

In the pursuit of obtaining ASSBs with increased energy density,
we aimed to develop free-standing LIC-based hybrid solid-state
electrolytes (HSEs) of low thickness (<50 um) by applying two
non-conducting polymers with different morphologies (ordered
and disordered) as binders. We selected non-conducting poly-
mer binders to prevent side reactions with the halide electrolyte
and the formation of competitive pathways for Li-ion transport.
The first polymer binder is an ordered elastomeric block
copolymer combining the styrene block and ethylene/butadiene
as rubbery parts.’*"” The second binder of choice is a disordered
elastomeric PIB homopolymer rubber comprising polymerized
isobutylene units. The preparation of the halide-based HSEs
included the synthesis of Li;InCls by water evaporation at 200 °
C under vacuum. Later, the inorganic dispersion in toluene was
mixed with a SEBS (15 wt%) or PIB (5 wt%) solution with the
amounts calculated to achieve 80 wt% (58 vol%) of inorganic
and 20 wt% (42 vol%) of polymer in a final composition. After
casting the mixtures and solvent evaporation, the membranes
were hot-pressed, a crucial step to create improved Li-ion
pathways through a percolation network between the ion-
conducting inorganic LIC particles, and additionally, elimi-
nate the porosity that has a detrimental influence on the elec-
trochemical performance of HSE. PIB HSE was hot-pressed at
three different temperatures: 150, 180 and 200 °C at 150 MPa for
30 min in order to study the optimum conditions. The ionic
conductivity was calculated to decide the optimum processing
temperature for PIB HSE, and the results are shown in Fig. 1a.
The ionic conductivities were 0.23 x 107>, 0.17 x 10 * and 0.21
x 107> S em ! at 25 °C (RT) for 150, 180 and 200 °C at 150 MPa
for 30 min, respectively. Thus, the optimum conditions for the
hot pressing step of PIB HSE were determined to be 180 °C at
150 MPa for 30 min. For the SEBS HSE, a temperature of 200 °C
at 150 MPa for 30 min was chosen to achieve the highest ionic
conductivity values, as previously investigated by our group.*

This journal is © The Royal Society of Chemistry 2025
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Therefore, for further comparison, we focus on the two
membranes: SEBS HSE after processing at 200 °C and PIB HSE
after processing at 180 °C at the same pressure (150 MPa) and
time (30 min), and the schematic preparation route is depicted
in Fig. 1b.

Both hybrids have similar thicknesses of 32 um for SEBS HSE
and 36 pm for PIB HSE. The preparation method for the HSEs
does not affect the inorganic crystalline structure of Liz;InClg
(LIC), as confirmed by XRD (Fig. 2a). Both HSEs exhibit char-
acteristic peaks at 14, 28, 29, 34 and 49°, corresponding to the
Li;InCls monoclinic structure. "H-NMR was performed to verify
that the polymer chemistry/nature was maintained intact after
the preparation method (Fig. 2b). For SEBS HSE and SEBS, the
peaks at 0.85 and 1.88 ppm correspond to the ethylene/butylene
part, and 6.55 and 7.11 ppm are the signals from aromatic
protons of the polystyrene block. The peaks at 1.13 and
1.44 ppm for PIB HSE and PIB are associated with methyl and
methylene groups, respectively. The similar integration values
of the corresponding chemical shift peaks for each binder
structure in the neat polymers and their HSE analogues confirm
the unaltered chemical structures of SEBS and PIB in HSEs.

Subsequently, the thermal properties of the HSEs were
studied. Firstly, the thermal stability of the obtained HSEs was
investigated by TGA. This enables evaluation of the degradation
temperature and the safety of the materials when applied as
a component of ASSB. Both hybrids are stable up to 367 °C for
SEBS HSE and 306 °C PIB HSE, as shown in Fig. 3a, providing
battery safety with excellent thermal stability. Additionally, DSC
measurements were conducted to observe non-phase transi-
tions of the inorganic and polymer parts of the materials. There
were no thermal events observed for both hybrids and their neat
polymer binder references during the DSC scans, except for
a small heat flow change (50-90 °C) for SEBS due to the resid-
uary relaxation of polymer chains (Fig. 3b).*®

