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Effect of particle size on the slurry-based
processability and conductivity of t-Li;SiPSg¥
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Duc Hien Nguyen,
and Bettina V. Lotsch

All-solid-state batteries (ASSBs) promise higher energy and power densities and improved safety over
lithium-ion batteries (LIBs) by using non-flammable solid electrolytes (SEs), with thiophosphate-based SEs
having the highest ionic conductivities. In this study, we present the slurry-based processing of tetragonal
Li;SiPSg (t-Li;SiPSg) into freestanding SE-sheets using six different slurry formulations based on anisole,
p-xylene and toluene as solvents and polyisobutene (PIB) and two hydrogenated nitrile butadiene rubbers
(HNBR-17 and HNBR-34) as binders, respectively. We systematically investigate their chemical compatibil-
ity and morphology and show the effect of different particle size distributions on the slurry-based proces-
sability. Depending on the particle size, significant differences are observed in sheet homogeneity and
relative density. Specifically, higher ionic conductivities are observed for sheets based on larger particles,
likely stemming from smaller inter-particle grain boundary effects as demonstrated by electrochemical
impedance spectroscopy (EIS). We confirm the positive correlation between Li diffusivity and particle size
through pulsed field gradient nuclear magnetic resonance (PFG NMR) experiments, with larger particle
sizes resulting in higher diffusivities. Our study suggests a beneficial effect of larger particles for SEs in
terms of transport properties and can be considered as a strategy to maximize the performance of future
ASSBs.

This study investigates the slurry-based processability of the Earth-abundant superionic conductor tetragonal Li,SiPSg using different slurry formulations,
and highlights the significant effect of particle size on the transport properties of the obtained Li;SiPSg-sheets.

1. Introduction

(SE) replaces the flammable organic electrolyte found in con-
ventional LIBs. This can significantly improve battery safety,

To date, lithium-ion batteries (LIBs) are considered the domi-
nant technology for electrical energy storage, powering most
electronic devices while demonstrating high reliability and
cyclability.! However, LIBs are approaching their capacity
limits, and with increasing safety and environmental concerns,
other energy storage systems are being considered for future
battery generations.” One promising contender is the all-solid-
state battery (ASSB), in which a nonflammable solid electrolyte
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yield higher energy densities by roughly 70%, and facilitate
faster charging compared to conventional LIBs.>* These pro-
perties are particularly relevant in applications such as electric
vehicles and mobile devices, where fast charging times and
high energy densities are required. Among the different SE
types, sulfide-based and particularly thiophosphate-based SEs
have gained much attention since the discovery of Li;(GeP,S1,
(LGPS) with an ionic conductivity of up to 12 mS cm™", exceed-
ing those of polymer-based, oxide-based and liquid electro-
lytes.® Besides their high conductivity, these materials possess
favorable mechanical properties such as lattice softness and
ductility.®® This allows for better contact with the electrodes,
effectively lowering interfacial resistance, and better adapta-
bility to volume changes during battery cycling.”'® Most ASSB
cells reported are usually based on newly developed pelletized
SEs with much attention being catered to the analysis of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interfacial properties or cycling behavior and degradation
phenomena.’ ™ The thicknesses of the pelletized SEs need to
be ideally less than 100 pm to be competitive with current
LIBs.'* For the large-scale production of ASSB cells, however,
pelletized SEs are unsuitable due to the challenges of their
implementation into continuous production lines."”” Thus,
ASSB cells are often limited to small-scale laboratory cells. In
contrast to this, thin sheet-like SE-based layers can be pro-
duced from slurry-based processing, which is more attractive
for industrial scalability.'® In combination with a densification
step via calendaring, a continuous roll-to-roll process can be
established, which is promising in reducing costs and thus
attractive for industrial applications. General challenges in
slurry-based processing involve, for example, achieving a
uniform dispersion of SE particles to prevent agglomeration,
obtaining dense sheets with uniform thicknesses, or finding
the right blend of solvent and binder with good viscosity
suited for processing, and most crucially, preventing the
decomposition of the SE. In recent years, more studies on
appropriate slurry formulations for the fabrication of SE-based
separator sheets have been conducted.””>* Sulfide-based SE
layers based on crystalline LGPS and glass-ceramic LPS were
first reported by Nam et al. in 2015. These layers were pro-
cessed with polymer scaffolds (non-woven porous polymeric
materials), which enabled flexibility and exhibited a thickness
of around 70 pm.?® Attempts to reduce the cost of LGPS by sub-
stituting Ge with Si, making it more viable for large-scale pro-
duction, were reported with Lig 54511 74P1.44511.7Clo 5 exhibiting
a remarkable room temperature ionic conductivity of
25mS cm .24

