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This work investigates the structure and transport properties of the layered material Li,Sn,Ss-xH,O. The
anhydrous phase shows a room-temperature Li* diffusivity below 107° cm? s™! and conductivity below
107> S cm™ . Upon exposure to humidity, water intercalates between the layers and increases the
interlayer distance, inducing first-order transitions to a hydrated phase (x = 2-4) and then to a second
hydrated phase (x = 8-10). The latter is soft and sticky but remains solid. Diffusion of both Li* ions and
H,O remains predominantly two-dimensional under all conditions. The Li* diffusivity and conductivity
both increase by three orders of magnitude upon hydration, reaching values of 5 x 10~7 cm? s~* and

1072 S cm™! in the second hydrate. These transport rates are extraordinary for a solid electrolyte and
Received 4th June 2021 h what is typicall i lutions. The material Li»Sn,Ss-xH,O thus bridges th
Accepted 13th July 2021 approach what is typically seen in aqueous solutions. The material Li;Sn,Ss-xH>» us bridges the gap

between a hydrated solid electrolyte and a confined liquid electrolyte, which is scientifically interesting

DOI: 10.1035/d1ta04736a and potentially useful in battery applications. In the light of these findings, a previous work on Li;Sn,Ss
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Introduction

Hydration is relevant for both fundamental science and tech-
nological applications because it can strongly modify the charge
transport properties of materials. In general, the reversible
incorporation of water can proceed by a dissociative or
a molecular mechanism. Dissociative incorporation is
frequently encountered in oxides, hydroxides, and apatites,*
and it leads to the formation of OH species, which are often
accommodated on oxygen sites. Molecular incorporation of
H,O can arise in a broad range of structures, including oxides
with roomy structures.>® Criteria as to whether water is incor-
porated in a dissociative or non-dissociative way are based on
site and bond properties.* Both mechanisms frequently lead to
a substantial increase in H' conductivity, as seen in a variety of
materials including minerals®*® and polymers."**® Some of
these materials (Nafion, Y-doped BaZrO;) play a crucial role in
state-of-the-art electrochemical devices.

Hydration can also promote the transport of other cations

besides protons. For example, perfluorinated ionomer
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membranes can be converted by ion exchange into single-ion
conductors for various cations.'®” Similarly, layered silicate
compounds can be converted into Li*, Na‘, Mg** or Ca®*
conductors. Water uptake can influence the cation mobility by
solvation or by modifying the crystallographic geometry, usually
by incorporating water into the SiO,-Al,O; sheets and conse-
quent coordination to the present cation, which increases the
interlayer distance.** The ability to undergo cation exchange is
a general feature of layered structures and is observed in various
chemical compositions.’*>* The two-dimensional (2D)
arrangement must remain intact after hydration for the cations
in the interlayer galleries to remain highly mobile.”” Another
example is Li-exchanged Nafion, which shows high Li"
conductivity when hydrated. In the case of solid Li* and Na*
conductors, hydration studies are rather scarce**>° and tend to
suggest that water uptake promotes Li" and Na* conduction;*
one recent paper reported a material in which the opposite is
true.*

The compound Li,Sn,Ss is a good candidate for hydration
studies. In an initial report, Li,Sn,Ss was shown to be
a layered material consisting of covalently-bonded (and
partially Li-substituted) tin sulfide sheets which are held
together by ionic bonds to interlayer Li" ions.** Upon
immersion in water, the ionic bonds are disrupted, and the
material exfoliates into a suspension of monolayer sheets. A
follow-up work explored reassembling the exfoliated sheets
as part of a Bragg stack.*® The water content, interlayer
spacing, and optical properties of the restacked sheets were

This journal is © The Royal Society of Chemistry 2021
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shown to be sensitive to the surrounding water partial pres-
sure, a property that can be used for humidity sensing.
Another work characterizing the structure and ion transport
properties of the restacked material is forthcoming.** A
fourth work confirmed by XRD refinement that 75% of the Li"
ions are on interlayer sites (Lij), while the remaining 25%
substitute onto Sn** sites within the sheets (Li*, ), such that
the available interlayer Li* sites are only 38% occupied.®®
Accordingly, the general formula of this solid solution system
can be written (Lij)s,[(Li, ).Sn,_.S,]. That work also reported
that Li,Sn,S; shows fast Li* diffusion,* which raises ques-
tions about the mechanism and about whether the transport
properties can be further improved by hydration. One can be
optimistic that the material will not decompose, since other
lithium tin sulfides are reportedly stable under air and
moisture®***? (unlike the thiophosphates),***® while Li,SnS,
and other alkali tin sulfides can form stable hydrates.***”

Here we show that the water content in Li,Sn,Ss-xH,O can
be varied from x = 0 to 10 by adjusting the humidity. The
material undergoes first-order phase transitions to two
hydrated phases, but the layered structure remains largely
intact. Pulsed-field gradient nuclear magnetic resonance (PFG
NMR) reveals that the Li* transport remains predominantly 2D
at all water contents. The transport in the anhydrous material is
far slower than previously reported. NMR and impedance
spectroscopy measurements reveal strong increases in the Li"
mobility, Li" conductivity, and H,0 mobility with increasing
water content. The fully hydrated compound remains solid, but
exhibits liquid-like Li* conductivity and Li* diffusivity values of
107> S em " and 1077 em” s' at room temperature. These
transport rates are extraordinary in a solid and approach what is
seen in concentrated aqueous electrolytes.”® The amount of
water incorporated is sufficient to provide the interlayer Li" ions
with a full hydration shell. Connections between the behavior of
hydrated layered solids and confined concentrated liquids are
discussed, and the final two sections re-evaluate our previous
work on Li,Sn,Ss and offer an outlook for applications.
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Results
TGA and XRD: hydration study

