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Abstract

LisPSs is an attractive solid-electrolyte material that possesses high RT ionic conductivity
(10 S.cm™) but the effects of specific synthesis parameters on the material’s local structure
and transport properties still demand clarifications. Herein, we highlight the substantial effects
of cooling breaks in the mechanochemical synthesis procedure on the formation of a variety of
PxSy* moieties and on the transport properties of LisPS4, through Raman and impedance
spectroscopy measurements. We show that ball-milled LisPS4 (with no subsequent annealing),
which is often regarded as “amorphous/glass/glassy LisPS4”, is not fully amorphous using
X-ray diffraction and transmission electron microscopy. Upon subsequent annealing for 1 hour
above 190 °C, B-LisPSs is crystallized and our P magic angle spinning nuclear magnetic
resonance spectra suggest that 3 distinct PS;> moieties form, which we refer to as amorphous-
, B- and Y-type units. Herein, we present a hypothesis to explain the correlation between the
ionic conductivity and the distinct PS4> units as a function of the annealing temperature. Our
results consolidate the recent reports noting that crystallization of B-LisPS4 is not necessary to
obtain a high conductivity in ball-milled LisPS4. Finally, we introduce a phase mixture between
B-Li3PSs and Y-LisPS4 synthesized at 200 °C, which is the lowest synthesis temperature yet for

Y-Li3PSs.
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Introduction

Solid Li* (Na*) conductors in the Li>S (NazS) — P.Ss binary system have received a lot of
attention as they have the potential to replace liquid electrolytes from the conventional Li (Na) -
ion batteries [1-7]. In particular, LizPS4 has been the subject of many studies owing to its low
cost and relatively high ionic conductivity (~10 S.cm™) at room temperature (RT). The precise
correlation between the synthesis parameters and the ionic conductivities obtained for different

samples of LisPSs still remains to be better addressed [7—14].

Li3sPS4 has been isolated as four known crystalline polymorphs, B, Y, a and 8, the last of which
being obtained at high pressure (>5 GPa) [8,12,14-19]. Y-Li3PS4, which is formed from a solid-
state reaction between 75 mol% Li>S and 25 mol% P»Ss at high temperature (500 — 900 °C),
possesses a poor RT conductivity of around 107 S.cm™ [8,9,20]. When Y-LisPSs is heated
between ~280 °C and ~500 °C, it transforms into B-LisPSs, referred to as “bulk B-LizPSs”.
Above ~500 °C, B-LisPS4 turns into a-LizPS4. Upon cooling a-LisPSs back to RT, it transforms
into Y-LisPS4 at around 270 °C and B-Li3PS4 is not observed [14,17]. The phase transformations
in LisPS4 are summarized in Figure 1a. Even though Y-Li3PSs is the equilibrium RT phase

[14,19,21], different metastable phases can also be stabilized at RT, as summarized in Figure

1b.

The extrapolation of the high temperature ionic conductivity of bulk -LisPSs to RT results in
~10°S.cm™[8,9,14,16]. Interestingly, this value can be enhanced substantially (~10*S.cm™)

if B-Li3PSs is stabilized at RT through two different synthesis routes summarized in Figure 1b:



i. A mechanochemical reaction between stoichiometric amounts of Li>S and P2Ss through
ball-milling leads to the formation of a material that is identified as mostly amorphous
through X-ray diffraction. B-LisPS4 forms after annealing the ball-milled mixture between
180 and 250 °C and it remains stable at RT [10,12,13].

Ii. Reacting stoichiometric amounts of Li»S and P»Ss in an organic solvent (THF, DME, ACN
etc.) and subsequently drying the mixture between 140 — 200 °C under vacuum Yyields

B-LisPS4, which is stable at RT [16,20,22—28].

Ball-milling the reagents without a subsequent annealing step results in X-ray amorphous
LisPS4 [2,5,10,13,29,30], which possesses quite similar transport properties with RT-stabilized
B-LisPSs (through mechanochemical or wet-chemistry routes). Both materials have RT
conductivities of ~10* S.cm™ and activation energies between 0.36 — 0.38 eV, the reasons of
which have not been explained [7]. The recent studies of Smith et al. [31] and Kaup et al. [14]
suggest that the rotational dynamics of the anions (PSs%) in amorphous and B-LisPSa4 could be
responsible for their high conductivities, which could also play a role in their afore-mentioned
similarity. Other recent studies showed that when X-ray amorphous LisPSs is annealed around
180 °C, B-LisPSa is crystallized and a further increase in the annealing temperature leads to a
gradual decrease in the material’s conductivity, which raises questions over the transport

properties of B-LisPSs [10-13,32-34].

In this article, we focus on the mechanochemical route used to synthesize X-ray amorphous-
and B-LisPSa. First, we show how the absence of cooling breaks during the initial cycles of
ball-milling could alter the local structure of X-ray amorphous LisPS4 and decrease its ionic
conductivity by using X-ray diffraction (XRD), Raman and impedance spectroscopies. We then

report on the presence of nanocrystallites in X-ray amorphous LisPS4, which are invisible to



powder X-ray diffraction, identified by transmission electron microscopy (TEM). We also try
to explain the inverse correlation between the ionic conductivity and the synthesis temperature
of B-Li3PS4 by synthesizing a series of samples and investigating their crystallite sizes and their
local phosphorus environments. Using 3P magic-angle-spinning nuclear magnetic resonance
spectroscopy (PP MAS NMR), we identified 3 distinct PSs* environments simultaneously
co-existing in B-LisPS4, which could be responsible for the afore-mentioned correlation.
Finally, we present a phase mixture of $-LisPSs and Y-LisPSa, which could be a promising solid

electrolyte owing to its potentially higher electrochemical and moisture stabilities.