In a recent study,>® tetragonal Li,SiPSg (¢-Li,SiPSg), which is
isostructural to LGPS and first reported by Harm et al.,”” was
subjected to a variety of solvents, ranging from protic polar to
aprotic non-polar. The authors concluded that aprotic solvents
with donor numbers smaller than 15 kcal mol™ are suitable
for wet-processing of ¢-Li,SiPSg, as only an amorphous side
phase was observed to react with the solvents to form polysul-
fide species. Based on these results, we present the slurry-
based processing of t-Li,SiPSg to fabricate freestanding SE-
sheets using anisole, p-xylene and toluene as solvents and
polyisobutene (PIB) and two hydrogenated nitrile butadiene
rubbers (HNBR-17 and HNBR-34) as binders, respectively.
With a total of six different slurry formulations, we systemati-
cally investigate the morphology of the processed SE-sheets
and demonstrate that only negligible chemical decomposition
of ¢-Li;SiPSg occurs, highlighting the compatibility between
our SE, solvent and binder. Moreover, we show the impact of
different particle size distributions of ¢-Li,SiPSg on the slurry-
based processability and the resulting SE-sheet morphology
while also examining their influence on the ionic conduc-
tivities via electrochemical impedance spectroscopy (EIS).
Finally, we show a positive correlation between diffusivity and
particle size through pulsed field gradient nuclear magnetic
resonance (PFG NMR) experiments and demonstrate that
larger particle sizes result in higher diffusivities and, by exten-
sion, higher ionic conductivities.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Results and discussion

2.1. Effect of the binder and solvent on ¢-Li,SiPSg sheets

Fig. 1 depicts the sheets fabricated from the fraction with a
particle size distribution of <50pm and processed with
different binders and solvents. In our experiments, the solubi-
lity of the binders in the solvents was identified as a critical
prerequisite for successful sheet fabrication. With combi-
nations of HNBR-34/p-xylene, HNBR-34/toluene and PIB/
anisole, reasonable processing was not possible due to the
insolubility of the binders in the respective solvents, thus
resulting in overall six slurry formulations only (see the ESIY).
Processing with HNBR-17 results in homogeneous sheets with
well-defined edges regardless of the solvent used (Fig. la—c).
The opposite is observed when HNBR-34 is used as the binder
with anisole (Fig. 1d). While still homogeneously dense, the
resulting sheet is less defined with jagged edges. It should be
noted that the sheet initially shows well-defined edges directly
after doctor blading but forms jagged edges and shrinks as it
dries. Apparently, the high polarity of the solvent and binder is
unsuitable for ensuring good adhesion to the substrate foil.
Processing with PIB (Fig. 1e and f) also results in homo-
geneous sheets with well-defined edges similar to the case
with HNBR-17. From these observations, it appears that the
type of binder has a significant influence on the resulting
sheet quality, with less polar binders (here: HNBR-17 and PIB)
being more favorable. Among the investigated solvents,
toluene is preferred over anisole and p-xylene due to its higher
vapor pressure, which leads to easier evaporation under
ambient conditions.

