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The rate performance of all-solid-state batteries can be limited by the low conductivity of the solid
electrolyte in the composite cathode. A conductivity of 10 mS cm™ is required, which exceeds that of
many solid electrolytes. This limitation can be attributed to intra- and inter-grain ion transport.
Understanding the limitations of ion transport is a multi-length scale problem ranging from single bond
hops to particle—particle transport. Here we show that spark plasma sintering of LigPSsCl not only
enhances ion transport on the macroscopic length scale but also on the microscopic scale. On the
macroscopic length scale, greater densification improves particle-to-particle contact. On the nanoscale,
short-range order (SRO) of the neighbouring 4a/4a and 4d/4d Wyckoff sites present in the cold-pressed

Received 21st March 2025, LigPSsCl produces unfavourable Li ion pathways through the cell. Spark plasma heating removes the
Accepted 19th August 2025 SRO, creating a connected network of microscopic pathways for the Li to migrate. Finally, on the ato-
DOI: 10.1039/d5ee01612f mistic level, spark plasma heating increases the amount of Cl™ residing on the 4d site and $%~ on the 4a

site. By understanding the limitations of ion mobility across a range of length scales, one can target
rsc.li/ees methods to produce solid-state argyrodite electrolytes with higher ionic conductivities.

Broader context

The development of better batteries is critical for decarbonisation of the transport sector. Replacing the liquid electrolyte currently used in commercial
batteries with a solid electrolyte has potential to provide batteries with much higher energy densities, through the use of Li-metal anodes. However, for this to
become a reality, solid state electrolytes with Li-ion conductivities exceeding 10 mS cm™" are required to enable practical charge and discharge rates. Using
X-ray and neutron total scattering, we have revealed the effect of short-range order (SRO) on lithium-ion transport in solid electrolytes for the first time. We
demonstrate that SRO is not beneficial to ion transport in solid-state electrolytes. By removing the short-range occupational order of CI~ and >~ in the anion
host lattice, the conductivity can be increased significantly. These insights pave the way for manufacturers to optimise synthetic conditions to control disorder
in lithium argyrodites, allowing for faster ion transport in all-solid-state batteries.
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Fig. 1 lon dynamics over a range of length scales. (a) The LigPSsCl structure with the 4a and 4d sites highlighted along with the primary ion transport
steps. (b) The two ion transport pathways between the two cages. For clarity, four Li* ion tetrahedra on the underside have been removed. Li is shown in
green, S in yellow, P in purple, S or Cl on a 4a site in red, and S or Cl on a 4d site in blue. (c) Electrochemical impedance spectroscopy (EIS) for cold-
pressed LigPSsCl (orange, 1.03 mS cm™) and spark plasma sintered LigPSsCl (blue, 6.05 mS cm™). The SPS re-pressed (pink, 2.55 mS cm™?) is a spark
plasma sintered LigPSsCl that was ground up and then re-pressed in to a disc, removing any improvements due to densification. (d) Pulsed field gradient
stimulated echo (PFGSTE) decay curves fitted to the Steskjal-Tanner equation at 303.1 K. (e) Cold-pressed disc and (f) SPS disc spin-lattice (R; = T, %,
wo = 155.54 MHz) and spin-lock (R, = Tlp’l, w1 = 6.67 kHz) relaxation over a temperature range from 123.1 to 443.1 K. The plots are fitted using the

Bloembergen—-Purcell-Pound (BPP) theory to give a Lorentzian peak, J(wot) CH(Z—;M' The lower temperature flank of the peak is typically affected
0

by coulombic interactions and disorder. The corresponding Ry and Ry, curves for the SPS re-press are given in Fig. S3.

mechanical properties making them a good candidate for Li (4a Wyckoff site). The central phosphorous of the PS,*" tetra-
SSBs.®™ Despite their growing importance, the key bottlenecks hedra occupy the available octahedral sites (centred at the 4b
that affect efficient Li* transport remain unclear. Wyckoff site), whereas the remaining S*>~ and X~ ions occupy

The LigPSsX structure (Fig. 1a), space group F43m, consists half of the tetrahedral sites (4d Wyckoff site).” The anionic
of a face-centred cubic arrangement of S~ and X~ halide ions scaffold forms a network of tetrahedral cationic sites capable of
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accommodating Li'. Deiseroth et al. introduced a ‘type’ form-
alism to differentiate between the various tetrahedra occupied
by Li*.?° The lowest energy site for Li* to reside is known as a
type-5 tetrahedra, defined by vertices containing the 4a and 4d
sites as well as two S from different PS,>~ units. Type-5 sites are
the most populated Li" environments in the structure, with
some studies showing half occupancy, which would account for
all the Li* in the structure.® These type-5 tetrahedra pair up
through an S-4d-S trigonal face forming a trigonal bipyramid.
This face accommodates the type-5a site which forms the lowest
energy hop in the Li* conduction pathway; (5 — 5a — 5), known
as the doublet hop, (Fig. 1la, purple). The type 5a site is
unoccupied when X = Cl, however when X = Br™ or I, 20%
of all Li" populate the type-5a site.>* Six triangular bipyramids
(twelve type 5 sites) form a cage around a central 4d environ-
ment. Li" can move between bipyramid units within the same
cage through type-2 sites; tetrahedra with vertices defined by the
4a site, 4d at the centre of the cage, and two S, attached to the
same PS;*>~ complex anion. This hopping pathway is referred to
as the intra-cage hop (Fig. 1a, blue); (5 — 2 — 5).