Experimental

Synthesis: Mechano-chemical syntheses (planetary ball-milling) were carried out using a
Retsch PM200 and a Fritsch Pulverizette 7 apparatus using the reagents Li.S (Sigma Aldrich)
and P»Ss (Sigma Aldrich). The preparation of the ball milling jars took place in an Ar-filled
glovebox. 5 g of stoichiometric mixtures were put in 45 mL zirconia jars along with 15 zirconia
balls with 10 mm diameters (3 g each). The jars were sealed using scotch tape and parafilm,
then they were taken out of the glovebox and placed in the ball milling apparatus. For
intermittent ball-milling, cycles of 15 minutes of milling and 15 minutes of break; for
continuous ball-milling, cycles of 30 minutes were programmed. The rotation direction was
reversed between each milling cycle. In all the syntheses, a rotation speed of 510 RPM was
used. After milling, the jars were carried back to an Ar-filled glovebox and opened inside. The
powder was pale yellow and was mostly stuck on the balls. Some glassy depositions were also
observed on the jar walls, which was thicker in the cases of continuous milling. For annealing,
pelletized samples (at 531 MPa) were placed in the C-coated quartz tubes in an Ar filled
glovebox, the tubes were sealed with parafilm before they were taken out. The tubes were then

connected to a pump that generates primary vacuum using a Swagelok quick-connection



apparatus and were sealed under vacuum. We tried to keep the sealing process as short as
possible to prevent the heat to affect the reaction pellets. The sealed ampoules and the pellets
were then put in furnaces, heated up to the reaction temperatures via 5 °C/min heating rate.
After the reactions were completed, the tubes were left in the oven and cooled down to RT
slowly, then were placed in an Ar-filled glovebox in which they were opened and the pellet

was ground using an agate mortar and pestle.

Powder X-ray Diffraction. The powder X-ray diffraction patterns were collected using Bruker
D8 diffractometers equipped with either Co (Koi-Kaz) or Cu (Kai-Kop) radiation in a 0-6
configuration. Since the samples were air-sensitive, they were sealed in hermetic sample
holders which were capped by a Be window in an Ar-filled glovebox. The patterns were
collected between 20 = 10° - 60° or 10° - 100° for 1 hour or 13 hours, respectively, in which a
stepsize of 0.03° was used. The Fullprof suite was used to perform profile matching using Le

Bail method to determine the lattice parameters of the samples.

Raman Spectroscopy. The samples for Raman spectroscopy were prepared in an Ar-filled
glovebox as follows: a small quantity of powder was put on a glass slide and it was sealed with
scotch tape, then the lamellas were taken out and their spectra were measured quickly. The
spectra were collected using a Raman DXR Microscope (Thermo Fischer Scientific) with
excitation laser beam wavelength of 532 nm and a low laser power of 0.1 mW to prevent
excessive heating of the samples. The samples were exposed to the beam in a series of 100
measurements of 1 second exposure each to collect the spectra. The data were deconvoluted
using Omnic Software of Thermo Fischer Scientific and used a pseudo-Voigt function for

fitting.



31p Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy. The samples were
packed in 4 mm rotors in an Ar-filled glovebox and sealed by a KEL-F cap. The (B+Y)-Li3PSa4
samples were measured in a 7 T Bruker Avance |11 spectrometer operating at 162.08 MHz for
31p, in which they were spun at 7.5 kHz under dry nitrogen gas using a Bruker 4mm double
resonance HX probe. The one pulse spectra were collected and analyzed using a direct RF
impulsion of 3.125 us (80 kHz). The spectra for the 84 hour-200°C annealed sample was
measured with a recycling time of 500 s using 8 scans and the 336 hour-200°C annealed sample
in 4 scans with a recycling time of 450 s (more than 5 times the longest measured longitudinal
relaxation time). The remaining samples were studied in a 400 MHz wide bore Neo Bruker
spectrometer operating at 162.08 MHz for 3P in which they were spun at 10 kHz. The one
pulse 3P-MAS NMR spectra were collected and analyzed in direct impulsion using either 90°
pulse length of 4.5us with a recycling time of 500s in 8 scans or a 90° pulse length of 3.33us
with a recycling time of 300s in 8 scans. All the spectra were referenced to HsPO4 (0 ppm).
The fits of the spectra were done with the ssNake software [35]. The spectra of the as ball
milled and 150 °C-annealed samples were fitted with 3 Gaussian components. For the samples
annealed above 200 °C, the fit was done with 3 Voigt peaks for the PSs% units and 2 Gaussian
peaks for the P,S7* units. The values of the shifts were parameters of the fit, but the set of
chemical shifts was constrained to be identical over the 5 samples. The Lorentzian and
Gaussian widths were left free to evolve, and set to zero whenever they were below 10 Hz. The
contributions of spinning sidebands were ignored as they did not modify the relative quantities

of each peak significantly (similar anisotropies).

Differential Scanning Calorimetry. About 10 mgs of samples were placed in aluminum
crucibles in an Ar filled glovebox before the crucibles were sealed, then their lids were pierced

under argon flow prior to the measurement to allow gas release upon heating. A Netzsch DSC



204 F1 heat flux differential calorimeter was used for the measurements, in which the samples
were heated with a rate of 5 °C.min"! under a constant argon flow of 50 mL.min"%. The enthalpy

of the thermal phenomena were measured by the software Proteus Analysis.

Transmission Electron Microscopy. TECNAI F20 S-TWIN (ThermoFisher) operating at
200 kV was used for performing transmission electron microscopy analyses. BM-I LisPS4
powders were dispersed on an ultrathin carbon coated copper grids in a glovebox (Ar
atmosphere). The TEM holder containing the sample was sealed in a nylon bag full of Ar
atmosphere in the glovebox to protect the sample from moisture and was transferred to the
TEM column. An argon flowing pipe was placed near to the holder to minimize sample reaction
with air while the sample was transferred from the nylon bag to the TEM column in less than
5 seconds. As the material is highly sensible to the electron beam during the TEM
measurements, the electron dose was minimised by using a smaller condenser aperture (10 pum)

and a higher spot size (6).