Scanning electron microscopy (SEM) was employed to inves-
tigate further the identified morphological differences in the
different fabricated sheets (Fig. S2t). When #-Li,SiPSg is pro-
cessed with HNBR-17 in anisole (Fig. S2at), a rough surface
with voids is observed at low magnification (top row). The
rough surface coupled with voids likely leads to lower ionic
conductivities due to the lack of intimate particle contact,
effectively decreasing the number of pathways for Li diffusion.
The surface particles appear to be interconnected and individ-
ual grains are visually indistinguishable from each other.
Interestingly, at higher magnification (middle row), a translu-
cent binder layer, connecting individual particles, is visible.
Processing with HNBR-17 in p-xylene (Fig. S2bf) and toluene
(Fig. S2ct) results in similarly rough surfaces due to the
random but homogeneous distribution of agglomerated par-
ticles. Unlike before, no flattened morphology or translucent
binder layer can be observed. The processing of t-Li,SiPSg with
HNBR-34 in anisole (Fig. S2dT) appears to be denser compared
to its HNBR-17 counterpart. Finally, processing with PIB in
p-xylene (Fig. S2et) and toluene (Fig. S2ff) yields less rough-
appearing sheets compared to those obtained with the
HNBR-17 equivalent.

Next, energy dispersive X-ray spectroscopy (EDX) mappings
of carbon in the sheets (Fig. S2,} bottom row) were recorded.
As the binder is the sole carbon source, the mapping qualitat-
ively reflects the binder distribution within the sheets. It can

EES Batteries, 2025, 1,824-832 | 825
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e) PIB/px

f) PIB/tol

d) HNBR-34/ani i
~

Fig. 1 Abbreviations used in the figure: ani for anisole, px for p-xylene, and tol for toluene. Top-view photographs of t-Li;SiPSg sheets processed
with: (a) HNBR-17 in anisole, (b) HNBR-17 in p-xylene, (c) HNBR-17 in toluene, (d) HNBR-34 in anisole, (e) PIB in p-xylene and (f) PIB in toluene. The
depicted sheets were obtained from the fraction having a particle size distribution of <50 pm and a SE : binder ratio of 90 : 10 wt%.

be observed that the binders are homogeneously distributed
across all sheets. While this suggests the effectiveness of the
slurry mixing procedure, the homogeneous binder distribution
may also lower the ionic conductivity if all SE particles are
encapsulated by the binder, which acts as a resistive interface.
The mappings of the remaining elements are summarized in
Fig. S3t1 and, similar to the carbon mapping, show a homo-
geneous distribution.

2.2. Effect of particle size fractions on ¢-Li,SiPS; sheets

To discuss the effect of the different particle size fractions on
the t-Li;SiPSg sheets, some key terms related to crystallites
(also primary particles), aggregates (also secondary particles),
agglomerates, and their relationship need to be defined for a
better understanding, as shown exemplarily in Fig. 2. While
aggregates consist of firmly fused primary particles that are
randomly oriented in spatial directions (indicated by the gray
lines as thought Miller planes), agglomerates are loosely
bound assemblies of either primary particles and/or aggre-
gates. Here, we differentiate between intra-particle grain
boundary (blue line, within an aggregate/secondary particle
between primary particles) and inter-particle grain boundary
(between aggregates).”® For the purpose of this study, “par-
ticles” will refer to secondary particles unless otherwise
specified.