The hop between cages (inter-cage hop in Fig. 1a) has been
an area of much focus in the literature, as it represents the rate-
limiting step for long-range Li' transport. To illustrate the
proposed pathways for this inter-cage hop, we must introduce
the final site of interest: type-4 tetrahedra. These are bounded
by the 4a site and three S, from different PS;*>~ complex anions,
at the vertices. There are two main inter-cage pathways between
outermost type-5 sites (presented in Fig. 1b); (blue: 5' — 4 — 5))
and (pink: 5' - 2' - 2/ - 5J), where i and j notify Li" moving
from cage i to cage j.>*** Analysis of Li radial distribution
functions (RDFs) shows broad peaks of sufficient small dis-
tances in the 2'-2) and 5"7-4 pairs, which could facilitate ion
hops. Zhao et al. suggested a third possible mechanism by
maximum entropy analysis on neutron diffraction data which
included a novel type-1x site.>® However, experimentally, it is
difficult to demonstrate via which pathway long-range Li"
motion occurs and subtle structural changes (such as site
occupation) may favour different pathways.

To improve long-range Li" transport, focus has been put on
the occupancy of the 4a and 4d sites. Despite the CI~ and Br~
argyrodites having high conductivities of a few mS cm ™", the I
analogue is a comparatively poor conductor (x 10> mS cm ™),
as I exclusively occupies the 4a site.">**™>” As a result, 4a and
4d anion disorder is considered necessary to achieve the high-
est Li" transport rates the structure has to offer. Computational
studies have supported this conclusion, with a wide tolerance
of 50-75% CI™ occupancy on the 4d site being suggested as the
optimum for inter-cage transport.”>?® Although most experi-
mental studies have failed to access CI~ 4d occupancy above
~60%."!

Most previous studies have focused on the effects of
chemical composition and crystal (average) structure on ionic
conductivity in solid electrolytes, whereas local structural char-
acterization has received less attention. Using pair distribution
function analysis, Kraft et al. found a corresponding distance at
3.4 A, which could not be explained by any structural motif in

8878 | Energy Environ. Sci., 2025, 18, 8876-8888

View Article Online

Paper

the average structure.”® Schlenker et al. discussed the possibi-
lity of a monoclinic modulation to the crystal structure to
account for this PDF feature.>® Beyond this, the possible role
of short-range order (SRO) in LigPSsX, or solid electrolytes in
general has not been explored in detail, despite the require-
ment for occupational disorder to allow fast Li" transport.
Conversely, SRO has been an intense area of focus for dis-
ordered rocksalt cathodes, where SRO can lead to beneficial 0-
TM channels that facilitate a percolating network in which Li"
ion extraction is facile.*"

Herein, we utilize dual densification and heat treatment
(through spark plasma sintering, SPS) of LisPSsCl to manipulate
both 4a/4d site occupancy and SRO without affecting the chemical
composition. Hot-pressing and SPS, are well known methods for
densification of ceramics, which can increase conductivity due to
a reduction in grain boundary resistance.” In a conventional cold-
pressed LigPSsCl, SRO supressed the formation of a network of
pathways that enable facile Li* conduction. SPS of LigPSsCl
changes the 4a/4d occupancy and removes the SRO. The result
is an improvement in the interconnectivity between Li* cages, in
turn boosting long-range Li" transport. The existence of SRO in
LigPSsCl reveals an important structural parameter for under-
standing Li" migration in argyrodite-type solid electrolytes which
requires consideration when designing novel solid electrolyte
structures. This also highlights how preparation steps during
the fabrication of solid-state batteries can and will change the
atomic structure of the solid electrolyte. Therefore, researchers
must take care to study the conductivity improvements across all
length scales when developing novel SSBs.

Results and discussion

Ion transport in a battery is a multi-length scale problem that is
affected by the atomic-, micro-, meso-, macro- and interfacial-
structure of the cell. Separating these length scale phenomena
allows one to find and ultimately design materials to avoid ion
transport bottlenecks creating electrolytes with higher ionic
conductivities. Fig. 1 deconvolutes the ion transport length
scales utilizing electrochemical impedance spectroscopy (EIS,
Fig. 1c, entire electrolyte), pulsed field gradient (PFG) stimu-
lated echo (STE) nuclear magnetic resonance (PFGSTE NMR,
Fig. 1d, bulk mesoscopic diffusion), spin-lattice relaxometry,
and spin-lock relaxometry (7,T and T;,7T, Fig. 1e and f, bulk
microscopic diffusion).

The EIS shows an x6 improvement in the conductivity of the
SPS LigPSsCl argyrodite compared to the cold-pressed (CP)
electrolyte (SPS; 6.05, whilst CP; 1.03 mS cm ™!, Table 1). The
ionic conductivity value for the CP sample is in good agreement
with Randrema and coworkers, who also used Ampcera
LigPS5Cl.** The SPS re-press regressed, showing a conductivity
of 2.55 mS ecm ™, but still x2.5 better than the original CP
sample. Hand milling and re-pressing of the SPS disc removes
any improvement caused by the increased density resulting in
lower GB resistances (Fig. S1, density = 99% SPS, 83% SPS re-
press and CP), however, the improvement in conductivity over

This journal is © The Royal Society of Chemistry 2025
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Table 1 lon dynamics derived from different length scale measurements
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Ion transport method

EIS PFG x T1a Tlpa DFT[in-cage) DFT(cagefcage)
mS em™* 1072 m? st E, E, E, E,
LisPSsCl electrolyte (293.1 K) (303.1 K) eV ev ev ev
Cold-pressed 1.03 2.8 0.23 0.23 0.04 0.15
Spark plasma sintered 6.05 5.5 0.22 0.15 0.04 0.08
Spark plasma sintered re-press 2.55 3.9 0.22 0.17 0.04 0.08

“ The activation energies are derived from the high-temperature regimes.