Alternating Current Impedance Spectroscopy. We cold-pressed our samples into 6-mm
diameter pellets and stacked them between carbon (graphite) electrodes directly in the press at
531 MPa. We controlled the experiment temperature using an Intermediate Temperature
System furnaces (Biologic Company, ITS). We recorded the AC impedance spectra of our
samples using a MTZ 35 frequency response analyzer (BioLogic Company) between the
frequency range from 30 MHz to either 1 Hz or 100 mHz with an excitation signal of 50 mV.
We treated the impedance data using Zview software and Debye model equivalent circuit (see
SI for more information) to differentiate different resistive phenomena and to obtain their

resistance. lonic conductivity values were calculated as explained in a previous study [36]



using resistance values obtained from the fits. To calculate the capacitance values of different

resistive phenomena at various temperatures, we used the equation:

In the equation, R, C and f. stand for resistance, capacitance and frequency cut, respectively.
The method to obtain the frequency cut of a phenomenon at different temperatures was

explained in a previous study in detail [36].

Results and Discussion

Ball-milled LisPSs with no subsequent heat treatment is often referred to as “amorphous” or
“glass” or “glassy” LisPSs and manifests a halo powder XRD pattern [5,10,12,29,30,37,38].
On the other hand, Dietrich et al. suggest that Li>S cannot be fully amorphized during the
synthesis [2]. This apparent discrepancy could arise from the sensitivity of the XRD
measurements or from some differences between the ball-milling parameters [39], one of which
is having cooling breaks in between ball-milling cycles Advanced 7Li NMR studies are also
highly needed if one really cares about determining exact Li>S contents. A few reports
emphasize the importance of these breaks for obtaining an impurity-free product, which
remained to be proven experimentally [2,7,40]. We used two reaction pathways to synthesize
BMed LisPS4, by which we can differentiate the effect of cooling breaks at the early stages of
the mechanochemical reaction. The first one (BM-I) refers to LisPSs synthesized by
intermittent ball-milling (BM-1), i.e 76 hours overall for 38 hours of ball-milling and 38 hours
of cooling breaks every 15 minutes. The second one (BM-C) refers to LisPSs synthesized by
continuous ball-milling, i.e. 22 hours of continuous ball-milling followed by 38 hours overall
of ball-milling + cooling breaks every 15 minutes (41 hours of active milling). We assumed

that the impurities (identified by Raman spectroscopy) would form during the initial continuous



ball-milling. The additional intermittent ball-milling was done to equilibrate the overall active

ball-milling time and to have similar degrees of amorphization in the samples.

The XRD patterns of the two ball-milled samples are shown in Figure 2a, which indicates that
our ball-milling recipe, with or without the cooling breaks, yields a composite of an X-ray
amorphous matrix and residual Li>S [41]. Due to the residual Li>S, we expect the overall
compositions of the amorphous matrices to be Liz2xPSsx and point out that these materials
should not be labelled as “amorphous/glass/glassy LisPSs”. “Ball-milled LisPS4s” would be a
more fitting definition as it indicates the overall composition of the material and the process

that it went through.

As shown in Figure 2b, the Raman spectra of BM-I and -C LisPS4 look qualitatively very
similar. As reported by Dietrich et al. [2], deconvoluting the frequency range between 440 and
360 cm in these spectra gives quantitative information about the PxSy® units in these materials
within ~5% error margin. Doing that, we show that BM-I LisPS4 has a very high relative
quantity of PS> along with some P,S7* and P2Sg* moieties, similar to what is reported in the
literature [2,8,37,42-47] . The presence of P2S7* and P>Ss* moieties can be explained by the
incomplete reaction between the reagents, which is evidenced by the residual Li>S. BM-C
LisPSs has comparatively higher amounts of P,S;* and P,Sg* moieties and there is also a
noticeable shift in the peak position of P,S;*. Such shifts are expected in amorphous
Li>S — P>Ss materials, in particular depending on the relative molar ratios of the reagents [2].
We hypothesize that the heat generated during continuous ball-milling may cause sulfur (or
reagent) evaporation [2]. Such difference between the two samples could originate from the
absence of cooling steps during the synthesis of BM-C LisPSs. Reactants and intermediate

products with low sublimation temperatures (i.e. P2Ss, PxSy, Sx> etc.) may sublimate due to
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overheating and alter the reaction dynamics during ball-milling. To the best of our knowledge,
there are no P,S,* units demonstrating bond vibrations centered at 402 and 433 cm, so these
signals may originate from elemental sulfur (Ss), some polysulfide species (Sx*") or some exotic

PxSy* units [48-50], which may deteriorate the performance of an electrolyte in a battery.

Figures 3a (zoomed in at the high frequency region) and 3b (zoomed out) show the Nyquist
plots of BM-1 and -C Li3PS4 recorded at -20 °C. Semicircles at the high frequency region (30
MHz — 0.7 kHz) indicate similar ionic conduction behaviour for both samples. As frequently
done in the literature to determine the ionic resistance of a pellet, if the linear tails following
the semicircles shown in Figure 4a are extrapolated to the x axis (real resistance), similar
resistance values are obtained for BM-I and -C LisPSs. However, a zoomed out view on the
same Nyquist plots shows the presence of a second semicircle in BM-C LisPS4, which signals
a second resistive phenomenon, see Figure 3b. These observations are confirmed in the Bode
plots of the two materials at the same temperature, as shown in Figures 3c and 3d, which points
out the importance of a careful investigation on impedance data in a wide frequency window
(typically 1 Hz — 1 MHz) [51,52]. The real resistance of the BM-1 Li3PSs4 pellet was obtained
by fitting the impedance data using a Debye equivalent circuit (Figure S1 [53]). Based on
BM-C Li3PSs’s Raman data, we hypothesize that the material has a core-shell structure as
illustrated in Figure 4a. At the initial stages of ball-milling, the reaction between Li>S and P2Ss
proceeds as expected [2] and the core of the new product particle is formed. As the accumulated
heat increases the temperature, some of the reagents and/or intermediate products (i.e. P2Ss,
PxSy, Sx™ etc.) gets sublimated and alter the reaction dynamics, hence some impurities form at
the shell. Li* moves through the shell and then the core subsequently, which could be modelled