A typical measurement of the water content x in Li,Sn,Ss-xH,O
is shown in Fig. 1a. The thermogravimetric analyzer (TGA) can
resolve changes in x of about 0.01 or larger. After an increase in
the water partial pressure py,0, X stabilizes at a higher value on
a typical timescale of several hours. Dehydration steps show far
longer stabilization times, on the order of tens of hours. Due to
the sluggish kinetics, for practical reasons the humidity was
usually switched at the onset of a plateau in the mass-time
trace, before the mass had truly stabilized. Follow-up experi-
ments with longer dwell times suggest that the error in x
introduced by this approach is below 0.1 (Fig. S4af). A
substantial contribution from surface adsorption is unlikely in
light of the slow kinetics and the large particle size (~50 pm).
The variation of water content with humidity and temperature
is summarized in Fig. 1b. Values of x in the range 0.4 to 1.6 do
not appear, which suggests the presence of a miscibility gap,
i.e., a first-order phase transition. The position of the phase
boundary can be estimated by averaging the steepest and
shallowest lines that fall between the brown and blue points in
Fig. 1b. If the water content changes across the transition by y
molecules of H,O per formula unit, the law of mass action can
be written:

_ (Pmo T _ _(AWH - TAS)
K= (1 bar) _eXp< kT @)

where Ky, is the equilibrium constant, AnH and ALS are the
standard enthalpy and entropy of the transition, and kg and T
are the Boltzmann constant and temperature. Fitting the
boundary line by this equation yields (—0.52 + 0.03) eV and
(—=1.20 + 0.09) meV K" for the standard enthalpy and entropy,
normalized per mole of water. The intervals give the range of
possible values that are consistent with the data in Fig. 1b.
Similar values are reported for dissociative hydration of perov-
skite oxides (about —0.65 eV and —1.4 meV K ') The phase
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Fig.1 Average water content x in LioSn,Ss-xH>O. (a) Typical gravimetric data (after buoyancy correction) measured under isothermal conditions
(here 39 °C) while varying the absolute humidity py,o. (b) Dependence of x on py,o and temperature, as measured using a TGA (brown and light
blue circles) or a balance and salt solutions (dark blue circles). Black line shows the estimated boundary between the anhydrous and hydrated
phases. Typical ambient conditions are also shown, assuming a relative humidity of 50-70%.
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(a) Powder X-ray diffraction patterns of Li,Sn,Ss-xH,O samples with increasing degree of hydration. The patterns are vertically offset to

facilitate comparisons. (b) Distance between (001) planes inferred from the patterns in (a).

with x = 0.4 is hereafter denoted ‘anhydrous’, with the under-
standing that this term is not strictly correct under all
conditions.

Samples that are cycled between the anhydrous and hydrated
(x = 2-3) states show a small but reproducible hysteresis.
Specifically, the dehydration steps require a higher temperature
by 20-30 °C than the rehydration steps (Fig. S1 and S27). Similar
hysteresis is observed in isothermal measurements (Fig. S37).
Hydrolysis can be ruled out, as discussed in the ESLf

Fig. 2a shows XRD patterns measured from ten powder
samples with different average water contents. The pattern ob-
tained for x = 0 shows good agreement to that reported previ-
ously for anhydrous Li,Sn,S.** A few small additional reflections
are visible, which likely arise from stacking faults.®>** This
attribution is supported by XRD patterns acquired from a single
anhydrous particle, which show multiple diffraction spots in
close proximity, consistent with some degree of stacking faults,
twinning, and/or mosaicism (Fig. S16at). From the published
structural determination, the reflection at 6.5° can be attributed
to (001) planes. Using that reflection, the interlayer distance d is
found from Bragg's law to be 6.24 A, similar to the value of 6.17
A obtained previously (Fig. 2b). The samples with an average
water content of 1.0, 1.6, and 1.9 show similar patterns as the
anhydrous sample, except a new reflection appears at 4.9°, and
the intensity of the reflection at 6.5° is somewhat smeared to
lower angles. With increasing x, the reflection intensity
increases at 4.9° and decreases at 6.5°, until at x = 2.7 the
reflection at 6.5° is entirely absent. This behavior is consistent
with a first-order phase transition to a hydrated phase with an
interlayer distance of 8.4 A.

The patterns at x = 2.7-3.4 show no additional reflections,
suggesting that in this range a single phase is present into
which water is miscible. New reflections appear and increase in
intensity when the average water content is increased to x = 5.9
or 7.4, and they are the only reflections visible at x = 10.5,
consistent with a first-order transition to a second hydrated
phase. Assuming the reflection at 3.7° corresponds to (001)
planes, an interlayer distance of 11.1 A is obtained. Thus, upon

16534 | J Mater. Chem. A, 2021, 9, 16532-16544

hydration, the interlayer distance jumps by 2.0 A when tran-
sitioning to the first hydrate, and it jumps by another 2.7 A
when transitioning to the second hydrate. The latter jump
matches the diameter of an oxygen ion in a water molecule
(about 2.7 A).®> The interlayer distance remains essentially
constant within the single-phase ranges (x = 2-4 for the
hydrated phase, x = 8-10 for the swollen phase), suggesting
that in these ranges, incorporation is accommodated by denser
packing of the water molecules rather than swelling of the
material. Pattern refinements and a more detailed structural
discussion will be given in a future work.