CP suggests improvements to the macrostructure are not the
sole factor for the enhancement in conductivity and a more
local length scale change is also contributing to the improved
conductivity. Furthermore, tortuosity factor calculations using
the TauFactor program show that a 100% dense cold-pressed
disc would have a maximum ionic conductivity of 1.99 mS cm "
(Fig. S2).** Therefore, densification and grain growth alone
cannot explain the sixfold increase in conductivity.

PFGSTE NMR probes diffusion on the mesoscopic (1-10 pm)
length scale, incorporating grain boundary and particle-to-
particle transport. PFGSTE NMR is an isotope-specific techni-
que for directly measuring thermal diffusion coefficients and
activation energies.’®> A brief explanation of the mechanism by
which PFGSTE NMR determines thermal ion diffusion is given in
supplementary information 1 (SI1). The PFGSTE measurements
(Fig. 1d and Table 1) follow the trend of the EIS, an improved
diffusion coefficient of x2 is seen in the SPS over the cold-pressed
disc (SPS; 5.5 x 10" m?s™ ', CP; 2.8 x 10> m* s~ '), with the SPS
re-press electrolyte giving an x1.4 increase (3.9 x 10~ ' .
The magnitude of improvement for PFGSTE NMR is reduced
compared to EIS because of the different length scales probed.
Conductivity, measured by EIS, is determined by pathways across
the whole disc, whereas the diffusion coefficient from PFGSTE
NMR is biased to the um length scale. Therefore, the Li* motion
measured by EIS encounters numerous particle-particle bound-
aries, whereas PFGSTE NMR encounters fewer, making the
method more biased toward the bulk. Any improvement due to
constriction resistances is compounded by the number of bound-
aries crossed by Li", therefore, EIS shows the largest improvement.

m? s

(a) (b)

See SI2 and Fig. S3 for details.

Despite this, we still see an improvement to the diffusion coeffi-
cient from PFGSTE NMR, which in turn hints that a smaller length
scale process could also be responsible.

Spin-lattice (T;) relaxation and spin-lock relaxation (T;,) are
routinely used to determine the activation energy for micro-
scopic ion migration in solid-state electrolytes.**® A brief
generalised explanation of how relaxometry can be utilized to
measure ion dynamics is given in SI2. Fig. 1e and f show the T, T
(Ry = T, ") curves for the cold-pressed and SPS LigPS5Cl
electrolytes, respectively. The maximum for the cold-pressed
appears at an appreciably higher temperature (+5-8 K) than
that of the SPS and re-pressed samples (Fig. S3 shows the
overlaid T; and T, results that are summarized in Table 1) at
both the short timescale T,, and longer timescale T,. The high-
temperature flank activation energy derived from the T; relaxo-
metry measurements (EygmT:) is similar (0.22-0.23 eV) for
both the cold-pressed and SPS LisPS;Cl disc. However, the
activation energy from the more local T;, measurements
(Ea@m)T1p) shows that the SPS has a reduced activation energy
(0.15-0.17 eV compared to 0.23 eV for the cold-pressed). This
suggests the SPS has induced an improvement in conductivity
due to a change in structure on a more local length scale. To
investigate these local structural changes, we employed a
combination of X-ray and neutron powder diffraction and total
scattering with pair distribution function analysis.

The structures of the cold-pressed and SPS samples were
obtained from combined Rietveld refinement of X-ray and
neutron powder diffraction (Fig. 2). Minor unreacted LiCl and
Li,S starting materials are observed, totalling less than 2 wt%.

(©)
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Fig. 2 Structural refinements. (a) The argyrodite LigPSsCl structure with the 4a and 4d sites labelled, their refined occupancies are given below (a
complete set of parameters is given in Tables S1-S5). The observed (blue) and calculated (red) neutron and X-ray diffraction of (b) cold-pressed LigPSsCl
and (c) SPS LigPSsCL. The difference between the observed and calculated is given below in black. The background observed in the XRD is from the glass
capillary used as the sample holder. The quoted Rgragq is for the LigPSsCl phase.
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From our refinements, the cold-pressed material from Ampcera
has a near 50:50 S~ to Cl~ occupation on the 4a:4d sites. For
the SPS electrolyte, there is an increase in sulphur occupancy of
the 4a (55%) site compared to the 4d site (45%) caused by spark
plasma heating of the sample. Due to these changes in occu-
pancy, the local mobility as probed by T;,T relaxometry (Fig. 1f)
gives an appreciably lower activation energy for the Li" trans-
port in the SPS disc.