Initially, the quality of the sheets varied largely in terms of
packing density and homogeneity. SEM images (Fig. S47)
revealed that the reason for this was the broad and random
particle size distribution of #Li,SiPSg obtained from manual
grinding of the product after solid-state synthesis. To investi-
gate the effect of particle size distribution on the sheet quality,
the material was sieved and divided into three different frac-

826 | EES Batteries, 2025, 1, 824-832

—— Aggregate ———

intra-particle GB
(secondary particle) -

O sisa/PS,
[ Ps4
oLt

4 inter-particle GB

~—— Agglomerate ——
(of secondary particles)

Fig. 2 Top: Illustration of an aggregate (secondary particle) consisting
of various primary particles (crystallite) with different orientations (gray
lines as thought Miller planes) and their intra-particle grain boundaries
(blue lines). Bottom: Illustration of an agglomerate, consisting of several
aggregates. The red dots depict inter-particle grain boundaries. It
should be noted that the abbreviation GB stands for grain boundary.

tions with particle size distributions of <50 pm, 50-100 pm and
>100 pm. The effect of the particle size distribution on the
obtained sheets is exemplarily given for the couple HNBR-17
and p-xylene. Sheets composed of >100 pm particles do not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have well-defined edges (Fig. 3a). Instead, the sheet is inhomo-
geneous, coarse, and dense only at its top. Its density gradually
decreases along the sheet, especially at the sides. Apparently,
the time between the application of the slurry to the applicator
and the doctor blade is sufficient for the larger, heavier par-
ticles to sediment, leading to an inhomogeneous particle dis-
tribution within the slurry. In contrast, the quality of the sheet
improves as the particle size distribution decreases (Fig. 3b
and c). This observation is particularly apparent for the sheet
comprised of <50 pm particles (Fig. 3c), where no faded areas
related to a loss in particle density can be observed. SEM
images corroborate the findings from the optical inspection.
Even at moderate magnifications, it is obvious that the sheets
consisting of particles >100 pm have a rough and inhomo-
geneous morphology. This is also reflected in the mechanical
stability during sample handling, as these sheets tear apart
easily. On the other hand, the most convenient sample hand-
ling was observed for sheets made of particles <50 pm. This
can be ascribed to their uniform and dense packing with
overall homogeneously distributed particles. At higher magni-
fications, it can be seen that all sheets, regardless of their
sieving fraction, have similar morphologies and that the par-
ticles are composed of aggregates of different sizes.

2.3. Chemical stability of ¢-Li,SiPSs sheets

Another important factor in slurry-based processing is the
chemical inertness of t-Li,SiPSg to the binder and solvent.
Therefore, slurries containing <50 pm-sized ¢-Li,SiPSg particles
were stirred for an extended period (3 days) at room tempera-
ture and then processed the same way as described before.
From the X-ray powder diffraction (XRPD) pattern, it can be
seen that the crystal structure of the processed ¢Li,SiPSg
(Fig. 4a) is still preserved even after 3 days of stirring, as the
reflections are sharp and no new reflections or lack thereof are
observed. However, when compared to the diffraction pattern
of pristine ¢Li,SiPSg (Fig. 4b), an increased diffuse background
intensity is observed and can be attributed to the amorphous
binder and/or partial amorphization of #Li,SiPSg. The results
indicate that the long-range order of the crystal structure of
t-Li,SiPSg is not noticeably affected by the processing
procedure.

To complement the diffraction data, "Li, *°Si (Fig. S5a and b,}
respectively) and *'P solid-state NMR (ss-NMR) was per-
formed to investigate changes in the local structure of the com-
pounds. In the *'P NMR spectrum (Fig. 4c), the signal at
94 ppm corresponds to isolated PS,*~ units at the 4d site (occu-
pied by Si and P), while the signal at 73 ppm is attributed to
the 2b phosphorus site (solely occupied by P). The additional
signals at 86 ppm and 84 ppm are attributed to the amorphous
LizPS,-type ortho-thiophosphate and the polymeric PS;™ side
phases, respectively.”® After slurry processing, neither shifts nor
additional peaks are observed, thus further confirming the
stability of ¢-Li,SiPSg to the processing conditions. Interestingly,
the amorphous phase appears to be slightly affected by slurry
processing as the phase fraction decreases from 16 at% in the
pristine sample to 12at% after toluene (Fig. 4c, orange) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a) | Li;siPSg/HNBR-17 sheet, > 100 ym