In terms of mechanical properties, the material remains
solid up to x = 10.5 but becomes noticeably softer and stickier
with increasing water content. At high water contents (x = 7.4),
it seemed possible to squeeze some water out of the material by
the application of pressure. At x > 11 the material was deli-
quescent and became a solid-liquid composite; this situation
was observed at the saturation pressure of water (40-120 mbar)
at 30-50 °C.

NMR: Li* and H" diffusion

Li,Sn,Ss-xH,0 has a layered structure, so anisotropic properties
are expected. Electron density analysis of anhydrous Li,Sn,Ss;
predicted a far higher Li" diffusivity in-plane than out-of-
plane.*® To test this suggestion, the normalized echo signal
attenuation data obtained by PFG NMR can be fit by a standard
isotropic 3D model with a single diffusivity,* as well as an
anisotropic 2D model with different in-plane and out-of-plane
diffusivities.** For all water contents, the 2D model yields
visually satisfactory fits (Fig. 3), acceptable values of the good-
ness of fit, and reasonable confidence intervals for the fit
parameters. In contrast, the 3D model leads to substantially
worse fits (Fig. S61). Additional models were also attempted and
discarded. By averaging over all possible crystal orientations,
the effective Li* diffusivity D.;(Li") of a polycrystalline sample
is obtained. More details are given in the ESL

The dependence of D.;(Li") on temperature and average
water content is shown in Fig. 4a. The overall trend is clear: the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Normalized echo signal versus the squared gyromagnetic ratio
times the integral /(G), as measured by “Li PFG NMR at 180 °C (green),
140 °C (orange) and 60 °C (red) from Li,Sn,Ss-xH,O samples with the
indicated water contents. Points are raw data; curves are fits by the 2D
model. See ESIT for details.

Li" diffusivity increases monotonically with increasing x. For x
~ 8.0, the diffusivity reaches 5 x 10~7 ¢cm?® s ' at room
temperature, which is three orders of magnitude higher than
the corresponding (extrapolated) value for the anhydrous
material. Similar results are obtained when the diffusion time
in the PFG measurement is increased from 10 to 100 ms (see
also Fig. S51). The activation energy determined from the linear
fits in Fig. 4a is 0.28, 0.29, 0.28, and 0.31 eV for the x = 0, 2.3,
4.0, and 8.0 samples. The fact that the activation energy is nearly
constant suggests that the faster diffusivity is due to an
increased exponential pre-factor, and specifically an increased
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attempt frequency, since the entropy of migration is expected to
be small.

At lower water contents and lower temperatures, the degree
of attenuation was below the PFG NMR detection limit, so
diffusivity values could not be reliably extracted. The “Li data for
x = 4.0 show somewhat anomalous behavior near room
temperature, which is tentatively attributed to small variations
in water content due to condensation in the NMR capillary. The
condensation issue was mitigated before acquiring the x = 8.0
data, as described in the Experimental details.

Fig. 4b shows the results from "H PFG NMR measurements.
The effective proton diffusivity D.;(H") is comparable to the
effective Li" diffusivity in samples with x = 4 and 8. This proton
motion is attributed to the diffusion of water molecules, since
there is no evidence for the presence of protonic defects, as
discussed below. Assuming this attribution is correct, the data
indicate that Li* ions and water molecules in the interlayer
galleries have a comparable mobility. The diffusivity of water
decreases by a somewhat larger factor (3-10x) than the Li"
diffusivity when the diffusion time is increased from 10 to 100
ms, which hints that grain boundaries are more blocking for
water molecules than for Li" ions. The data show more scatter
compared to Li'; the underlying reason may again be small
variations in water content due to a tiny amount of condensa-
tion inside the sealed NMR capillary. Measurements by "H PFG
NMR for x = 2.3 were also attempted, however, the T, relaxation
time was too short to apply feasible gradient durations.

Magic angle spinning (MAS) °Li NMR spectra acquired at
various water contents and temperatures are shown in Fig. 5a.
To facilitate comparisons, the spectra are normalized to have
the same maximum intensity. The °Li spectrum for x = 0 at
room temperature can be fit by 5 signals. The strong signals at
2.2 and 1.2 ppm exhibit an intensity ratio of 0.8 and are nearly
identical to those seen in previous work.*® The weak signals at
1.7 and —0.1 ppm can be attributed to the presence of ~4%
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Fig. 4 Effective diffusivity of (a) Li* and (b) H* in Li,Sn,Ss-xH,O samples, as determined from ’Li and *H PFG NMR measurements using
a diffusion time of 10 or 100 ms. In (a), solid lines are linear fits to all points at a given water content, except the data for x = 4.0 below 80 °C show
significant scatter and were excluded. For a few points in (b), the goodness of fit in the PFG data was noticeably worse; these are marked with an

asterisk.
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Fig. 5 (a) ®Li and (b) *H NMR measurements of Li,Sn,Ss-xH,O for various water contents and temperatures.