To corroborate the relationship between structural occupation
and improved conductivity, density functional theory (DFT) nudged
elastic band (NEB) calculations were performed (Fig. 3 and Fig. S4).
The aforementioned transport limiting ion hops in the argyrodite
LigPSsX family are between the two cages (Fig. 1b, inter-cage hop).
DFT-NEB was employed to isolate the activation energy of the inter-
cage pathway (Fig. 3) and intra-cage (Fig. S4) hops in the corefined
structures with their varying 4a/4d occupancies. The DFT-NEB-
calculated activation energies for LigPSsCl reveal that the SPS
electrolyte, with 44.7/55.3% Cl occupancy on the 4a/4d Wyckoff
sites, exhibits a substantially lower inter-cage activation energy
(0.08 eV) for the 51 - 4 — 5j pathway compared to the cold-
pressed electrolyte, which has 49.2/50.8% Cl occupancy and an
activation energy of 0.15 eV. This result is in good agreement with
the T;, measurements, where the SPS electrolyte (0.15 €V) has a
lower activation energy than the cold-pressed LigPSsCl (0.23 eV).
There is still a length scale discrepancy between the measurements,
DFT is very local site-to-site hops whilst relaxometry is bulk average
microscopic length scales (vide infra, DFT does not consider longer
range moieties such as short-range order). Previous longer-range
(300 ps) molecular dynamics simulations are in good agreement
with the measured activation energy and diffusion coefficient
obtained for the cold-pressed LigPSsCL>**° 1t should be noted that
the activation energy for Li* hopping within the cage does not
improve with increasing S*~ 4a occupancy (Fig. S4).

DFT - NEB Activation Energies

Q O Q O

¢ (— O
o O
L)
Q ) Qiaglasrt D Q )
() . ()

ot Lo

© - O - O
4a
Ea per_nes) COld Pressed =0.15+0.01 eV
Ea s nes) SPS =0.08 £0.02 eV

Fig. 3 Inter-cage hoping activation energies. The density functional the-
ory (DFT) nudged elastic band (NEB) activation energies of the inter-cage
hop of cold-pressed LigPSsCl and SPS LigPSsCl. The Li* hopping pathway is
shown by the grey spheres. The intra-cage activation energies are similar
for the cold-pressed and SPS electrolytes (Fig. S4). The Li transport path-
way is given in grey, P in purple, S in yellow and the 4a/4d sites are in
yellow (S) and green (Cl).
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The Li" mobility, derived from the measurements in Fig. 1,
improves across all length/time scales. Our previous work
shows the role of the microstructure and here we have estab-
lished the role of the local site occupancy in improving the
conductivity.*® Ultimately, we apply total scattering with PDF
analysis to determine the local structure along the ion migra-
tion pathways.

Fig. 4b shows a comparison between the PDF calculated
from the average structure obtained from the X-ray and neutron
diffraction co-refinements (Fig. 2) and the experimental X-ray
PDF of the cold-pressed electrolyte. Significant differences are
observed at 2.5, 3.4 and 4.1 A. The Li-Cl/S distance at 2.5 A,
predicted to be a single distance in the calculated PDF, is split
into two distances in the experimental PDF (highlighted in cyan
in Fig. 4b). This splitting can be accounted for by considering the
Cl/S$*>" occupancies on the 4a/4d sites. Sulphur at the centre of
the cage (4d) causes a small cage expansion compared to a
chlorine-centred cage, which results in a variation in the cage
sizes. In turn, this causes the Li in the cages to have two unique
interatomic distances. The three peaks between 3.4 and 4.1 A
represent the S-S distance (3.4 A) in the PS,* tetrahedra, the S-S
distance between two neighbouring tetrahedra (3.65 A), and the
distance between the S in the PS,>” tetrahedra and 4a/4d sites
(4.1 A). The calculated PDF in Fig. 4b does not reproduce these
peaks very well. Previously, this has been assigned to a local
monoclinic modulation; however, we ascribe the poor description
to the differences in the inter- and intramolecular correlated
motion between the PS,*” tetrahedra.*® The argyrodite material
contains complex ions, PS,*”, with strong intra (neighbouring
atoms within molecular anions) correlated atomic motions but
weak inter (neighbouring molecular anions) correlated motion.
The mismatch is caused by the known challenge of simultaneous
modelling inter- and intra- molecular PDF peak widths. SI3 details
how we modelled the PDFs, including the peak widths.****> In
brief, intramolecular peaks tend to be substantially sharper than
intermolecular peaks as the intramolecular distances are domi-
nated by the strong directional bonding from the covalent bonds,
in this case, the P-S bonds. Intermolecular peaks are much less
correlated which in the argyrodite is caused by the uncorrelated
vibrational and rotational motion of neighbouring PS,*~ units.**