Fig. 3 Comparison of t-Li;SiPSg sheets (with HNBR-17 in p-xylene)
containing different fractions of particles (top row): (a) >100 um, (b)
50-100 pm and (c) <50 pm and the corresponding SEM images high-
lighting the deviating morphologies at moderate magnifications. At
higher magnifications, a similar morphology with similar-sized agglom-
erates is observed.
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(@) XRPD pattern of an exemplary sheet, processed from t-Li;SiPSg stirred for an extended period of 3 days with HNBR-17 in p-xylene. It

shows an amorphous background between 0 and 35 stemming from the binder. (b) XRPD pattern of pristine t-Li;SiPSg powder. (c) *'P NMR spectra
of t-Li;SiPSg processed sheets with HNBR-17 in toluene (orange), anisole (red), p-xylene (blue) and pristine t-Li;SiPSg powder (black). The gray peaks
are attributed to PS,* units and the pink peaks are assigned to amorphous LizPS,4-type ortho-thiophosphate and polymeric PSs~ side phases. XPS
signals in the S 2p and P 2p regions of the t-Li;SiPSg sheets processed with: HNBR-17 (d, h) in p-xylene, (e, i) in anisole, (f, j) in toluene and (g, k) pris-
tine t-Li,SiPSg powder. The orange peaks are attributed to PS>~ and SiS;*~ units while the blue peaks are assigned to Li>SiSs and P-[S],-P-type

anions.

anisole (Fig. 4c, red) exposure. In a previous study, reduced
amorphous phase content was observed when #Li,SiPSg was
treated with solvents with donor numbers (DN)
>15 kecal mol™".>® Water impurities can increase the DN value of
the solvents used in this study. However, to approximate indus-
trial applications, the solvents were not further dried or puri-
fied. The structural studies revealed that neither the local
environment nor the bulk structure of ¢Li,SiPSg appears to be
affected by the slurry-based processing.

To obtain further insights into the surface of the SE-sheets,
X-ray photoelectron spectroscopy (XPS) in the S2p and P2p

828 | EES Batteries, 2025, 1, 824-832

region was conducted on the sheets processed with HNBR-17
in every solvent combination (Fig. 4d-f and h-k) and com-
pared to the pristine sample (Fig. 4g and k). The orange
marked peaks at 161.3 eV in the S 2p spectrum and at 131.8 eV
in the P 2p spectrum are assigned to PS,*>~ and SiS,"”, respect-
ively. The blue marked peaks between 162.5-163.5eV (S2p
region) and 132-132.6 eV (P 2p) are attributed to Li,SiS; and P-
[S].-P-type anions.'>?°7!
type compounds are found on the pristine sample in the S2p
spectrum, but the latter is found in the P 2p spectrum. These

Interestingly, no Li,SiS; or P-[S],-P-

compounds are likely unavoidable side products that form

© 2025 The Author(s). Published by the Royal Society of Chemistry
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during synthesis, as demonstrated in a previous study.™® Aside
from these peaks, no additional features are observed that
could potentially hint at other (decomposition) products.
Based on XRPD, ss-NMR, and XPS analysis, we conclude that
t-Li,SiPSg is largely stable under our processing conditions
and maintains its structural and compositional integrity.