For a deeper understanding of the interplay between the
inorganic electrolyte and polymer binders in our hybrids, the
transport properties of the hybrids were studied by EIS
measurements. The typical EIS spectra and equivalent circuits
for fitting the data of both HSEs are provided in Fig. 4a. The
total resistance corresponding to the hybrid bulk is decoupled
into two contributions. The resistance value at the intersection
with the x-axis in the high-frequency region was assumed to be
the sum of the bulk and grain boundary resistances of the
inorganic LIC electrolyte (Rgp+bui), and we attributed the
second contribution at lower frequencies to the resistance
between the polymer and the inorganic LIC particle (R;,). The
resistance values were normalized by the thickness of each HSE.
The Rgp+buik and Ry, values at different temperatures (from 30 ©
C to 90 °C) are plotted in Fig. 4b and c, respectively. Rgp+bulk
decreases by 13% from 2710 ohm cm ' at 30 °C to 2360
ohm ecm ™ at 90 °C for SEBS HSE, and a decrease of 28% from
2980 ohm em ™' at 30 °C to 2140 ohm e¢m ™" at 90 °C is observed
for PIB HSE (Fig. 4b). The interface resistance between the
inorganic particles and the polymer binder (R;,) presents
a decrease of 63% for SEBS HSE (from 19 050 ohm cm ™" at 30 °C
to 7060 ohm cm ™" at 90 °C), and of 89% for PIB HSE (from 9780
ohm cm ™" at 30 °C to 1120 ohm cm ™" at 90 °C). Therefore, Ry is
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higher than Rggp:buik in both HSEs; thus, it is evident that the
ionic conductivity is dominated by the polymer-inorganic
interface, with R, for SEBS HSE being higher than R;,. for PIB
HSE at any temperature. Moreover, the characteristic frequency
assigned to the polymer-inorganic interface varies from 560
kHz to 680 kHz for SEBS HSE and from 557 kHz to 564 kHz for
PIB HSE at 30 °C and 90 °C, respectively. For a further expla-
nation of the transport properties in the hybrids affected by
temperature, we calculated the ionic conductivity and measured
lithium diffusion using PFG-NMR. Ionic conductivity values
from 30 °C to 90 °C for both hybrids are shown in Fig. 4d. As
expected, the ionic conductivity was higher for PIB HSE (from
0.39 x 10 *Sem ™ ' at30°Cto 1.52 x 10~ * Sem ™' at 90 °C) than
SEBS HSE (from 0.23 x 107* S cm™" at 30 °C to 0.54 x
107* S em ™! at 90 °C). As shown in Fig. 4e, the long-range "Li
diffusion values were measured by PFG-NMR for both HSEs at
20 °C, being 4.2 x 10 " and 3.7 x 10" ** m? s~ * for PIB HSE and
SEBS HSE, respectively. As the temperature increases, the PIB
HSE exhibits much faster “Li diffusivities than the SEBS HSE.
However, the Li" dynamics measured by T, relaxometry (Fig. 4f)
did not reveal any significant difference between the two

vacuum, 25°C, 12 h

Hybrid based on homopolymer (PIB)

SEBS HSE
| vacum, 25°C. 12h e, 200 °C. 30 min. 150MPa
[N :
(Solvent casting) &=~ Hot pressing
~30pm
PIB HSE

(Solvent casting)

180 °C, 30 min, 150MPa ’r‘ l

Hot pressing J

~30pm

(a) lonic conductivity at 25 °C versus hot pressing temperatures at 150 MPa for 30 min for PIB HSE. (b) Schematic of the HSEs preparation

samples throughout the entire temperature range. The Bloem-
bergen-Purcell-Pound (BPP) relaxation theory correlates T
relaxation with the averaging dipolar coupling interaction
resulting from the local ion hopping process," whereas PFG is
suited to probe long-range translational motion on the
micrometer scale.?® Therefore, the combined results from “Li
relaxometry and PFG suggest that although the local Li*
behavior in both the SEBS and PIB HSEs is fundamentally
similar, the SEBS HSE shows a much more restricted long-range
Li" mobility. This suggests a potentially poorly connected
inorganic network in the SEBS HSE compared to the PIB HSE.
Therefore, faster “Li diffusion was obtained for PIB HSE than
SEBS HSE, which is in very good agreement with the ion
conductivity results. This indicates improved particle-particle
contact for PIB HSEs, and consequently, less tortuous ion-
conducting channels.