crystalline Li,SnS;.** The signal at 0.8 ppm comprises ~30% of
the Li present and was not observed in the previous work. These
observations are corroborated by a ''°Sn MAS spectrum (Fig.-
S8bt), which shows three strong signals consistent with those
previously observed for Li,Sn,Ss; a weak (~4%) signal consis-
tent with Li,SnS;; and two broader signals which were not
observed in the previous work and which comprise ~40% of the
Sn present.*> We assign these signals to a disordered Li-Sn-S
side phase, reflecting the possible phase width and stacking
disorder in this system. The presence of side phases adds some
uncertainty to the interpretation of changes in overall water
content; in principle, it is possible that the apparent phase
widths at x = 2-4 and 8-10 are due to hydration of the side
phases rather than Li,Sn,Ss-xH,0. Otherwise the side phases
are unlikely to affect the conclusions about Li,Sn,Ss-xH,0 in
this work. One reason is that the PFG NMR data show the fast-
conducting phase is a layered material; if the disordered side
phase is not layered, then it is unlikely to be the fast conductor.
As a note, the spectra acquired for x = 0 below room tempera-
ture required long measurements times and are less reliable
due to possible drift.

The spectra at x = 2, x = 3 (not shown), and x = 4 are nearly
identical, and they are clearly distinct from the spectra at x =
0 and x = 8, consistent with the phase transitions seen by XRD
between x = 0, 2-4, and 8. For simplicity, we fit all the °Li
spectra from the hydrated samples by two signals. The signals
are labeled 1 and 2 in Fig. 5; example fits are shown in Fig. S8a; T
and the full width at half maximum (FWHM) and chemical shift
data are plotted in Fig. S9.f The FWHM of signal 1 remains
approximately constant throughout, while signal 2 narrows as
the temperature increases from —90 to 23 °C. The latter is
a signature of motional narrowing.* A likely explanation is that
the Li" ions on tin sites (Li, ") correspond to signal 1 and
remain immobile, while the Li" ions in the interlayer galleries
(Li)") give rise to signal 2 and are increasingly mobile with
increasing temperature or water content. Upon hydration from

16536 | J. Mater. Chem. A, 2021, 9, 16532-16544

x = 4 to 8, the chemical shift of signal 1 remains unchanged,
while signal 2 shifts to ~0 ppm, consistent with interlayer Li"*
ions becoming solvated by the incorporated water. For
comparison, fully solvated Li* in liquid water shows a similar
chemical shift, slightly below 0 ppm.®*¢” Although we cannot
exclude that the two signals are a convolution of multiple
signals, the simple fitting approach used here leads to
a reasonable physical interpretation.

The signals in the "H spectra also narrow with increasing
temperature, consistent with the presence of mobile protons
(Fig. 5b). Indeed, the concurrent broadening of the °Li and 'H
signals suggests coupled short-range motion of Li" and H,O
under all hydrated conditions. Also, the 'H spectra at x = 2 and
4 show spinning sidebands, consistent with a low diffusivity of
water, while the sidebands disappear above —60 °C for x = 8,
suggesting a higher (more liquid-like) diffusivity of water.

To review, the MAS NMR results suggest: (i) for all x values
there are Li', and Lij present, but only the latter are mobile; (ii)
the behavior in the range x = 2-4 is similar; (iii) Li" and H,0
exhibit coupled short-range motion, with higher mobilities at x
~ 8 thanatx = 4.

EIS: ion transport

The conductivity and dielectric properties of Li,Sn,Ss-xH,O
were characterized by impedance spectroscopy.®® Fig. 6 shows
representative spectra for three degrees of hydration. At all x,
a depressed high frequency semicircle and a low-frequency
blocking arc were observed. The latter is typical for blocking
of ions at a metal electrode. For samples with x = 4.0, cooling
below 25 °C was required to observe the semicircle. The semi-
circle was fit by the simple equivalent circuit shown in Fig. 6.
The resistance scales linearly with sample thickness (Fig. S107),
as expected for bulk conduction. The dielectric constant ¢, and
conductivity ¢ were extracted using standard relations (see
Experimental details). The ¢, values are unusually high, falling

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Typical impedance spectra measured from LiSn,Ss-xH,O
compacts at 30 °C (x =0 and x = 2.3) and —50 °C (x = 8.0, inset).

in the range 80-300 depending on temperature and humidity
(Fig. S151). The reason is unclear. For comparison, the dielectric
constant of pure water in the kHz range is 80 at room
temperature.®

An apparent high dielectric constant seems to be a common
feature in hydrates (¢f. LizInCls-1.5H,0),* which suggests that
the presence of H,O molecules induces polarization effects. It
can be ruled out that the capacitance is due to blocking grain
boundaries; strong blocking behavior would show two distinct
(non-overlapping) semicircles, but here only one is observed,
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Fig. 7 Conductivity values measured from Li,Sn,Ss-xH,O by elec-
trochemical impedance spectroscopy (EIS, open squares). Solid lines
are linear fits. Also shown are conductivity values estimated from the
’Li PFG NMR results in Fig. 4 using the Nernst—Einstein equation
(triangles), as well as values measured previously for a 1 M aqueous
solution of LiCl (dashed line).>®
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even after cooling as low as —130 °C. The red-orange color of the
material hardly changes upon hydration, which suggests that
the bandgaps of the hydrated phases are near that measured
previously®* for the anhydrous phase (1.9 eV).