2.4. Conductivity measurements on ¢-Li,SiPSg sheets

Although the morphology and chemical stability of the
t-Li,SiPSg sheets certainly play an important role, the ionic
conductivity is the decisive factor in evaluating their perform-
ance. It has already been shown that the ionic conductivity
suffers when polymeric binders are incorporated. This effect is
even more severe when the binder encapsulates the SE par-
ticles rather than being present as granular domains between
the particles.***® However, the conductivity of several SEs can
also be increased with denser packing of particles as demon-
strated in previous studies.”****° As the cell pressure affects
the packing density, all EIS measurements for lithium ion con-
ductivity were performed with an operating cell pressure of
4MPa at room temperature. The operation cell pressure
denotes the pressure applied during measurement. The
Nyquist plots of exemplary sheets (HNBR-17 in toluene) con-
sisting of different particle size fractions are compared with
that of pristine ¢-Li,SiPSg powder and summarized in Fig. S6.}
For better comparison, the plots were normalized to the cell
constant. As expected, due to the absence of a binder, pristine
t-Li,SiPSg shows the lowest resistance, while for the sheets it
increases with decreasing particle size. In other words,
t-Li,SiPSg sheets composed of smaller-sized particles suffer
from higher resistance, which we assume to be related to an
increased inter-particular grain boundary resistance.

Fig. 5a summarizes the ionic conductivities of the pristine
t-Li,SiPSg powder (black) and the sheets prepared from
different particle size fractions using different solvents and
binders. The highest conductivity is observed for the pristine
t-Li,SiPSg powder (3 mScm™). In contrast, the conductivities
of the sheets are consistently one order of magnitude lower. As
implied previously by the Nyquist plot, the conductivities are
consistently higher for sheets incorporating larger-sized par-
ticles than smaller-sized ones, regardless of the binder or
solvent used. Processing with either HNBR-17 (Fig. 5a, red) or
PIB (Fig. 5a, green) results in similar conductivities. In both
instances, toluene seems to have a slight advantage over the
other solvents, reaching up to 0.3 mS cm™". Out of all solvent/
binder combinations, sheets processed with HNBR-34 in
anisole (Fig. 5a, blue) result in the lowest conductivities. Using
a more polar binder and solvent in the slurry formulation
results in a lower ionic conductivity of the sheet. The conduc-
tivity of a sheet obtained by PIB in toluene and unsieved
t-Li,SiPSg particles (Fig. 5b, purple) is also included. While the
conductivity is higher than those obtained with sheets com-
posed of <50 pm particles, it is also accompanied by a con-
siderably larger error bar compared to the other sheets. This
can be explained by the inhomogeneous particle size distri-
bution after manual grinding, leading to morphologically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Conductivities of pristine t-Li;SiPSg pellets (black, no solvent,
and no binder) and t-Li,;SiPSg/binder sheets of different slurry formu-
lations (red: HNBR-17, blue: HNBR-34, green: PIB in their respective sol-
vents) and different particle size fractions. The conductivity of an
exemplary sheet (PIB in toluene) consisting of unsieved t-Li;SiPSg par-
ticles (purple) is also shown for comparison. Error bars reflect the devi-
ations among three individual samples. (b) Tracer diffusion coefficient as
a function of diffusion time as obtained by ’Li PFG NMR measurements
of t-Li;SiPSg sheets (with HNBR-17 in toluene) comprised of different
particle sizes.

inhomogeneous SE-sheets. Upon comparing SEM images of
the uncompressed (before EIS measurement) and compressed
(after EIS measurement) sheets (Fig. S7a-c), distinct differ-
ences in morphology are evident. Notably, for sheets com-
posed of particles >100 um (Fig. S7at), the initial rough mor-
phology with discernible individual aggregates appears signifi-
cantly flattened after compression. A similar trend of surface
flattening is observed in sheets composed of smaller particles.
At higher magnifications, we can see several strings, presum-
ably stemming from the binder, which were not visible in the
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uncompressed state. Interestingly, the sheet with particles
<50 pm (Fig. S7ct) exhibits a greater number of voids com-
pared to the sheet with particles in the 50-100 pum range
(Fig. S7bt) after compression. The lowest number of voids is
observed in the sheet containing particles >100 pm. This
observation is supported by the calculation of relative densities
(Fig. S7df) of the different sheets. Sheets composed of
>100 pm particles generally exhibit higher final relative den-
sities compared to those with particles <50 pm. In the former
case, this can be attributed to particle fragmentation into
smaller units that fill the voids, thus improving the microstruc-
ture. However, for sheets with smaller particle sizes, the expla-
nation is less straightforward. One potential reason may be the
absence of significant fragmentation, where instead, the
binder may stretch and separate individual aggregates.
Although the relative density of a sample is not a strong
descriptor for its impedance,®® the EIS measurements showed
a clear discrepancy based on particle size.