The activation energy (E,) was calculated for both HSEs using
EIS measurements, following the Arrhenius equation with
similar values of activation energy, 0.24 eV and 0.17 eV for PIB
HSE and SEBS HSE, respectively. These values are in very good
agreement with the values of E, obtained from ’Li diffusion
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Fig.2 (a) XRD pattern of LizInClg, SEBS HSE and PIB HSE and (b) *H-NMR spectra comparison between SEBS HSE, PIB HSE and the corresponding

neat polymer binders (SEBS and PIB).
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Fig.3 (a) Thermograms of LizInClg, SEBS, PIB, SEBS HSE and PIB HSE. (b) DSC curves for the second heating scan for SEBS, PIB, SEBS HSE and PIB

HSE.

measurements by PFG-NMR, 0.26 eV and 0.19 eV for PIB HSE
and SEBS HSE, respectively. Therefore, ion transport in PIB HSE
is evidently more thermally activated than in SEBS HSE.

In pursuit of atmospheric pressure operational ASSB, the
influence of stack pressure on ionic conductivity values during
EIS measurements was studied. The pressure effect on the ionic

conductivity of the HSEs at room temperature (RT, 25 °C) was
compared with that of the pure LIC to study the impact of the
polymer binder. As shown in Fig. 5a, PIB HSE exhibited ionic
conductivity values of 0.26 x 107* S em ' and 0.17 x
107* S em ™! at 30 MPa and 150 MPa, respectively. SEBS HSE
showed conductivities of 0.16 x 107* S ecm ' and 0.98 x
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Fig. 4 (a) Exemplary Nyquist plots at 40 °C for SEBS HSE and PIB HSE of similar thicknesses, with 0—50 ohm cm? zoom-in in the inset, and the
corresponding equivalent circuit used for the EIS spectra fittings at the top of the graph. (b) Resistance values normalized by thickness: GB + bulk
resistance and (c) polymer—inorganic resistance vs. temperature at 150 MPa for SEBS HSE and PIB HSE. (d) ¢T vs. temperature dependence for
SEBS HSE and PIB HSE at 150 MPa. (e) Temperature dependence on In(D) for SEBS HSE and PIB HSE after processing at 150 MPa. (f) Temperature-

dependent T; relaxometry measurements for the SEBS and PIB HSEs.
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107> S em ™' at 30 MPa and 150 MPa, respectively. Therefore,
unlike pure LIC, a minimal pressure effect on ionic conductivity
was observed for both hybrids. The inorganic LIC electrolyte
exhibited conductivities of 0.11 x 10™* S em ' and 2.28 x
107" S em™" at 30 MPa and 150 MPa, respectively. It is worth
noting that the pristine LIC reached the ionic conductivity
plateau after 110 MPa (2.11 x 10~* S cm™ '), which is very
similar to the ionic conductivity at 150 MPa. Therefore, the pure
LIC electrolyte requires the application of high pressure in
order to achieve intimate contact between the inorganic parti-
cles, in contrast to hybrids, which are almost independent of
pressure after the hot-pressing step. As shown in Fig. 5b, the
obtained EIS results for SEBS HSE are in very good agreement
with the results of “Li diffusion from PFG-NMR measurements
at pressures ranging from 0 MPa to 25 MPa. The effect of
pressure on D(Li) was not observed (average 5.73 x 10 "* 4+ 7 x
107" m? s™! at RT for all the pressure ranges). These results
have an impact from a manufacturing point of view because
they can facilitate the battery assembly process and provide
insights into stack pressure to be applied to already existing
battery lines.*

To understand the higher transport properties of PIB HSEs
compared to SEBS HSEs, dark-field cryo-plasma FIB-SEM was
performed to study the hybrid structure by cross-section
images, as shown in Fig. 6. The dark phase corresponds to
the phase with lower electron density, i.e., polymer binder in the
hybrid, and the light phase corresponds to the inorganic LIC
electrolyte. It is evident that the amount of polymer is signifi-
cantly higher around the LIC particles in SEBS HSE (Fig. 6a)
than in PIB HSE (Fig. 6b), which probably leads to a smaller
number of connected LIC particles in SEBS HSE than in PIB
HSE.