Fig. 7 shows that the conductivity increases strongly and
monotonically with increasing water content. At room temper-
ature the increase is by more than three orders of magnitude,
from 7 x 107 %to 2 x 107> S cm™ " as x increases from 0 to 10.0.
The activation energy (determined from the slope of ¢7) is 0.40,
0.57,0.39, 0.34, and 0.24 eV for x = 0, 2.3, 4.0, 8.0, and 10.0. The
influence of porosity is judged to be minor due to adequate
densification and the soft nature of the hydrated materials.
Additional conductivity data showing reproducibility as well as
heating and cooling steps are given in Fig. S11.t

For comparison, one can estimate the conductivity from the
effective diffusivity obtained by PFG NMR using the Nernst-
Einstein equation:

po o CILIDG (L) .

kg

where e is the charge of an electron. For this calculation, it was
assumed that only the Li;" ions in the interlayer galleries are
mobile, and to account for ~10% porosity, the conductivity was
multiplied by a factor of 0.9 (the precise equation used to
calculate [Li'] is given in the ESI{). The resulting Li" conduc-
tivity values show reasonable agreement in both magnitude and
activation energy to the values measured by impedance spec-
troscopy (Fig. 7). This agreement provides confidence in both
the PFG NMR and impedance results; it supports the assump-
tion that all the interlayer Li" ions are mobile; and it strongly
suggests that the conductivity is due predominantly to Li"
ions.

A few final experiments are noteworthy. Below room
temperature, the conductivity of Li,Sn,Ss-8H,0 was found to
drop far more quickly than that of Li,Sn,Ss, such that the
conductivity trends for those phases cross at —60 °C (Fig. S127).
Thus, below —60 °C the presence of H,O is detrimental to ion
transport. In addition, conductivity and electromotive force
(EMF) experiments performed using Li and LiAl electrodes
indicate that Li,Sn,Ss reacts in contact with Li to yield
a composite material with a high overall electronic conductivity
(Fig. S131). Simultaneously, the apparent dielectric constant e,
increases by a factor of ~50 (Fig. S147), suggesting that the
electronic conductivity is dominated by pathways within the
grain boundary network.

Discussion
(a) Overall interpretation

Reasonable quantitative agreement between the Li" diffusivity
and the total conductivity is obtained if all Li" ions in the
interlayer galleries are assumed to be mobile. The agreement
suggests that the improved conductivity upon hydration is due
almost entirely to increased Li" mobility, while the concentra-
tion of mobile Li* carriers remains roughly constant (decreasing
slightly with increasing x due to volume expansion). Such
behavior is reasonable, given the ability of water to promote ion
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motion. It is also chemically intuitive that the Li* ions in the
interlayer galleries would be hydrated by adjacent water mole-
cules. The coupling offers a natural explanation for why Li" and
H' exhibit comparable diffusivities in this system.

Because the water diffusivity in Li,Sn,S;-xH,O strongly
increases with increasing water content, water incorporation
effectively accelerates during hydration and decelerates during
dehydration. This phenomenon explains why dehydration is far
more sluggish than hydration, and it suggests that the hydra-
tion process is diffusion-limited, at least for the ~50 um particle
size used in this work.

The protonic conductivity is probably quite low, due to a lack
of protonic charge carriers. Significant dissociation of the
incorporated water is not observed in the MAS NMR data. An
internal ion exchange process (whereby H' ions exchange
positions with Li" in the layers, leaving behind excess OH~
carriers in the interlayer galleries) is also unsupported by the
data. By comparison, pure liquid H,O also shows a high water
diffusivity and a low proton conductivity.®”*7>

In unconfined aqueous solutions, Li* ions are hydrated by 4-
5 H,0 molecules.” To provide the same coordination for the 1.5
interlayer Li" ions per formula unit of Li,Sn,Ss-xH,0, approxi-
mately 6-8 water molecules per formula unit are required. One
might therefore predict that the Li" transport rates in Li,Sn,-
Ss-xH,0 will approach “liquid-like” values when x > 6. The data
are broadly consistent with this simple picture. For example,
a 1 M aqueous solution of LiCl shows a total conductivity of 2.3
x 1072 S em ™! at room temperature (Fig. 7),°® which—since the
cation transference number in liquids is usually around 1/3—
implies a Li* conductivity of 8 x 107* S em™". The second
hydrate, Li,Sn,Ss-8H,0, exhibits a virtually identical value of 9
x 107 S em ™" at 25 °C. However, since the negatively-charged
tin sulfide layers are immobile, the Li" transference number
in Li,Sn,Ss-xH,O0 is probably unity. Thus, Li,Sn,Ss-8H,0 ach-
ieves a liquid-like conductivity with a solid-like Li* transference
number. Both of these features are beneficial for electrolyte
applications.