with a slightly modified Debye equivalent circuit as in Figure S1 [53].
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The Arrhenius plots gather the conduction behaviour in BM-1 and -C LisPS4, see Figure 4b.
BM-I LisPS4 has a conductivity of 4.10* S.cm™ at RT and an activation energy of 0.37 eV,
which are comparable to the values found in the literature [2,5,10,13,29,30]. The 1% conductive
medium in BM-C Li3PS4 shows quite a similar resistance to BM-1 LisPSs, hence we associate
this medium with the hypothesized core that consists of PSs* units. The 2" medium
demonstrates a higher resistance (leading to an observable conductivity of ~10°S.cm™ at RT),
which lowers the total conductivity of BM-C LisPS, dramatically (2.10°S.cm™ at RT). Among
the amorphous Li»S — P,Ss materials, the ones with relatively higher PSs* content have higher
conductivities than the ones mostly composed of P,S7*, P.S¢* and PSs™ [2,5,29]. Thus, we
associate the poorly conductive 2" medium to the impurity phases in the hypothesized shell of
BM-C LisPSas. Additionally, it is worth pointing out that the capacitance values of the 1% and
the 2" phenomena were calculated as a function of temperature, as shown in Figure 4c. The
frequencies of these phenomena shift to higher values with increasing temperature, but their
capacitances remain stable, which proves that they originate from a different conductive

medium.

The investigation of BM-I LisPS4 using transmission electron microscopy (TEM) was carried
out with low dose conditions (below few hundred e/nm?/s) and proper exposition time in order
to minimise the electron beam damage which is mainly required for these sensitive materials
[54]. Figure 5a displays predominant grains of BM-I LisPSs which exhibit no specific
morphology with the size of a few micrometers. Based on SAED measurements (Selected Area
Electron Diffraction), the diffraction pattern showed diffused rings related to an amorphous
phase. Furthermore, some nanosized particles (30-100 nm) spread out in the amorphous matrix
can be observed by contrast as shown in Figure 5b. As displayed in Figure 5c, crystalline

particles from 15 to 250 nm are present inside an amorphous matrix. The SAED pattern in
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Figure 5d reveals the crystallinity of objects inside the amorphous matrix, that consisted in a
mixture of Li>S traces [41] and some other products of reaction between Li>S and P2Ss. The
crystallites presented in our amorphous matrix could be similar as the ones reported previously
by Tsukasaki et al. using in-situ TEM where they investigated a ball-milled LisPS4 sample (no
subsequent annealing) [38]. They suggested that the nanocrystallites could contribute to the
high ionic conductivity of the material [10,38], but we argue that it might be unlikely since the
crystallites are scarce and well-separated. BM-1 LizPS4 having high PS4* content and similar
conductivity to the literature values, we hence used it as the precursor to study the formation

of B-LisPSas.

Rise of B-LisPS4 and fall of conductivity. B-LisPSs is the medium temperature polymorph of
Li3sPS4, which is thermodynamically stable in the range 280 — 500 °C, and has an extrapolated
RT conductivity of ~10° S.cm? [8,9,14,16]. When it is stabilized at RT through a
mechanochemical reaction between Li.S and P2Ss, and a subsequent annealing between 180
and 250 °C, an increase of two orders of magnitude is observed in its RT conductivity
(~10*S.cm™), which is substantially similar to the RT conductivity of X-ray amorphous LisPS4
(also ~10*S.cm™ [2,5,10,13,29]). In an effort to understand the causes of this similarity, we
decided to carefully investigate the changes in the ionic conductivity, in the variety of PxSy*
units present and in the XRD patterns of X-ray amorphous LizPSa, as a function of annealing

temperature.

The differential scanning calorimetry (DSC) data of BM-I LisPS4 is shown in Figure 6a. The
baseline with constant slope indicates that the material doesn’t go through any detectable

reaction until 160 °C. At higher temperatures, the reactions can be divided into 3 regions: (i)

an exothermic reaction between 165 — 202 °C, (ii) another exothermic reaction between 202 —
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230 °C and (iii) a set of endothermic reactions between 230 — 315 °C. To observe the possible
changes in the local and crystal structure of BM-I LisPSs before, during and after these
reactions, we then annealed a set of samples separately at various temperatures (marked on
Figure 6a) for 1 hour (each sample at a temperature), subsequently cooled down to RT. For
ease of notation, we will refer to these samples as “Annealing temperature-LisPS4” (i.e. BM-I

LisPS4 annealed at 150 °C for 1 hour is 150-Li3PSa).

The XRD pattern of BM-I LisPS4 suggests that it is a composite of an X-ray amorphous matrix
and residual Li>S. The XRD patterns of the composite when it is annealed between 150 °C and
180 °C do not change much, as illustrated in Figure 6b. The sample starts to crystallize at
180 °C, as evidenced by the broad peaks with very low intensities. The relative intensities of
the Li»S diffraction peaks gradually decrease as the annealing temperature increases, which
indicates that the residual Li»S reacts with the X-ray amorphous matrix at these temperatures
and increases the Li and S contents in the matrix. In 190-LisPS4, B-LisPSa is crystallized (Pnma,
see Figures 7 and S2, and Table 1 for lattice parameters). The diffuse scattering in the same
pattern signals the presence of an additional X-ray amorphous phase, the relative intensity of
which monotonically decreases with increasing annealing temperature whereas the diffraction

peaks become sharper as the annealing temperature increases.

Interestingly, the (101), (111) and (121) Bragg reflections are not obviously visible in the
patterns of 190- and 202-LisPSs and their relative intensities monotonically increase with the
annealing temperature, the reason of which being not clear to us. In some studies the term
“thio-lisicon III analogue” [55] was used to describe the crystal structure of LisPSs samples

[27,38,56-62], which shared similar features as 190- and 202-LisPSs. Perhaps the low
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intensities of (1k1) reflections was the reason why the phases were not indexed using the Pnma

space group.