The stack images obtained from cryo-plasma FIB-SEM were
used to generate 3D models of the inorganic and polymer
binder regions of the HSEs to investigate the structure of the
hybrids in detail.”** An automatic running threshold (Avizo 8.1
software, FEI) algorithm was used to separate the inorganic and
polymer HSEs components. The results are shown in Fig. 7, with
the combined inorganic phase (gray) and colored polymeric

View Article Online
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phase (blue for SEBS and orange for PIB) depicted in Fig. 7a and
d, respectively.

It is important to note that both hybrids do not present any
porosity that could interfere with ionic transport. In fact, the
vast majority of the conducting inorganic particles are con-
nected (Fig. 7b and e) with only a small fraction of isolated LIC
electrolyte for the total volume of both HSEs with 0.4% for SEBS
HSE and only 0.03% for PIB HSE (Fig. 7c and f, respectively).
Interestingly, the amount of those unconnected inorganic
grains is 13 times higher for the HSE based on the ordered
nanostructured block copolymer SEBS (Fig. 7c) compared to the
disordered HSE with the homopolymer PIB binder (Fig. 7f). This
is consistent with the enhanced transport properties (ionic
conductivity and “Li diffusion results) for PIB HSE than SEBS
HSE, as discussed in Fig. 4.

Generally, an ideal solid-state electrolyte is composed of
a percolated network of clusters or particles with the lithium
ions moving across the electrolyte in a straight line. However,
this movement is disrupted by the presence of the non-
conducting polymer binder in HSEs, introducing tortuosity to
the system, affecting the percolated network, and worsening the
transport properties as the ionic pathways are disturbed. Using
a similar methodology to that of Duan et al.,”* the inorganic LIC
separated clusters and their corresponding connected mass
centers were determined, as shown in Fig. 8. The colors of the
clusters in Fig. 8a and c are assigned randomly. SEBS HSE
presents a significantly higher amount of smaller LIC clusters
(Fig. 8a) than PIB HSE (Fig. 8c), and therefore, a more tortuous
percolated network, which is translated into inferior ionic
transport properties in SEBS HSE. The presence of larger LIC
clusters in PIB HSE decreases the tortuosity for the Li-ion
pathway, reducing also the contribution of grain boundaries,
which translates to facilitated ionic transport across the hybrid.
The connectivity of the inorganic phase in both our hybrids was
confirmed by presenting each connected mass centers of inor-
ganic clusters, as shown in Fig. 8b and d. The images of SEBS
HSE (Fig. 8b) and PIB HSE (Fig. 8d) show the percolated struc-
ture with all the inorganic clusters connected (depicted as solid
lines), allowing the movement of Li-ions. The colored spheres
represent the size of the LIC clusters in Fig. 8a and c, and the
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Fig. 5 (a) lonic conductivity () at 25 °C as a stack pressure function for SEBS HSE, PIB HSE and LisInCl, with solid lines to guide the eye. (b) “Li

diffusion (D(Li)) vs. pressure at RT for SEBS HSE.
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Fig. 6 Cross-sectional SEM images of (a) SEBS HSE and (b) PIB HSE.

color gradient scales correspond to the LIC clusters in SEBS HSE
and PIB HSE, respectively. The connected mass centers of
inorganic clusters present a bigger size for PIB HSE, with the
majority typically ranging from 200 to 600 pm?® (represented by
yellow to red color in the corresponding scale bar in Fig. 8d),
compared to SEBS HSE (with majority clusters with the size
between 10-200 um®, corresponding to blue to green color as
the scale bar in Fig. 8b). Overall, the 3D reconstruction images
prove the different connectivity of the LIC phase in our hybrids,
influencing the ionic transport. These results indicate that Li-
ion transport in inorganic-rich HSEs composed of non-
conducting polymers depends on the polymer morphology
(ordered or disordered), which alters the sizes of inorganic
clusters, and therefore, the percolated inorganic network,
thereby interfering with the tortuosity of the lithium pathways
in HSEs.