Further hydration up to x = 10 provides almost no addi-
tional conductivity benefit, which is consistent with the idea
that the electrostatic influence of the tin sulfide sheets on the
interlayer Li* ions is already fully screened out at x = 8. This
point suggests more broadly that the transport rates in
concentrated aqueous solutions represent an upper bound to
what is achievable in hydrated layered solids such as Li,Sn,Ss-
-xH,0. In this work the highest measured conductivity at 27 °C
was 2 x 107> S em ™" in Li,Sn,Ss-10.2H,0, surpassing prom-
inent oxide Li" electrolytes such as Li;LasZr,05, (3 X
10~* S em™ ") and on par with state-of-the-art sulfide electro-
lytes such as Lig 54Si1.74P1.44811.7Clos (2.5 x 1072 S em ™ 1).7

To recapitulate, the simple model discussed so far involves
a nearly constant mobile Li" concentration, a Li* mobility which
is promoted by increasing water content up to x = 8, and H,O
molecules which coordinate to the Li" ions and show similar
mobility. Further hydration above x = 8 yields little or no
additional benefit in conductivity. The Li* migration enthalpy
remains in the range 0.3-0.6 eV. Fig. 8 summarizes the basic
picture: At x = 0 conductivity is poor because of electrostatic
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Fig. 8 Conductivity at 30 °C as a function of the average water
content in Li;Sn,Ss-xH,O. Dashed line is a guide for the eye. Sche-
matics show the interlayer water (red/white) and Li;* ions (gray).

interactions (trapping as extreme case) with the tin sulfide
layers (A). The interaction is weakened by increasing tempera-
ture or introducing water. A moderate water content (x = 4)
leads to efficient screening (B), while a high water content (x =
8) enables liquid-like nano-ionic transport (C).

This model explains the major trends at 25 °C and above.
Below room temperature, some refinement may be needed.
Aqueous solutions freeze slightly below 0 °C, and the formation
of a rigid ice lattice causes the conductivity of dissolved ions to
drop sharply by several orders of magnitude.” In contrast, Li,-
Sn,Ss-8H,0 is solid at room temperature, and the ionic
conductivity shows no first-order transition during cooling to
—70 °C (Fig. S127). Evidently the formation of an ice lattice is
hindered by the water molecules being confined between the tin
sulfide layers.”””® Instead, during cooling the activation energy
increases steadily for x = 8. It is unclear if this change is due to
a concentration or a mobility effect. One can speculate that “ice-
like” clusters of water molecules gradually form upon cooling
and associate with Li" ions (reducing the mobile Li" concen-
tration) and/or change the potential landscape (causing the Li"
mobility to decrease more rapidly with decreasing temperature).

(b) Previous work revisited

The previous work from our groups® on anhydrous Li,Sn,Ss
must be reinterpreted in two respects:

First, in the current work we consistently find that anhydrous
Li,Sn,S; exhibits a Li* diffusivity below 10™° cm® s~ at 25 °C.
The higher value of 1077 ecm?® s~ reported previously is obtained
here only at hydration levels of x = 8. The simplest and most

likely explanation is that the PFG NMR measurements
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published previously were inadvertently conducted on hydrated
samples. An alternative possibility is that the different synthesis
protocols in the previous work led to structural differences
which facilitate ion transport, such as fewer stacking faults or
reduced amorphous content. Our numerous attempts to
confirm this alternative were unsuccessful, but it cannot be
entirely ruled out.

Second, anhydrous Li,Sn,Ss exhibits an ionic conductivity
slightly below 10> S em™* at 25 °C. The value of 10 * S cm™*
reported previously using LiAl electrodes appears to correspond
not to ion conduction, but rather to electron conduction that
arises when Li,Sn,Ss is reduced by LiAl and electronic pathways
form in the microstructure (Fig. S13 and S14+).

(c) Outlook

An interesting avenue for future work is to incorporate other
solvents besides water into Li,Sn,Ss, to promote Li" conduc-
tivity while making the material compatible with non-aqueous
conditions. Another promising direction is to investigate
hydrated layered compounds based on higher-valent cations
such as Mg>" or Zn*>*. The anhydrous forms of such materials
will likely show quite poor cation conductivity due to strong
coulombic interactions with the immobile lattice. However, the
hydrated forms may achieve a liquid-like ionic conductivity
while remaining solid, as in the present work, due to the ability
of water to promote ion motion. A few examples of this
approach have already been demonstrated.*”**

Although not attempted in this work, it should be possible to
use Li,Sn,S;-xH,O as a battery electrolyte. At x = 8 the Li"
conductivity is competitive with that of liquid electrolytes, and
the material is soft enough that simple pressing may be suffi-
cient to assemble composite electrodes with good interfacial
contact at the electrode-electrolyte interfaces. As with any solid-
state battery, the key challenge is to maintain good interfacial
contact during cycling despite interfacial reactivity and volume
changes. The softness of Li,Sn,Ss-xH,O at high water contents
could plausibly help in this regard. The practical voltage
window for battery cycling may extend beyond the limits asso-
ciated with splitting of liquid water, since Li,Sn,Ss-8H,O is
conceptually similar to water-in-salt electrolytes,® and the
geometric confinement of H,O might even widen the window
further. The fact that the Li" transference number is probably
near unity is also beneficial for avoiding concentration polari-
zation effects at high current densities. However, some
concerns are worth noting. Despite the possible suppression of
water splitting, the electrochemical stability window of Li,Sn,-
S5-xH,O is narrow, as seen for other sulfides.®” In particular,
contact with low-voltage anodes may be impractical due to Sn**
reduction and the formation of a mixed-conducting passivation
layer, similar to the impact of Ti** reduction in well-known
electrolyte materials such as LiLaTiO3 or
Liy AL Ti, (PO,);5.5*%* The addition of water could mitigate
this issue, because the typical hydrolysis products of lithium
(LiOH, Li,O, LiH) are electronically blocking,® but it seems
risky to rely on this point.***” Another concern is that the
application of pressure—a standard method for restoring
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interfacial contact in solid-state batteries—may squeeze water
out of Li,Sn,Ss-8H,0 and thereby reduce the Li" conductivity.
The surrounding water partial pressure may also need to be
controlled to avoid deliquescence. Finally, high current densi-
ties may deplete water on one side of the electrolyte due to the
coupled motion of Li* and H,0; it seems reasonable to expect
that this phenomenon is a general feature of hydrated layered
materials.