By considering the Li-S/Cl bond splitting and the correlated
motion associated with covalent bonding in PS,>” tetrahedra,
the PDF fit at low r(A) improves (Fig. 4c). However, at longer
distances, 8-15 A, the fit of the PDF is still comparatively poor.
Direct comparison of the neutron PDFs for cold-pressed and
SPS samples (Fig. S5) shows substantial differences in this
region. The fit for the cold-pressed material can be improved
by considering short-range order (SRO) between the 4a and 4d
sites, i.e. the preference for ordering S and Cl on the 4a and 4d
environments. The addition of SRO gives an improved X-ray
and neutron PDF fit for the cold-pressed material (Fig. 4d) and
is shown clearly in the calculated radial distribution functions
(RDFs, i.e. the probability of finding two atoms separated by a
given distance) in Fig. 4e, obtained from the fits to the PDF of
cold-pressed LigPSsCl. It should be noted that CI-S configura-
tions are preferentially formed at a distance of ~7 A,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Short-range order. (a) The structure of LigPSsCl with the 4a—-4d (green), 4a—4a (blue), and 4d—-4d (red) distances is given as dashed lines. Li is
shown in grey, P in purple, S in yellow and Clin green. (b) A comparison of the PDF predicted from the diffraction refinements and the experimental X-ray
PDF. Two distinct Li-S/Cl distances are observed in the experimental data (highlighted in the cyan band), whilst the diffraction simulated PDF predicts a
single average distance. These two distances are shown as cyan dashed lines on the structure in (a). (c) The experimental and calculated neutron PDF for the
cold-pressed LigPSsCl, with (d) improvements to the fit observed with the addition of short-range order. All fits, with and without SRO, are given in Fig. S6. (e)
The partial PDF for the cold-pressed LigPSsCl shows preferential 4d—4d and 4a—4a ordering compared to (f) the disordered SPS LigPSsCl, which has no SRO.
The presented S—CL/S distances are only the 4a/4d environments and do not include the PS4 tetrahedra. The blue/red circles highlight the distance of the
second 4d-4d and 4a—4a coordination sphere.

corresponding to the first-neighbour 4d-4d and 4a-4a site Cl-Cl and S-S configurations. However, the model reveals no
distances. In contrast, the second-neighbour 4d-4d and 4a-4a  significant preference for any configurations between adjacent
distances exhibit a pronounced preference for homonuclear 4a-4d sites.
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The PDF of the SPS LigPS5Cl shows no improvement to the
fit when SRO is considered (Fig. 4f and Fig. S6). This establishes
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Fig. 5 The nature of the short-range order. The pair distribution function (PDF) refinements allow for statistical sampling of SRO using a
4a/4d Cl™/S%~ SRO. Panels (a)—(d) illustrate the most probable neighbouring elements: (a) nearest 4a neighbour for an $2~ ion on a 4a site,
neighbour for a Cl™ ion on a 4a site, (c) nearest 4d neighbour for an $2~ ion on a 4d site, and (d) nearest 4d neighbour for a Cl™ ion on a 4d site. In the
cold-pressed LigPSsCl, short-range ordering is evident, with a preference for 52~ occupying 4d sites that are adjacent to approximately 8 Cl™ and 4 52
anions on neighbouring 4d sites. (e) DFT-NEB-calculated activation energies for various 4d—4a—4d anion configurations. The reported values represent
the average for both hopping directions (i.e., Cl-S-S and S—S—Cl). (f) The distribution (%) of 4d—4a—4d anion arrangements in the cold-pressed and SPS
LigPSsCl, derived from xPDF and nPDF analyses. The SPS LigPSsCl has significantly more of the lowest activation energy pathways. A purely random
distribution of arrangements would result in 12.5% for C|-S-Cl, CI-Cl-Cl, S-S-S and S—-Cl-S and a 25% Cl-S-5/S-S-Cl and CI-CI-S/S-Cl-Cl for the

cold pressed LigPSsClL.

8882

Energy Environ. Sci., 2025, 18, 8876-8888

Paper

that the SPS has very little 4a/4a or 4d/4d sulphur-chlorine
SRO. Comparative refinements of the cold-pressed and SPS

supercell with
(b) nearest 4a
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LicPS5Cl electrolytes both with and without SRO are given in
Fig. S5. The SRO will affect the likelihood for Li* encountering
low or high energy jumps when moving between the cages
around 4d sites. To explore how the SRO affects the local ion
transport pathways we constructed 8 x 8 x 8 supercells both
with and without SRO that reproduces the partial Cl-S, CI-Cl,
and S-S PDFs obtained from the PDFgui refinement (Fig. S7).
The resulting distribution of coordination environments is
presented in Fig. 5.

Fig. 5 presents a statistical analysis of the local short-range
order (SRO) in LigPS5Cl, obtained from an 8 x 8 x 8 supercell
that reproduces the partial Cl-S, CI-Cl, and S-S PDFs (Fig. S7).
Panels 5a and 5b show that the 4a-4a site occupancies are
similar in both the cold-pressed and SPS electrolytes, following
near-normal distributions. In contrast, panels 5c and 5d illus-
trate the more pronounced effects of SRO on the 4d-4d
environment in the cold-pressed sample, where Cl~ ions at
4d sites are most frequently surrounded by 8 $>~ and 4 Cl~
anions. Consequently, a Li" hopping from a site adjacent to
Cl™(4d) has approximately a 66% probability of entering a site
adjacent to S*~(4d). However, the SPS electrolyte displays a
more randomized, near-normal distribution for 4d-4d coordi-
nation, albeit slightly off-centre due to the different average 4a/
4d site occupancy.