Table 1: (single column) Lattice parameters of BM-I LisPSs annealed at 190, 202, 230 and 315 °C for
1 hour and samples from the literature, which were crystallized into the Pnma space group. TW, WC,
and BM stand for “This Work”, B-Li3PSs synthesized through “Wet Chemistry”, and B-Li3PSas
synthesized through “Ball-Milling” and subsequent annealing, respectively.

Anneal Lattice Parameters (A) —
Sample T(e(:)r(rgg) ' a b . size (A)
TW 190  12.93(1) 8.09(1) 6.11(1) 475(1)
TW 202 12.90(1) 8.10(1) 6.12(1) 684(1)
W 230 12.90(1) 8.16(1) 6.14(1) >1000
TW 315 1291(1) 8.14(1) 6.14(1) >1000
WC[16] 140 12.99 806  6.14 ?
BMp [12] 250 12.88 8.14 6.15 ?

The lattice parameters of the crystalline samples are shown in Table 1. There is a general trend
of slightly decreasing a and increasing b and ¢ parameters with increasing the annealing
temperature. Interestingly, the lattice parameters of “nanoporous” B-LisPSs synthesized
through wet chemistry (WC-LisPSs) [16] are substantially different than the ones of our
samples and the ones of B-LisPSs synthesized through ball-milling and subsequent annealing
at 250 °C (BM-LisPSs) [12]. WC-Li3PSs crystallizes at relatively lower temperatures than
BM-Li3PSs, which could be due to the difference in their particle sizes [7], hence the
differences in their lattice parameters might be justified by the trend between the annealing

temperature and the lattice parameters as mentioned above.

We investigated the changes in the PxSy* units in BM-I LisPSs upon annealing using

quantitative 3P MAS NMR. As shown in Figure 8, BM-1 LisPSq is rich in PSs* species with
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a broad Gaussian peak centred at 83.2 ppm. The fits are not heavily constrained, but our best
fit indicates that these PS4 units account for 81% of the relative signal area, whereas impurities
in the P2Se* and P,S7* range (90 — 110 ppm [2]) add up to 19% of the signal, in coherence with
the results obtained by Raman spectroscopy (Figure 2b). The component centered at 93 ppm
is extremely broad and signals a wide distribution of environments in the impurities resulting
from the ball-milling process. Annealing at 150°C does not change dramatically the spectrum
but narrows the distribution of impurities and decreases their signal to 14%, in agreement with
the hypothesis of a reaction between the amorphous matrix and the Li.S that remained after the
mechanochemical reaction. This reaction can introduce terminal sulfur atoms to the P,Ss* and
P,S7* species and facilitate the formation of PSs> [2]. After the onset of crystallization of
B-LisPS4, the NMR spectra of the LisPS4 samples change dramatically, as can be seen in Figure
8b. The broad PS* peak at 83.2 ppm changes into a new intense resonance at 86.4 ppm. A
downfield shoulder around 88.6 ppm is clearly present in 202-Li3PSs, and is reduced with
increasing annealing temperature. An additional broad component in the low-ppm side
provides a better fit in 202-LisPS, (see below). Variations in the 3P chemical shift of PSs*
moieties were previously observed in 3!P spectra of LisPSs. Gobet et al. indeed studied the
LisPS4-3THF phase that displayed three peaks between 86.8 and 89.6 ppm, all assigned to PS4*-
. The differences in shifts were assigned to “molecular-scale variations”, i.e. varying THF
configurations [20]. The desolvated phase resulted in a single broad Gaussian peak centered at
83.9 ppm. Stoffler et al. assigned the broad components under the sharp 86.5 ppm peak to an
amorphous phase with a relatively high quantity (30%), assigned to PS4>* moieties [18]. Phuc
et al. assigned the fitted peaks located at 81.5, 83.6 and 85.7 ppm to PSs* species in amorphous,

B- and Y-LisPSs when they studied 100 LisPS4.XLisPO4 materials [63].
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We attempted to fit the NMR spectra to interpret the evolution with annealing time. A better
fit of the centerband of 202-LisPSs was obtained with three peaks. The chemical shift
anisotropies are small, similar and do not influence significantly the relative amounts obtained
from the fits; they were therefore neglected. The fit was not strongly constrained however, and
the contribution of each peak to the total spectrum, as well as its position, was ill-defined with
several equivalent outputs. We therefore decided to fit simultaneously the spectra of all the
crystallized samples. We used ssNake [35] with 3 Voigt peaks for the PSs* region and two
Gaussian peaks for the impurities between 93 and 97 ppm. ssNake allows for optimizing the
set of chemical shifts that fit best all the spectra simultaneously. The Gaussian and Lorentzian
widths as well as the intensities were left free to optimize, except when the values went below
10 Hz for the widths (set to zero and fixed afterwards). These constraints produced reasonable
fits, with the resulting high-ppm shifts (86.4 and 88.6 ppm) in good agreement with the reported
peak positions for PS> units in B-LisPS4 (83.9 — 86.5 ppm [18,20]) and Y-LisPS4 (88.2 — 88.4
ppm [20,64]). The third additional peak has a relatively smaller chemical shift (85.9 ppm). A
worse agreement of the fit was obtained for 315-LisPSs compared to the four other samples,
which was solved by removing the 88.6 ppm and adding another peak at 89.2 ppm. We also
tried fitting all the spectra simultaneously with 2 Voight peaks for the PSs> region for
comparison, which produced less accurate fits. The fitting parameters for these attempts are

shown in Table S4, and the fits are shown in Figures S3.

Table 2: (single column) Relative quantities of PS;* units (obtained from a fit, see Table S2) as
a function of the annealing temperature of BM-I Li3PS,. A.-type and PS> Rel. Qty. are the
abbreviations of amorphous-type and PS,*> relative quantities, respectively. *The third peak in 315-
LisPS, is centred at 89.1 ppm for a significantly better agreement. Any difference from 100% arises
from a small amount of impurities.