Conclusions

Upon exposure to humidity, water intercalation into the layered
structure of Li,Sn,Ss is facile. The resulting material Li,Sn,Ss-
-xH,O shows a water content x that varies from 0 to about 10
depending on the humidity and temperature. Both Li* and H,O
are transported within the material predominantly by 2D
diffusion in the interlayer galleries. The transport rates increase
strongly with increasing water content up to about x = 8, which
corresponds approximately to a full hydration shell of 4-5 water
molecules for each interlayer Li* ion. At x = 8 the material
remains a soft solid, but the Li" diffusivity and conductivity
reach liquid-like values of 5 x 1077 cm® s™! and 107> S em ™.
Anhydrous Li,Sn,Ss consistently showed far lower transport
rates than those reported in a previous work by our groups. The
discrepancy is most likely due to inadvertent hydration of the
material in the previous work, but an alternative explanation
based on structural differences cannot be ruled out. In any case,
Li,Sn,Ss-xH,O offers a case study of the transition between
a hydrated solid electrolyte and a confined liquid electrolyte,
which is both scientifically interesting and potentially useful in
applications.

Experimental
General

Anhydrous samples were prepared, handled, and measured
under dry inert gas (Ar or N, with <1 ppm H,0) or vacuum.
Hydrated samples were sealed in containers with small dead
volumes to minimize water loss. The water content, x, was
assessed gravimetrically; for a two-phase mixture, the reported
value of x is an average over both phases. Some transfer steps
required exposing hydrated samples to dry inert gas for a short
time, on the order of minutes. The water loss during these
transfer steps was estimated by weighing representative
samples before and after exposure. The cumulative decrease in
x from these transfers was estimated to be 0.5 or less and was
neglected. Although Li,Sn,Ss-xH,O appears to be stable in
ambient air, the water content is sensitive to water partial
pressure (pn0), SO air exposure was avoided except where
indicated. See the ESIt for more details.

Sample preparation

Anhydrous Li,Sn,Ss was synthesized by solid state reaction of
Li,S (99.9%, Alfa Aesar) and SnS, at 650 °C. Hydrated Li,Sn,-
Ss-xH,O was prepared using either a TGA or saturated salt
solutions. Both materials were compacted by uniaxial pressing
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for impedance measurements; anhydrous Li,Sn,Ss with 5-10
kbar and various pressure values for Li,Sn,Ss-xH,0 depending
on x. Various heat treatments were attempted to increase the
density of anhydrous Li,Sn,Ss further. See ESI{ for more details.

Thermogravimetric analysis (TGA)

The equilibrium water content in Li,Sn,Ss-xH,0 was measured
by installing anhydrous powder samples (70-600 mg) inside
a quartz crucible in a TGA system. The sample was exposed to
ambient air for approx. 30 s during transfers. The TGA was
a Netzsch STA 449 instrument with a protective N, gas flow
(<10 ppm H,0 including trace leaks, 60 ml min~"). To remove
water absorbed during sample installation, a pre-anneal was
typically conducted under flowing N,. The sample mass was
measured after a typical dwell time of 1-2 h under humid N, at
various temperatures in the range 27-100 °C and py,0 in the
range 1.4-17.1 mbar (0.4-48.2% relative humidity). The
humidity was set by mixing dry and humidified N, in different
ratios (0-60 ml min " dry or wet N,). The N, gas was humidified
by bubbling dry N, gas through deionized water in a double-
walled glass container, which was temperature controlled
using a thermostat in the range 5-18 °C. The flow rates were
sufficiently low that saturation could be assumed, such that the
humidity is given by the saturation pressure of water at the
thermostat set point. The exhaust gas of the TGA was analyzed
by a Balzers Prisma quadrupole mass spectrometer. A buoyancy
correction was performed by subtraction of mass changes at
measurement temperatures from data obtained of an empty
crucible in a separate measurement. The recorded mass
changes of the empty crucible were fit with a polynomial and
the extrapolation line was used for the buoyancy correction.