a) SEBS HSE

10 pm

d) PIB HSE

10 pm

b) percolated Li;InClg

e) percolated Li;InCl,
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To clarify the polymer morphology effect on the transport
properties of HSEs, conducting oscillatory shear measurements
were performed on neat polymers (SEBS and PIB) and HSEs, as
shown in Fig. 9. Firstly, the storage (G') and loss (G”) moduli
were measured in oscillatory frequency sweep in the range of
frequencies from 0.006 rad s~ to 100 rad s~ " for neat polymer
binders (SEBS and PIB at their processing temperatures (above
their T,): 200 °C and 180 °C, respectively).

The storage (G') and loss (G”) moduli (left side y-axes in
Fig. 9a and b) are higher for SEBS (2.9 x 10° Paand 1.1 x 10° Pa
at 10 rad s, respectively) than PIB (2.1 x 10° Pa and 0.6 x 10°
Pa at 10 rad s~ ', respectively), demonstrating higher resistance
to the flow of SEBS. The crossing point at low angular
frequencies where G” surpasses G’ values indicates the transi-
tion from elastic solid to viscous behavior in viscoelastic
materials. The viscoelastic responses of neat PIB show the

¢) unconnected Li,InClg

10 pm

10 um 10 um

Fig.7 3D reconstruction of (a) and (d) as SEBS HSE and PIB HSE with LizInClg in grey and polymer in color (blue for SEBS and orange for PIB), (b)
and (e) as percolated LizInClg inorganic grains, and (c) and (f) as unconnected LizInClg grains for SEBS HSE and PIB HSE, respectively.
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a) Li;InClg clusters in SEBS HSE

10 um

c) Li;InCl; clusters in PIB HSE d)
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Fig. 8 Separated clusters of inorganic material (LizInClg) from cryo-plasma FIB-SEM images for (a) SEBS HSE and (c) PIB HSE, and connected
mass centers of clusters for (b) SEBS HSE and (d) PIB HSE with corresponding color gradient scales.

tendency towards a terminal viscoelastic zone typical of
homogeneous melts, where G’ ~ w” and G” ~ w. However, SEBS
shows a predominantly elastic response (G’ > G”) with a depen-
dence of G ~ w°* and G’ ~ w®®, a result consistent with the
presence of ordered microstructures as reported by Kossuth
et al. for block copolymers. These authors reported G’ ~ w°> and
G' ~ w® for systems with hexagonal and lamellar phases,
respectively, and G’ independent of frequency for the cubic
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arrangement. The observed power-law frequency dependence of
0.35 is very similar to the reported value for hexagonal phase
systems. This change in properties can also be followed by
a change in the phase angle (9) (right side y-axes in Fig. 9a and
b), with 0° for a fully elastic material to 90° for a fully viscous
material. The clear bump (i.e., the presence of a low frequency
6 maximum), not exceeding 45°, visible for SEBS at 0.1 rad s~
corresponds to the relaxation of microdomains (Fig. 9a), while
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Fig.9 G’ and G” moduli (left axis) and ¢ (right axis) as a function of angular frequency for (a) SEBS at 200 °C, (b) PIB at 180 °C, (c) SEBS HSE at 200 °

C and (d) PIB HSE at 180 °C.
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the continuous increase of 6 up to 90° for PIB corresponds to the
lack of any ordered structure of the homopolymer.” It is
important to mention that block copolymers, which melt at T <
Topr (like SEBS, which melts at 200 °C but its Topr is at
temperatures higher than 300 °C),** double constraint to
motion suffers from midblock flexible chains owing to (a) chain
entanglements (provided that the molecular weight of the
midblock polymer is higher than its entanglement molecular
weight) and (b) chain bridging between end blocks, leading to
interconnected microdomains. However, in the disordered state
(T> Topr), ordered microdomains disappear and chains are free
to move: then 6 — 90° at low frequencies and the spectrum
resembles that of homopolymers, reaching the terminal flow
zone without secondary relaxations. Therefore, the selected
temperature during the processing step for HSE, which is
comprised of block copolymers, will be a key parameter.