As noted in previous studies and corroborated by the DFT-
NEB results in Fig. 3, the 4d—-4a-4d inter-cage ion hop is the
rate-limiting step for long-range Li" transport. DFT-NEB

Cold Pressed

Macroscopic LigPS;Cl

View Article Online
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calculations (Fig. 5e) reveal that two specific anion configura-
tions, Cl-S—Cl and Cl-CI-Cl, exhibit significantly lower activa-
tion energies (E,) for Li" hops. This is consistent with the
enhanced conductivity observed in the Cl-rich LissPS,5Cl; 5
composition, where there is a higher probability of forming
both CI-CI-Cl and CI-S-Cl environments at the 4d-4a-4d
motif.** In contrast, the S-S-S and S-CI-S anion arrangements
exhibit activation energies approximately 30% higher, explain-
ing the intrinsically poor ionic conductivity of Li,PSs, which
exclusively features 4d-4a-4d S-S-S motifs.*>

Fig. 5f quantifies the distribution of favourable versus unfa-
vourable 4d-4a-4d configurations in both samples. The SPS
sample shows an increased proportion of the lower-E, Cl-S-Cl
and Cl-CI-Cl motifs, resulting in a rise in the favourable lower
E, 4d-4a-4d arrangements from 50.1% (CP) to 57.2% (SPS). The
number of low activation energy CI-S-Cl arrangements is
further enhanced by the concurrent increase in the S*~ 4a
occupancy. Thus, removal of SRO creates more favourable
lower activation energy inter cage pathways for Li" to migrate.
There is no effect on the intra-cage activation energies (0.04 eV
for both CP and SPS, Fig. S3) as the 4a-4d occupancies remain
disordered (Fig. 4e and f).

Population sampling of different local arrangements, as
above, paints an average view of Li" transport through LigPS5Cl.
The removal of SRO and the change in S~ 4a occupancy will
also affect the connectivity of these arrangements and this is
reflected by the Haven ratio (Hg = Dppg/Dgis). Following the
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Fig. 6

Improving the conductivity of argyrodite. A schematic showing three length scale dependent parameters to target to achieve the best

conductivity in LigPSsCl. On the macroscopic length scale, densification gives better particle—particle lithium-ion transport. On the microscopic length
scale, the removal of short-range order and the formation of a disordered network gives a more favourable diffusion pathway. Finally, maximizing the
amount of $2~ on the 4a site (Cl~ on the 4d site) reduces the activation energy for inter-cage lithium-ion hops by increasing the volume of the interstice.
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method outlined by Adeli and coworkers, we observe a decrease
in Hy from 0.456 (cold-pressed) to 0.254 (SPS re-press), imply-
ing an increase in cage-cage connectivity, as Hg ' increases
from 2.2 to 3.9.** This enhancement in the ion transport
network creates a more concerted Li' transport pathway due
to more lower activation energy structural arrangements. Over-
all, the combination of removal of SRO and S>~ 4a occupancy
contributes to the development of more effective ion transport
pathways in LigPS5Cl.

Conclusion

We have shown that the conductivity in stoichiometric LigPS5Cl
electrolytes can be improved by (illustrated in Fig. 6):

(1) Densification; this promotes a macrostructure that
allows for more effective particle-to-particle lithium transport.

(2) Removal of SRO; increased local disorder in the anionic
lattice forms low energy migration pathways with improved
connectivity, which facilitate facile long-range Li* transport.

(3) Tailor occupancy on 4a and 4d sites; Li* transport across
inter-cage pathways is enhanced when the $*~ occupancy on the
4a site is increased and Cl~ occupancy on the 4d site is increased.

The combination of the average and local structural changes
allows for more Cl™ centred cages with enhanced inter-cage
hopping rates, which are better connected via removal of SRO
shown through a decreased Haven ratio. This in turn creates a
compounded improvement to the microscopic Li-ion mobility.
Our concurrent study shows that spark plasma sintering
enables lithium plating at currents up to 9 mA cm™ > without
any dendrite formation, whereas cold-pressed material shows
dendritic formations at just 1 mA cm™2.*° Furthermore, loss of
SRO may explain the high ionic conductivities observed in high
entropy argyrodite compositions which, typically, increase the
halide occupancy on 4d sites and are statistically much less
likely to form SRO.*>*®

In summary, we have shown that the diffusive processes in
LigPS5Cl electrolytes can be influenced across multiple length
scales. The structural changes coincide with the heating regime
applied during SPS; therefore, effort should be made to opti-
mise synthesis conditions of LigPSsCl to remove short range
order whilst maintaining a preference for S>~ on 4a and ClI~ on
the 4d sites. The existence of SRO provides a new parameter to
consider in the design of future solid electrolyte materials.

Experimental
Electrolyte disc formation

Ampcera LigPSsCl was purchased from MSE Supplies LLC. The
electrolyte was stored and handled in an argon-filled glovebox
(<1 ppm H,O and O,). To form the cold-pressed electrolyte
discs, the argyrodite powder was densified by 400 MPa of
uniaxially applied pressure at room temperature. For spark
plasma sintered discs, argyrodite powder was loaded into a
graphite die set which was then inserted into a spark plasma
sintering system (FCT systeme GmbH) within an Ar-filled
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glovebox and subject to 50 MPa uniaxial pressure at 400 °C for 5
minutes while under vacuum by passing a current through the die
set. The graphite was then polished off, leaving dense discs. To form
the SPS re-pressed sample, an SPS disc was hand-milled for 30
minutes and then pressed with a 400 MPa uniaxial pressure.

Impedance spectroscopy

5 mm Ni-blocking metal electrodes were sputtered onto 5 mm
sample discs using physical vapour deposition (PVD). The discs
were held in a 3D-printed mask before being placed in the
chamber from within an argon-filled glovebox. The chamber
was evacuated to a pressure of 1 x 10> mbar before proceeding
with Ni deposition. The sputtering was repeated on the other
side to create a symmetric cell with Ni-blocking electrodes.