PS4% Rel. Qty. (%
Anneal £ IR Qi ()

Temp A-type p-type Y-type
(°C) (859 (864  (88.6
ppm) ppm) ppm)
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202 16 66 17
230 11 80 9
315 12 80 *

We therefore assign the peaks at 86.4 and 88.6 ppm to the PSs* units in B- and Y-LisPSa,
respectively, due to the similarity with the reported values [18,20,63,64]. The position of the
peak at 85.9 ppm is closest to the resonance of PS4 moieties in p-LisPSa. We hypothesize that
this peak originates from the PSs* units that are located at the domain boundaries of B-LisPSa,
which are more disordered and more dynamic in a similar fashion to the ones in BM-1 LizPSa.
Due to this similarity, and for simplicity, we will refer to these units as amorphous-type PS4,
and the aforementioned two other as - and Y-type PSs>. The small peaks between 93 and 97
ppm are assigned to P.S7* impurities [2,40,65]. They add up to less than 1% of the total signal.
and were neglected in the percentages given in the following. They did not change significantly
the relative importance of the units in the main signal. The relative quantities of these PS>
moieties change notably with increasing annealing temperature, see Table 2. There is a
significant amount (16%) of amorphous-type PSs* in 202-LisPSa but their relative quantity
decreases to 11-12% at higher annealing temperatures (230 and 315 degrees). Interestingly,
while the amount of amorphous-type PS+* does not change significantly between 230- and
315-Li3PSs, the shape of the NMR peak for amorphous-type PS4> goes from mixed Gausso-
Lorentzian to narrower and exclusively Gaussian in 315-LisPSa4. This narrowing hints at faster
dynamics and probably some structural reorganization upon higher annealing temperatures
[66]. The XRD data of the B-LisPS4samples reveal that their coherently scattering domain sizes
increase with their annealing temperatures (see Table 1), hence their domain boundary areas
decrease. We hypothesize that the amorphous-type unit contents decrease in 230-LisPSs is due

to a sharp decrease in boundary areas. The relative quantity of Y-type units also decreases with

increasing the annealing temperature to 230°C. It suggests that the Y-type units transform into
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B-type units, as observed for Y-Li3PS4 for annealing temperatures above 280°C [8,9]. At 315°C,
the amount of Y-type units decreases slightly within our uncertainty. More interestingly its shift

is modified to 89.1 ppm, indicating a local structural change in these environments.

The RT ionic conductivity of BM-I LisPSa is 4.10* S.cm™, which is similar to the conductivity
of “amorphous/glass/glassy” LisPSa reported in the literature [2,5,10,13,29,30]. In Figure 9,
the evolution of the RT ionic conductivity as a function of the annealing temperature (for 1
hour) is shown in comparison with the study of Tsukasaki et al. [10]. Our data, in agreement
with [10], show 2 clear trends: (i) the conductivity increases when the annealing temperature
is lower than or equal to 180 °C and (ii) the conductivity decreases if the sample is annealed
above 180 °C. The XRD patterns and the *'P NMR spectra of the BM-I LisPSs samples
annealed up to 180 °C show that the relative diffraction peak intensities of Li»S and the relative
quantities of the impurities (P.S7* and P.Se*") were decreased, which suggests that the residual
Li>S reacts with the matrices upon annealing. This reaction increases the relative quantity of
PS> and the charge carrier (i.e. Li*) concentration in the amorphous matrix, which could be
the reason of the increase in the conductivity until 180 °C. A cold-pressed pellet of 180-Li3PS4
has a RT ionic conductivity of 9.10* S.cm, which is comparable to the RT conductivity of a

cold-pressed pellet of LizP3S11 (102 S.cm™ [67]).

B-LisPS4 crystallizes at 190 °C and the material’s RT conductivity is reduced significantly. The
conductivity continues to decrease with increasing annealing temperature and was finally
measured as 8.10° S.cm™ in 315-LisPSa, which consolidates the previous reports pointing out
that the decrease in the conductivity of “amorphous” LisPSs4 is observed upon crystallization
of B-LisPS4 [10-13,32—34]. Our results point therefore towards a monotonous increase in ionic

conductivity with the relative quantity of “amorphous-type PSs% units” and with decreasing
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domain size of B-Li3PS4 (see Table 2 and Figure 10). Higher RT conductivities can be obtained
in samples consisting of relatively more disordered and presumably more dynamic PS;> anions
(in this case amorphous-type), which relate to some recent studies showing the role of anion
rotation in the high conductivity of LisPSs [14,31]. Our hypothesis suggests that a perfectly
crystalline B-Li3sPSswould have a low conductivity due to the absence of anion disorder, which
could help understanding the RT conductivity difference between the bulk B-LisPSs

(10 S.cm™) and RT-stabilized B-LisPSs (10 S.cm™).

The Le Bail analysis on the XRD pattern of 202-LisPS4 (1 hour annealing) indicates the
presence of a single-phase material (B-LisPS4, Pnma), as illustrated in the bottom part of Figure
10a. When the annealing time is increased to 84 hours, the presence of crystalline Y-LisPS4
(Pmn2¢ [9]) is evident in the profile-fitted XRD pattern, which has a considerably smaller
lattice parameters than the ones reported by Homma et al. (a = 7.71, b = 6.54, ¢ = 6.14 [9]).
After 336 hours of annealing, the relative amount of Y-LizPSa is significantly increased, with

larger unit-cell parameters, closer to the literature values.

As shown in the 3P MAS NMR spectrum of 202-LisPSs in Figure 10b, p-LisPSs has
amorphous-type and B-type PS+% units. The assignment of the peak at 88.6 ppm to PSs* units
in Y-LisPSa4 (Y-type PS+* units) [20] is confirmed, with a progressive increase from 17% to
49% upon increasing the annealing temperature, which is in excellent agreement with the
X-ray-detected increase of the Y-LisPS4 phase in the mixture. The crystallites of Y-LisPS4 in
202-Li3PS4 may be too small to be detected by XRD. We also observe upon longer annealing
duration that the amount of B-LisPS4 decreases: from 66% to 52% after 84h and 50% after 336

hours. The quantities of PSs* species in an “amorphous-type” environment decrease

progressively with increasing annealing time, so that there is none detected after the longest
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annealing time. These results therefore show the formation of a mixture of crystalline - and

Y-LisPSs at 200 °C. They also suggest that a pure Y phase can be obtained at the same

temperature given that BM-I LisPSs is annealed for long enough. Previously, 500 °C was

reported as the lowest synthesis temperature for Y-LisPS4[8,9,20]. Herein, we show that it can
be synthesized even at 200 °C if the reagents are priorly ball-milled.