In Fig. 9c and d, the small amplitude oscillatory shear sweeps
for SEBS HSE and PIB HSE at their processing temperatures (200 ©
C and 180 °C, respectively) are plotted. The storage (G') and loss
(G") moduli are higher for HSEs than for neat polymers due to the
presence of the inorganic material; however, the trend is similar
to that of neat polymers. SEBS HSE exhibits storage and loss
moduli of 1.6 x 10% Paand 3.1 x 10" Paat 10 rad s, respectively,
with a 552 and 282 times increase in the corresponding moduli
when compared to neat SEBS. In contrast, PIB HSE exhibits
storage and loss moduli of 1.2 x 10” Pa and 3.6 x 10° Pa at 10 rad
s, respectively, with a 57 and 60 times increase in the corre-
sponding moduli compared to the neat PIB. The storage modulus
increase in PIB HSE is about 9.7 times less when compared to the
G’ change in SEBS HSE. Moreover, similarly to neat polymers, no
crossing point for G’ and G” values was observed for SEBS HSE,
unlike PIB HSE at 0.1 rad s™'. In the case of HSEs, the low-
frequency region is limited to approximately 0.03 rad s . The
hybrid structures are highly sensitive to deformation; thus, a low
amplitude was applied to preserve the linear viscoelastic condi-
tions, which reduced the signal at lower frequencies. Despite this,
itis still possible to identify the polymer relaxation patterns of the
neat polymers in the hybrid systems. Similarly to Fig. 9a, the clear
bump in phase angle that does not exceed 45° is observed for
SEBS HSE at 0.1 rad s~ related to the microdomain relaxation of
the SEBS polymer binder (Fig. 9c), whereas the continuously
increasing delta value recorded for PIB HSE (Fig. 9d) corresponds
to the relaxation of the polymeric chain undisturbed by any
structure of the material as seen for neat PIB (Fig. 9b). These
results indicate that the SEBS chain mobility in SEBS HSE
requires relaxation times larger than the PIB chain mobility in
PIB HSE due to blocking effect of the ordered morphology.
Therefore, at the same pressure and time of the processing step,
SEBS in SEBS HSE requires more time to accommodate its
structure, and in turn, to percolate inorganic electrolyte particles
in contrast to PIB in PIB HSE, which flows due to its disordered
morphology, allowing to achieve more connected LIC particles.
Consequently, the rheological results support the conductivity,
lithium diffusion and structural results of the hybrids and
confirm the crucial impact of the non-conducting polymer
structure (ordered or disordered) on the transport properties of
HSEs.

This journal is © The Royal Society of Chemistry 2025
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Finally, the limiting current density of HSEs was evaluated by
conducting lithium plating and stripping tests in a lithium
symmetric cell configuration to investigate the impact of the
polymer morphology on the electrochemical performance of
HSEs. As the electrolytes investigated in this work are LIC-
based, it is well known that they require the application of an
interlayer to avoid side reactions with Li metal.>”** The LigPSsCl
(LPSCI) sulfide electrolyte was chosen as the protecting layer
because it has already been reported as an interlayer enabling
the electrochemical characterization of LizInClg with Li
metal.>**° First, the galvanostatic cycling of a lithium symmet-
rical cell with a LPSCI pellet at different current densities (25,
50, 100, 200, 400, 800 and 1000 uA cm ™) at 25 °C was performed
to evaluate the critical current density of the inorganic inter-
layer for further applications with HSEs. The detailed prepara-
tion of the setup used for these measurements is explained in
the Experimental part. The results are presented in Fig. 10a with
the corresponding cell configuration schemes. LPSCI exhibits
a stable potential from 25 pA cm™? to 400 pA cm ™~ ?; however,
a voltage drop indicating dendrites or short-circuit is observed
from 800 pA cm ™ ? to 1000 pA cm?, demonstrating the stability
of the argyrodite interlayer up to 400 pA cm ™2