The discs were then vacuum sealed in a pouch cell and
connected to the Gamry 1010E potentiostat. Potentiostatic
electrochemical impedance spectroscopy (EIS) was taken using
a 5 mV voltage perturbation, collecting 10 points per decade
across a frequency range of 1 MHz-0.1 Hz at 293 K, with no
applied stack pressure (atmospheric pressure is sufficient to
ensure current collectors contact the sputtered Ni blocking
electrodes). The EIS data were analysed and fitted by equivalent
circuit models using the ZView software package.

Nuclear magnetic resonance

In an argon atmosphere, 3 mm disc samples were sealed in
5 mm J-Young NMR tubes for PFG-NMR and T; relaxometry, whilst
the same discs were sealed into 4 mm NMR rotors for T, relaxo-
metry. All measurements were performed under inert conditions
(constant dry N, flow of 1500 litres per hour). The temperatures
utilized (123.1 to 443.1 K) were calibrated to KBr and stabilized to
0.1 K for 240 seconds before each experiment and the relaxometry
data was collected concurrently (where temperatures overlapped)
with the PFGSTE experiments outlined below.”

Relaxometry. Spin-lattice T; relaxometry was determined
using a saturation recovery sequence. A total of 200 saturation
pulses with 250 us separation were applied before a variable
recovery delay ranging from 1 ms to 16 seconds. All data is

—t
fitted to single exponential fits using S(7) = I {1 - eTl]. The

spin-lock T, relaxometry experiments utilized a 6.67 kHz Bycg

field that was varied from 1 to 180 ms. The data was fitted to
—t

S(t) = Iy|e" |. Both relaxometry fits had errors of <0.5%, R

of 0.99 with normal residual distributions.

Pulsed field gradient stimulated echoes. All pulsed field
gradient (PFG) nuclear magnetic resonance (NMR) stimulated
echo (STE) measurements were completed at 9.45 T (vo("Li) =
155.53 MHz) on Bruker Avance III HD spectrometer using a
5 mm single-axis diffusion probe with exchangeable ceramic
heads. A stimulated echo pulse sequence was utilized with an
effective gradient pulse duration (J) of 1.0 ms, and a diffusion
time (4) of 20 ms, with the gradient amplitude (g) varying
between 0.1 and 24 T m™" in 32 steps. All samples were sealed
in a J-Young valve NMR tube, temperature stabilized to within
0.1 K, and a 4-second (T; = ~200 ms) recycle delay was used

This journal is © The Royal Society of Chemistry 2025
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_2.25(4-9)
throughout. All data is fitted to f(x) = Iy x e "¢ % 3 ~, where
for “Li; 6 = 1.0 ms, 4 = 20 ms, and y = 10397 rad sG . An R? of
0.99, errors of <1% and normal distributions of the residuals
(> 0.5 Shapiro Wilko score) were observed for all experiments.

252

D

Haven ratio calculations

EIS and PFGSTE-NMR data used for these calculations were
both completed at 293 K (see Fig. 1c for the EIS and Fig. S8 for
the 293.1 K PFGSTE NMR). The calculations were performed
using the method outlined by Adeli and co-workers, which
defines Hy in terms of rate-limiting steps (inter-cage hops)
rather than individual ion hops.**

X-ray and neutron diffraction

X-ray powder diffraction was obtained from the XPDF beamline
at Diamond Light Source with a wavelength of 0.1616 A.
Instrumental contributions to the peak shapes were obtained
through the refinement of Si and LaB, standards. In all cases,
the samples were sealed under an inert atmosphere within
borosilicate capillaries. Neutron powder diffraction was mea-
sured on the high-resolution D2B instrument at Institut Laue-
Langevin with a refined wavelength of 1.594983 A.*®* The
sample was packed in a sealed vanadium cylinder under argon.
The Rietveld refinements were performed in Topas academic.
The background was described by using a combination of a 9th-
degree Chebyshev polynomial. The X-ray and neutron powder
diffraction were refined in Topas Academic by simultaneously
refining all structural parameters to both the X-ray and neutron
datasets.” Each dataset had its individual background, scale
factor for all phases and zero error refined. The peak shape was
modelled using a Thompson-Cox-Hasting pseudo-Voigt pro-
file. All compounds had their unit cell; symmetry allowed
atomic positions and isotropic atomic displacement para-
meters for each atom refined. The Cl/S occupancy on the 4a
and 4d sites in the argyrodite was refined but restrained such
that the overall stoichiometry was kept as LigPS5CL.

X-ray and neutron pair distribution function

X-ray total scattering was obtained from the XPDF beamline at
Diamond Light Source with a wavelength of 0.1616 A. The X-ray
scattering data was obtained using a PerkinElmer 4343 detector
with 2880 x 2880 150 pm pixels, each 150 pm pixel size placed
approximately 31 cm from the sample. In all cases, the samples
were sealed under an inert atmosphere within borosilicate
capillaries. The neutron total scattering experiments were con-
ducted on the D4 two-axis diffractometer, which uses a mono-
chromatic hot neutron beam produced at the high-flux reactor
hot source at ILL (Grenoble, France).’® The beam is diffracted
by a Cu monochromator (Cu220 face) to produce a monochro-
matic beam of 0.5 A wavelength, which is then collimated to
achieve a beam size of 10 x 50 mm? (width x height) at the
sample position. This position is centred with respect to the
nine banks of *He detectors surrounding the sample chamber.
Two LigPSsCl samples, identified as “SPS 40015” and “cold-
pressed”, were placed inside vanadium cylinders with an inner
diameter of 6.68 mm and a wall thickness of 0.15 mm. The