The Arrhenius plots of BM-I, B- (315-LisPSs), (B+Y) and Y-LisPS4 samples are shown in

comparison to the literature values in Figure 11, in which the activation energies for ionic

migration are also noted. Our findings about the transport properties of LisPSs can be
summarized as follows:

i. Right after ball-milling (BM-I), we measured a high RT conductivity of 4.10“S.cm™, which
is similar to the literature values [2,5,10,13,29,30].

ii. The conductivity increased to 9.10* S.cm™ after annealing the sample at 180 °C for 1 hour,
which is comparable to the conductivity of cold-pressed LizP3S11 [67].

iii. Annealing at higher temperatures leads to the crystallization of B-LisPSs and gradual
decrease in the conductivity. As a result, we measured a RT temperature of 8.10° S.cm™ in
315-Li3PSs. This value is smaller than the reported RT conductivity of “nanoporous”
B-LisPS4 (10 S.cm™ [16]), which could be related to its low drying (annealing) temperature
(140 °C). 315-LisPS4 has 3 orders of magnitude higher conductivity and a lower activation
energy than “bulk” B-LisPS4, which could be due to the larger domain size and the absence
of mobile “amorphous-type PSs* units” in bulk p-LisPSa.

iv. While the RT conductivity of the (B+Y)-LisPS4 sample obtained by annealing at 200 °C for
84 hours is effectively the same with 315-LisPSs (8.10° S.cm™), further annealing (336
hours) reduces its RT conductivity to 3.10° S.cm™. We correlate this decrease to the

growing presence of Y-LisPSs4 in the material. Nevertheless, the phase mixture could still be

21



promising if its electrochemical and moisture stabilities are higher than the ones of -LisPS4,
which needs to be studied.

v. The activation energies of the LisPS4 samples are all within the 0.36 — 0.39 eV range (except
for bulk B-LisPS4 and Y-LisPS4), implying that somehow the ionic conductivity mechanisms
in these materials are similar. Relatively more distorted and dynamic PS4* units that could
play a role in the high conductivity in these materials, which could also explain the

similarities in their activation energies.

vi. We also synthesized a Y-LisPS4 sample by annealing a ball-milled LizPSs sample at 550 °C
for 12 hours for comparison. We measured a very low RT conductivity of 2.107 S.cm,
which is similar to the value from the literature [8,9]. Relatively less dynamic Y-type PS*

units could be responsible for the low conductivity of this polymorph [14].

Conclusion

In our study, we first aimed to observe if cooling breaks prevent impurity formation during the
initial stages of mechanochemical synthesis of LisPSa. In the absence of these cooling breaks,
the quantities and the variety of impurities (PxSy* units, polysulfides etc.) increases and the

ionic conductivity of the product decreases.

Secondly, we carefully studied the changes in the variety in the PxSy* units and the XRD pattern
of BM-I LisPS4 upon annealing it at different temperatures, and we correlated our findings to
the modifications in its ionic conductivity. We noticed that its conductivity monotonically
increases with the annealing temperature until 180 °C, which could be explained by the increase
of charge carriers in its X-ray amorphous matrix. Annealing it at a higher temperature leads to

a reduced conductivity and the crystallization of -LisPSa, after which the material consists of
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3 distinct PS> units as follows: Amorphous- (located at the boundaries of B-LisPSs domains),
B- and Y-type. The relative quantities of amorphous-type PS4> units show correlation to f-

LizPS4 domain sizes and the overall conductivity of the material.

Finally, we discovered a phase mixture between B-LisPSs and Y-LisPS4 that forms by annealing
ball-milled LisPS4 at 200 °C, which is the lowest temperature reported for which Y-LisPS4 has
been obtained. Increasing the relative quantity Y-LizPS4 reduces the conductivity of the phase

mixture, but it could potentially increase the moisture and/or the electrochemical stabilities of

the material.
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Figure 1: (Single column) a) A summary of phase transformations in Y-Li,PS, under
equilibrium conditions [9,14], and b) Different routes for the synthesis of Li,PS, and the
corresponding RT polymorphs
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Figure 2: (Single Column) a) XRD patterns of BM-I Li;PS, (collected using Cu Ka radiation)
and BM-C Li;PS, (collected using Co Ka radiation, then translated). b) Deconvoluted Raman
spectra of BM-l and -C. In (a), the XRD patterns of the empty Be-capped sample holder is
also shown to explain the presence of some diffraction peaks in the patterns of the ball-
milled “Li;PS,” samples. The high background between 15-25° in the pattern of BM-C Li;PS,
is due to absence of the special blade that is used to reduce X-ray scattering at low
diffraction angles in the diffractometer with Co source. In (b), the percentages indicate the
relative peak areas after deconvolution. The fitting parameters are tabulated in Table S1
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Figure 3: (double column) a) Nyquist plots of BM-I and -C Li;PS, showing the high frequency
region and b) full frequency region, c) Bode plot of BM-I Li;PS,, and BM-C Li;PS,. Hollow
circles indicate the measured data at -20 °C, linear lines indicate the corresponding fits using
Debye equivalent circuits (see Figure S1)
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Figure 4: (double column) a) Schematic presentation of the hypothesized core-shell
structure of BM-C Li;PS,, b) Arrhenius plots of BM-I and -C Li;PS,, and c) Capacitance values
and cut frequencies in logarithmic scale and as a function of measurement temperature of

the two conductive phenomena observed in BM-C Li,PS,. In (b), the 15t and the 2"

phenomenon of BM-C Li;PS, are shown with hollow circles, the total conductivities of the
samples are shown in filled squares