Therefore, we also employed PFG NMR spectroscopy on
sheets composed of different particle size fractions. With this
method it is possible to determine the “Li tracer diffusion
coefficients, DY, z, for lithium diffusion as a function of obser-
vation (diffusion) times, Axygr (Fig. 5¢). For an unrestricted
diffusion process, DY,z would remain constant for all Aymg.
However, we observe a steady decrease in the experimental
diffusion coefficients with increasing diffusion times, irrespec-
tive of the particle size fractions in the sheets. This suggests
that diffusion barriers restrict the diffusion process. Using the
formula

(2) = V2DRur - Anmr (1)

the diffusion length (z) can be estimated and results in values
ranging from 800nm to 2pm for diffusion times between
20ms and 150 ms, respectively (Fig. S7et). From PFG NMR
and Rietveld data, one can calculate the conductivity, onmg,
derived from DY, using the Nernst-Einstein equation:

tr 2,2
Dyyrhizee
kT

ONMR = (2)
where n is the charge carrier concentration, z is the charge of
the charge carrier, e is the elemental charge, k&, is the
Boltzmann constant and lastly T is the temperature. Assuming
that lithium motion is uncorrelated and that the Li2 site has
no contribution to the conductivity mechanism at room temp-
erature, as previously discussed in multiple studies on tetra-
gonal LGPS,**™*? 17 lithium atoms are available per unit cell
(943.44(6) A).*” This leads to owmr ranging from 3.7 to 5.5
(1)mSem™', where higher values are obtained with sheets
comprised of >100 pm and decrease with decreasing particle
size. The conductivities derived from the EIS measurements,
however, are one order of magnitude lower than the onmr
values. We ascribe this to the difference in the probed length
scale, as EIS is fundamentally a bulk analysis technique while
PFG NMR is not. In EIS measurements, limiting components
(i.e. binder) are also included, which influences the conduc-

830 | EES Batteries, 2025, 1, 824-832

View Article Online

EES Batteries

tivity, while the PFG NMR measurements are sensitive to inter-
mediate, inter-particle length scales (nm to micron) where the
binder plays a less significant role. Considering that the mean
crystallite size of ¢-Li,SiPSg is about 150 nm according to XRPD
in all samples, the observed diffusivities reflect intra-particle
diffusion processes. Reduction in diffusivities can be attribu-
ted to barriers (i.e. intra-particle and inter-particle grain
boundaries) between different crystallites within and between
the polycrystalline particles. Sheets consisting of particles
<50pm generally show reduced diffusivities for “Li at all
diffusion times compared to those containing larger particles.
The reason for this observation is likely due to the fact that the
number of inter-particle grain boundaries, which we assume
to be the limiting factor for Li diffusion, in larger particles is
lower within a certain volume compared to smaller particles.
Not only is the number of inter-particle grain boundaries in
smaller particles higher, but also its surface area is exposed to
the binder, which likely further impedes Li diffusion. At a
short diffusion time of 20 ms, the diffusion coefficient for the
sheet with particles >100 pm (D, = 2.1 x 107" ' m*s™") is
approximately 1.4 times higher than that for the sheet with
<50 pm particles (D%, = 1.5 x 107" m?s™"). These values are
one order of magnitude higher than those of previously
reported benchmark LGPS (2.2 x 107* m*s™)*>*® or a hybrid
solid electrolyte of ¢-Li,SiPSg/LigPSsBr (5.5 x 107> m*s™")** but
similar to LissPS,5Cl (1.01 x 107''m?s™").*> The fact that
differences in diffusivity are observed even at these short times
indicates that intrinsic (within primary particles) bulk diffusiv-
ities, which should be similar across all particle sizes, are not
being measured. At longer observation times (150 ms), sheets
with smaller particles continue to exhibit lower diffusivities,
suggesting that “Li diffusion is more strongly impeded by
inter-particle grain boundaries in these samples. This behavior
is consistent with EIS measurements, which further support
the conclusion that larger secondary particles, with fewer
inter-particle grain boundaries, allow for easier Li diffusion. In
contrast, the increased inter-particle grain boundaries in
sheets with smaller particles likely create more resistance to
ion transport. In summary, the observed diffusivities of our
slurry-processed material exceed reported benchmarks by
almost an order of magnitude. This demonstrates that slurry
processing is an effective method for SE materials, enabling
the combination of high Li diffusivity in SE-sheets, a prerequi-
site for the performance of all-solid-state batteries, with indus-
try-ready continuous processing options.