This journal is © The Royal Society of Chemistry 2025
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packing fraction was 0.6555 and 0.5596, respectively, and both
samples were fully illuminated by the neutron beam. The
sample chamber was maintained at 293 K under vacuum
throughout the experiment. Diffraction patterns were recorded
for the samples inside the vanadium cell, the empty vanadium
cell, the empty sample chamber, and a vanadium cylinder of
the same dimensions as the sample. These auxiliary measure-
ments were used for background subtraction and proper signal
normalisation. As a result of these experiments, the scattered
intensity was obtained as a function of the modulus of the
scattering vector (Q) up to a maximum of 23.4 A=*.>

The PDFs were obtained using PDFgetX3 and PDFgetn3 for
the X-rays and neutrons respectively.’>*® For all samples, the
scattering from an empty sample container was used as back-
ground. The model used for fitting the PDFs is further elabo-
rated in Explanatory note 3 in the SI. The fitting was done in
PDFgui2 using the Jeong peak shape model with a combination
of 3, and 6,0 to describe the correlated motion.”® To describe
the Li-S/Cl distance splitting, the Li position was split into 2
sites. For fits without SRO, the cubic unit cell, isotropic atomic
displacement parameters for each atomic site, the atomic
positions allowed by the F43m space group, J, and o, were
refined. For fits with SRO the 4a and 4d sites were refined in the
P1 space group but restrained to be between 0 and 1. The
partial PDFs were calculated by PDFgui and, for ease of com-
parison, calculated with an Ujg, of 0.005 A% and no correlated
motion.

To perform the statistical analysis of the SRO 8 x 8 x 8
supercells were generated based on a parent crystal structure
using a custom Python script leveraging the pymatgen library.
The atom assignment for the 4a and 4d sites was performed
using a Monte Carlo scheme with a biasing mechanism: local
environments were analysed using distance-based neighbour
mapping, and a Boltzmann-weighted probability function
favoured or disfavoured Cl-Cl/S-S or Cl-S pairs at specified
distances. 7 interatomic distances were biased: the 1st 4a-4d
distance, the 1st 4a-4a distance, the 1st 4d-4d distance, the
2nd 4a-4a distance, the 2nd 4d-4d distance, the 3rd 4a-4a
distance and the 3rd 4d-4d distance. The 4a-4a and 4d-4d in
each coordination shell had the same bias. The 8 x 8 x 8
supercells contained 2048 4d and 2048 4a sites, resulting in
24 576 of the first 4d-4d distances, 24576 of the first 4a-4a
distances, and 8192 of the first 4a-4d distances.

The combination of bias parameters for each distance that best
reproduced the partial PDFs obtained from the PDFgui refinements
was manually determined. The analysis of the coordination
environment of the 4a and 4d site and 4d-4a-4d configurations
was performed in a separate custom Python script.

Density functional theory

DFT calculations were conducted using the quantum espresso
(QE) suite.* As exchange-correlation functional, we employed
the Perdew, Burke and Ernzerhof (PBE) functional within
the generalised gradient approximation (GGA).>® The inter-
action between core and valence electrons was described with
optimised norm-conserving Vanderbilt pseudopotentials
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(ONCVSP).>**” The wavefunctions and charge density were
represented via plane-wave basis sets with energy cutoffs of
120 and 480 Ry, respectively. The energy threshold was set to
1 x 10 % eV. A 2 x 2 x 2 Monkhorst-Pack k-point grids was
employed. Structural models were optimised until forces on the
atoms were less than 0.02 eV per Angstrom and cell stress was
less than 0.5 Kbar. The compositional disorder of the 4a and 4d
sites by S and Cl, in the cold-pressed and SPS LigPS5Cl systems,
was addressed through virtual crystal approximation (VCA),
where virtual pseudopotentials containing a linearly interpolated
mixed Cl and S character were prepared and used in the DFT
calculations.’® To treat the partial Li occupancy, Li ordering was
investigated using combinatorics. Simple random sampling was
used to choose a representative set of non-symmetry equivalent
configurations for relaxation. For each system, 500 configura-
tional models were considered. The between-cage and in-cage
migration barriers of Li in LigPSsCl were computed via the
nudged elastic band (NEB) method using the climbing image
scheme as implemented in the QE suite. A total of 21 images
were used to discretise the migration pathway.

Assessing the role of short-range order (SRO) by DFT or MD is
challenging as long-range structural arrangements will influence
the ion transport rate and percolation pathway. To simplify the
problem, the activation energies of a single Li hop from a type 5;
site to neighbouring type 5;, in the neighbouring cage was
calculated, accounting for all possible permutations of anions on
the 4a and 4d (S>~ or CI ") sites along the ion transport pathway. To
reduce the substantial computational cost, we used unit cells
containing a single Li. A jellium background was used to charge
compensate the missing Li.** To determine the effect of Li-Li
electrostatic interactions, we calculated the activation energy for
one Li hop along the same path, where the 4a/4d occupancy was
49:51 and normalized the calculated activation energy (0.64 eV) to
one from the fully lithiated cold-pressed simulation (0.15 eV).
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