X-ray diffraction (XRD)

Powder XRD measurements were acquired using a STOE StadiP
diffractometer (curved Ge (111) monochromator, DECTRIS
Mythen2R 1K detector, Debye-Scherrer geometry, Mo-K,;,
wavelength 0.7093 A). Powder samples with lower x values (0-
4.0) were packed in borosilicate capillaries (Hilgenberg, 0.3 mm
diameter) and flame sealed under argon. Due to their soft and
sticky consistency, samples at higher x values (4.0-10.0) were
prepared in Kapton tubes of 0.8 mm diameter. These data were
analyzed using WinXPow (STOE). Phase analysis checks were
performed on a second setup, as described in the ESL

Pulsed-field-gradient nuclear magnetic resonance (PFG NMR)

Li,Sn,Ss-xH,0 powder was packed at one end of an NMR glass
capillary (Deutero, D400) with ground joints, and a solid glass
rod that matched the capillary inner radius was inserted to
reduce the dead volume. The capillary was then sealed under
slightly reduced pressure (~0.5 bar) of inert gas. Water loss
during the sealing was negligible. Capillaries prepared in this
way were installed in the NMR instrument (Bruker Avance III
400) equipped with either a diff60 gradient probe (max. 2900
G cm™ !, specialized RF inserts for '"H and “Li) or a double
resonance broad band probe (max. 1750 G cm™ ', BBO 400 MHz
W1/S2 5 mm with Z-gradient) with tuneable frequency for
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different nuclei. The sample end of the capillary was heated
stepwise between 25-180 °C. After a ~0.5 h effective dwell time
at each temperature to allow for equilibration, NMR measure-
ments were acquired. At all temperatures the intent was to keep
the water content in the powder constant. However, some
amount of condensation was visible at the protruding cold
(non-sample) end of the capillary, suggesting the samples
underwent a small (and reversible) amount of water loss during
heating. For the x = 8.0 sample, the capillary sealing was
modified to essentially eliminate the dead volume of gas, and
no condensation was observed. Data were acquired using
a stimulated echo sequence with spoiler gradients. Various
diffusion times in the range 10-100 ms were used, with effective
gradient durations of 1-3 ms. Remagnetization times were
chosen to be 4 to 5 times higher than the spin-lattice relaxation
time, 7;. The measured echo-signal attenuation peaks were
phase corrected, and the integrated areas were used to extract
the diffusivities. The main analysis approach assumed aniso-
tropic diffusion with negligible out-of-plane diffusivity, so the
procedure given in ref. 64 was used to calculate the diffusivity.

Solid state nuclear magnetic resonance (ssSNMR)

Powder samples were filled in a Pyrex magic angle spinning
(MAS) rotor insert (Rototec) under argon. The insert was custom
fitted with a ground glass joint for transfers. The sample bottom
part of the insert was immersed in liquid nitrogen, and under
slight static vacuum (~0.5 bar) the sample was flame sealed.
Spectra were acquired on a Bruker Avance III 400 MHz instru-
ment (magnetic field of 9.4 T) at Larmor frequencies of 400 MHz
(*H), 155.5 MHz (’Li), 149.15 MHz (**°Sn) and 58.8 MHz (°Li),
using a Bruker BL4 double resonance MAS probe and 4 mm OD
ZrO, spinners (10 kHz if not stated otherwise). The MAS spectra
for all nuclei were acquired with a simple Bloch Decay experi-
ment (i.e., pulse-acquisition), and acquisition delays sufficiently
long for a complete magnetization recovery. The “Li experi-
ments were performed using central transition selective 90°
pulses (the non-selective liquid 90° pulses were scaled by
a factor of (I+0.5) " = 0.5).*%* “Li and °Li variable temperature
spin-lattice T, relaxation times measurements were performed
both on spinning and non-spinning samples using saturation-
recovery method. Experiments with static samples were per-
formed in a Bruker static double resonance PE400 probe with
a horizontal 5 mm coil. Between 8 and 64 scans were commonly
averaged for a good signal-to-noise ratio. The temperature in
the probes was regulated with a Bruker BVT3000 temperature
controller. Actual temperature of the sample was calibrated on
207ph signal of powdered Pb(NO;),.** Chemical shifts were
referenced externally relative to tetramethylsilane (*H, ;5 = 0.0
ppm), to tetramethyltin (**°Sn, é;5, = 0.0 ppm), using SnO, as
a secondary standard (—603 ppm), and to 1 M LiCl (>’Li, dis, =
0.0 ppm).**

Electrochemical impedance spectroscopy (EIS)

Depending on x, samples were contacted either by sputtering
ruthenium electrodes or with stainless steel rods. For x = 0,
measurements were conducted under inert gas flow, and for x >

This journal is © The Royal Society of Chemistry 2021
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0, a closed set-up was used. In either case the impedance was
measured with a Novocontrol Alpha-A analyzer (2-wire
measurement, 10° to 10~ " Hz, 0.1 V amplitude).

When necessary, the stray impedance of the measurement
setup was measured separately (by short-circuiting the elec-
trodes at the respective temperatures) and pointwise subtracted
out. Impedance spectra were fit using either Zview (Scribner,
Version 3.5.c) or RelaxIS3 (rhd instruments) in the high-
frequency range by an equivalent circuit consisting of
a resistor and constant phase element (CPE) in parallel. The
obtained values for resistance and capacitance when including
the low-frequency blocking feature by an additional CPE and
having the dielectric capacitance in parallel were comparable.
The conductivity ¢ and dielectric constant ¢, were extracted
using the standard relations ¢ = L/(RA) and & = Cegl/(€04),
where R is resistance, L is sample thickness, A is cross-sectional
area, ¢ is the electrical permittivity of free space, and C.¢ is the
effective capacitance calculated from Ceg = Q" 'R~ where
Q and n are the magnitude and exponent of the CPE.*® See ESIf
for more details.
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