3. Conclusions

In this study, six different slurry formulations based on three
different binder materials, HNBR-17, HNBR-34, and PIB, in
three different solvents, anisole, p-xylene, and toluene, were
evaluated for their compatibility to form solid electrolyte
sheets with ¢Li,SiPSg. We found that processing with less
polar binders such as HNBR-17 and PIB was more favorable in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtaining homogeneous sheets than with the polar binder
HNBR-34.

The chemical stability of ¢Li,SiPSg towards the processing
parameters was demonstrated by XRPD, MAS-NMR, and XPS,
respectively. In addition, XPS revealed that the surface of
t-Li,SiPSg sheets remains mainly unaffected and no evidence
of accumulation of decomposition products at the surface was
found.

Fabrication of sheets from the as-prepared ¢Li,SiPSg
powder after solid-state synthesis resulted in irregular sheets
with poor reproducibility, demonstrating the necessity of
sieving. We used three different sieved size fractions (<50 pm,
50-100 pm and >100 pm) and found that the quality and the
homogeneity of the processed sheets are heavily dependent on
the sieved particle size fractions. Specifically, sheets contain-
ing particles of a smaller particle size distribution showed
higher stability in handling and overall better homogeneity
due to a denser packing, whereas the opposite was observed
for sheets made of larger-sized particles.

In contrast, EIS measurements revealed that higher con-
ductivity values are obtained with sheets made of larger par-
ticle sizes, while the conductivity was found to decrease with
decreasing particle size. SEM images and relative density cal-
culations after EIS measurements further confirm that sheets
composed of >100 um particles exhibit higher relative den-
sities, likely due to the fragmentation of aggregates that
fill voids. In contrast, sheets with smaller particles (<50 pm)
show increased voids, potentially caused by binder stretch-
ing, leading to lower relative densities. 'Li PFG NMR spec-
troscopy results support these findings, demonstrating
higher diffusivities in sheets made of larger particles. This is
attributed to fewer inter-particle grain boundaries, which we
assume create more resistances for ion transport. In contrast,
smaller particles exhibit lower diffusivity due to a higher
number of inter-particle grain boundaries and increased
binder interaction, both of which limit Li diffusion. To con-
clude, the slurry processing of ¢Li,SiPSg to fabricate SE-
sheets was investigated. While t-Li,SiPSg is cheaper than
LGPS, it is also susceptible to hydrolysis, hence, slurry
processing needs to proceed under an inert atmosphere.
Furthermore, we observe a correlation between diffusivity and
particle size and attribute the higher conductivities for larger
particle-sized sheets to lower inter-particle grain boundaries
and less contact with the binder and to an increased relative
density. Although sheets with smaller particles offer advan-
tages in terms of processing and uniformity compared to
sheets consisting of larger particles, the enhanced ionic diffu-
sivity of the latter highlights the importance of optimizing
particle size and the microstructure for improved Li
transport.
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