Kudu et al., Figure 5

Figure 5: (single column) TEM images of a) one of the wide-spread amorphous objects and
the associated SAED diffraction, b) an example of nanosized amorphous particles (in blue
circle) and the associated SAED diffraction, c) amorphous objects containing crystalline
particles (in green circle), and d) SAED diffraction of the crystalline objects showing the Li,S
precursor (green circles) and reaction products between Li,S and P,S. (red circles), and the
simulation of Li,S phase (white circles)
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Figure 6: (single column) a) DSC data of BM-I Li;PS, and b) XRD patterns of BM-I Li;PS, as
ball-milled, and after annealing at 150, 170 and 180 °C for 1 hour. In (a), the temperatures
chosen for subsequent annealing are marked with red lines. The reaction energies are
written in black.
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Figure 7: (single column) XRD patterns of BM-I Li;PS, annealed at 190, 202, 230 and 315 °C
for 1 hour. Bragg positions (Pnma) are shown in red, and the diffraction peak created by Be-
capped sample holder was marked in black. The lattice parameters of these materials are
listed in Table 1
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Figure 8: (Double Column) Deconvoluted 3P MAS NMR spectra of a) BM-I and 150-Li;PS,,
and b) 202-230-315-Li;PS,. The black circles and the black line represent the experimental
data and the composite fit, respectively. The difference plot between the measured data
and the fit is plotted in cyan. In (a), blue, green and pink lines are the deconvoluted signals
attributed to PS,*, P,S,* and P,S,* moieties, respectively. In (b), the orange, red and blue
lines are the deconvoluted signals attributed to Y-, B- and amorphous-type PS,3 moieties,
respectively. The fitting parameters of (a) are shown in Table S2. The relative ratios between
the structural moieties and the fitting parameters of (b) are shown in Tables 2 and S3,
respectively.
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Figure 9: (single column) lonic conductivities (at 25 °C) of ball-milled and subsequently
annealed Li;PS, samples. Blue color represents the data obtained in this work, red color
represents the data obtained from ball-milled and subsequently annealed Li;PS, samples by
Tsukasaki et al. [10].
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Figure 10: (Double column) a) Profile fitted XRD patterns of, and b) 31P MAS NMR spectra of

BM-I Li;PS, annealed at 200 and 202 °C for 1, 84 and 336 hours, fitted using 3 Voigt peaks. In

(a), red text and bars indicate the lattice parameters and Bragg positions of B-Li;PS, whereas
the orange ones stand for Y-Li;PS,. The asterisk marks the reflection produced by the Be-
capped sample holder. In (b), the black circles and the black line represent the experimental

data and the composite fit, respectively. the orange, red and blue lines are the deconvoluted
signals attributed to Y-, B- and amorphous-type PS,3> moieties, respectively. The difference

plot between the measured data and the fit is plotted in cyan. The fitting parameters are
listed in Table S3. The fits and the fitting parameters assuming only 2 distinct PS,3 species,
which produce lower consistency with the observed data, are also shown for comparison in
Table S4 and Figure S3.
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Figure 11: (single or double column?) Arrhenius plots of BM-I, B-(315-Li;PS,), (B+Y) and Y-
Li;PS, samples (filled symbols) in comparison to the literature data (hollow symbols). The
activation energies from up to down are 0.38, 0.37, 0.39, 0.36, 0.38, 0.38, 0.38, 0.46, 0.42,
0.49 eV. The afore-mentioned references are as follows: Dietrich et al. [2], Liu et al. [16],
Tachez et al. [8]
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Table S1: The fitting parameters of deconvoluted Raman spectra of BM-I and -C Li3PS,
using Voigt function. FWHH stands for full width at half height

BM-I Li,PS, at -20°C BM-C Li,PS, at -20°C
Debye model with one phenomenon Debye model with two phenomena
Capacitance of pellet & Capacitance of pellet & Capacitance of
blocking electrodes blocking electrodes blocking electrodes
R1 CPE1 R1 CP‘E1 C\P‘E3
R2 CPE2 2 i .
$ E:\/\—) :l —» Resistance of

Cable and i i Cable and the 27
. " i phenomenon
T:stirs:::::ir: Resistance Capacitance |nst_r l:ment Resistance of *
of pellet  of blocking resistance the 1+ Capacitance of
electrodes phenomenon the 2nd
phenomenon

Figure S1: The Debye equivalent circuits used for fitting the impedance data of BM-I and -C LisPS, [1]
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Figure S2: Profile fitted XRD pattern of 190-Li3PS,. Red circles indicate the collected data; black and
orange lines stand for the Le Bail fit and the difference plot, respectively. Blue sticks indicate the
fitted Bragg positions for the Pnma space group.

Table S2: The fitting parameters of deconvoluted 3P MAS NMR spectra of BM-I- and 150-LisPSsto 3
distinct components. A., G. and L. stand for amorphous-type’, Gaussian and Lorentzian, respectively.




Table S3: The fitting parameters of deconvoluted 3P MAS NMR spectra of 202-, 230-, 315-LisPS,
BM-LisPSsannealed at 200 °C for 84 hours and for 336 hours, using 3 distinct PS;* components. A.
PS.¥, G. and L. are the abbreviations for amorphous-type PS>, Gaussian and Lorentzian,
respectively.







Table S4: The fitting parameters of deconvoluted 3!P MAS NMR spectra of 202-, 230- and 315-LisPSs,
BM-LisPS; annealed at 200 °C for 84 hours and for 336 hours, using to 2 distinct PS4 components. A.
PS:¥, G. and L. are the abbreviations for amorphous-type PS,>, Gaussian and Lorentzian,
respectively.
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Figure S3: Fitted 3'P MAS NMR spectra of the 5 samples: 202-, 230-, 315-LisPSs.and BM-LisPS,
annealed at 200 °C for 84 hours and for 336 hours. The black circles stand for the experimental data,
the magenta line shows the composite fit with 3 components; together with the difference plot
below (scale x10). The corresponding data are shown in green for the 2-component fit.
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