Furthermore, the LPSCI interlayer was applied on both sides
of the HSEs in the Li-symmetric cells to investigate the limiting
current density for each of our hybrids using the same protocol
with different current densities as for the Li|LPSCI|Li cell. The
results of lithium plating and stripping at RT and 10 MPa, along
with the corresponding cell configurations, are presented in
Fig. 10b and c for SEBS HSE and PIB HSE, respectively. The cell
potential of the SEBS HSE remained stable (around 35 mV) at 25
HA cm~? and exhibited voltage instability after applying 50 pA
em > The potential values vary significantly with a further
increase in current density until 1000 pA cm 2. The unstable
voltage curve and increased overpotential during the Li
stripping/plating test indicate a significant ohmic resistance in
the SEBS HSE cell, which is likely correlated to the sluggish Li"
transport within the SEBS, based on the previous discussion.
However, lithium plating and stripping measurements for cells
with PIB HSE presented a stable potential for each current
density, from 28 mV to 420 mV for 25 uA ecm ™ to 400 A cm ™2,
respectively, which is consistent with the critical current density
also observed for LPSCI, although achieving higher over-
potential values when compared to SEBS HSE (up to 160 mV at
400 pA cm2). The cell with PIB HSE exhibited notable potential
variations at 800 pA cm™? and, even more, at 1000 pA cm 2.
These results are in line with our previous observations from
ionic transport investigations, 3D reconstructions and rheology
measurements for the HSEs. The hybrid based on an ordered
block copolymer (SEBS) features ionic pathways with increased
tortuosity, and probably, the inorganic particles are not suffi-
ciently connected to maintain the higher current density in
contrast to the HSE based on the disordered polymer (PIB),
which promotes ion conduction within the LIC network. To the
best of our knowledge, these findings provide, for the first time,
insight into the choice of non-conducting polymer binders
based on their morphology and the design of the HSEs with
improved Li-ion transport properties.
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Fig. 10 Electrochemical performance of (a) LPSCl pellet and (b) LPSCI/SEBS HSE/LPSCl and (c) LPSCI/PIB HSE/LPSCL Li symmetric cells under
different current densities ranging from 25 to 1000 pA cm™~2 at RT and 10 MPa, with the corresponding configurations shown below.

Conclusions

In summary, we have investigated the effect of polymer
morphology on transport properties, comparing an ordered
nanostructured block copolymer SEBS and a disordered homo-
polymer PIB in inorganic-rich hybrid solid electrolytes (HSEs)
based on a halide electrolyte (LizInClg). After electrolyte process-
ing, no pressure effect was observed on the ionic conductivity of
the flexible electrolyte membranes (~30 pm), which is beneficial
for implementation in ASSB manufacturing lines. The ionic
transport was more thermally activated for PIB HSE (0.24 eV) than
for SEBS HSE (0.17 eV), reaching ionic conductivities of 0.39 x
107*Scm ' and 0.23 x 107* S cm ™! at 30 °C, for PIB HSE and
SEBS HSE, respectively. Moreover, PIB HSE presented improved
cycling performance and a higher critical current density (CCD)
(400 pA cm?) than SEBS HSE (25 pA cm ™ ?). Cryo-plasma FIB-
SEM images and rheology results indicate that the disordered
elastomer polymer binders lead to more connected LIC particles,
and therefore, promote more ion-conducting channels in the
inorganic LIC electrolyte compared to the nanostructured ones.
Moreover, rheology results indicate that HSEs composed of non-
conducting block copolymers should be processed in the disor-
dered state (T> Topr), in which ordered microdomains disappear
and chains are free to move, reaching the terminal flow zone.
Consequently, the processing temperature of HSE is a key
parameter to get optimized HSEs. We believe that our results
shed new light on the choice and design of non-polar polymer
structures for obtaining hybrid electrolytes with improved ionic
transport properties for battery application.
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