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Amorphous Li3PS4 (LPS) solid-state electrolytes are promising for

energy-dense lithium metal batteries. LPS glass, synthesized from

a 3 : 1 mol ratio of Li2S and P2S5, has high ionic conductivity and

can be synthesized by ball milling or solution processing. Ball

milling has been attractive because it provides the easiest route to

access amorphous LPS with a conductivity of 3.5 � 10�4 S cm�1

(20 �C). However, achieving the complete reaction of precursors

via ball milling can be difficult, and most literature reports use X-

ray diffraction (XRD) or Raman spectroscopy to confirm sample

purity, both of which have limitations. Furthermore, the effect of

residual precursors on ionic conductivity and lithium metal

cycling is unknown. In this work, we illustrate the importance of

multimodal characterization to determine LPS phase and chem-

ical purity. To determine the residual Li2S content in LPS, we show

that (1) XRD and 31P solid state nuclear magnetic resonance

(ssNMR) are insufficient and (2) Raman loses sensitivity at

concentrations below 12 mol% Li2S. Most importantly, we show

that 7Li ssNMR is highly sensitive. Using 7Li ssNMR, we investigate

the effect of ball milling parameters and develop a robust and

highly reproducible procedure for pure LPS synthesis. We find

that as the residual Li2S precursor content increases, LPS

conductivity decreases and lithium metal batteries exhibit higher

overpotentials and poor cycle life. Our work reveals the impor-

tance of multimodal characterization techniques for amorphous

solid-state electrolyte characterization and will enable better

synthetic strategies for highly conductive electrolytes for efficient

energy-dense solid-state lithium metal batteries.
University of Chicago, IL, 60637, USA.

n, Argonne National Laboratory, Lemont,

tion (ESI) available. See DOI:

f Chemistry 2021
Introduction

The electrication of transport requires batteries with higher
energy densities, lower cost, and improved safety. Lithium-ion
batteries are currently state-of-the-art, but their energy densi-
ties and cost are currently inadequate for mass market electric
vehicle adoption.1 Hence, there is a great need for the devel-
opment of next generation battery chemistries.2,3 Lithiummetal
batteries have great promise because lithiummetal has an order
of magnitude higher gravimetric capacity (3860 mA h g�1) than
graphite (372 mA h g�1), which is currently used in lithium ion
batteries.1,4 Despite the high energy promise of lithium metal,
lithium metal anodes suffer from high reactivity and a propen-
sity to form high surface area deposits during electrodeposition
that exacerbate further reaction with the electrolyte.1,5 Liquid
electrolytes based on carbonate solvents currently enable Li-ion
batteries, but these electrolytes are highly volatile, ammable,
and lead to low coulombic efficiencies for lithium metal depo-
sition and stripping.6,7 Several liquid electrolytes such as high
and localized concentration electrolytes,8–10 uorinated ether
electrolytes,11–13 and various electrolyte mixtures14,15 have been
pursued but challenges remain.

Solid state electrolytes have been developed with ionic
conductivities that rival those of commercial liquid electrolytes
and are nonammable, nonvolatile, high-energy dense, and
safer.16–19 These solid-state electrolytes are primarily inorganic,
and they range from families such as oxides (LLZO) and phos-
phates (LATP) to suldes (LPS).18 Oxide and sulde based
inorganic solid-state electrolytes are among the most widely
studied because they have been shown to enable lithium metal
batteries with high energy density.20,21 Among all inorganic
solid-state electrolytes, suldes enable the highest ionic
conductivities, have lower Young's Moduli (compared to
oxides),22 and are so enough to enable an intimate contact
with a lithiummetal anode.23–26 Notably, sulde electrolytes can
be fabricated at room temperature.26–28

The sulde chemical composition and phase play a signi-
cant role in ionic conductivity and electrochemical stability and
J. Mater. Chem. A, 2021, 9, 19637–19648 | 19637
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can be controlled by the synthetic procedure. Some sulde
compounds, such as halogen-doped argyrodite (Li6PS5X, where
X¼ Cl, Br, I), or germanium-doped systems, namely Li10GeP2S12
(LGPS), report very high ionic conductivities, approximately
10�3–10�2 S cm�1 depending on the crystal structure.29–32 In
particular, Li3PS4 (LPS) sulde-type glass is of interest because
of its high ionic conductivity and relative ease of synthesis.23,33–35

In particular, LPS electrolytes do not require additional high
temperature annealing or sintering steps as required for
argyrodite.36 LPS glass has a wide range of reported ionic
conductivities depending on the crystal structure. LPS has four
reported phases: amorphous and a, b, and g-crystalline, with
the amorphous form reporting the highest conductivity,
ranging from 3–4 � 10�4 S cm�1 at 25 �C.37 The b-crystalline
form has a conductivity of approximately 1.5 � 10�4 S cm�1,
whereas the g-crystalline form reports a much lower conduc-
tivity (10�6 S cm�1).38 Additionally, the a and g forms of LPS are
synthetically more difficult to access than the amorphous or b-
crystalline forms, making them less attractive candidates for
solid state electrolytes.39,40

LPS can be synthesized using solution processing or ball
milling. Solution processing involves mixing Li2S and P2S5
precursors in solvents such as acetonitrile or tetrahydrofuran
(THF).41,42 Solution processing is scalable and highly exible as
different solvents can enable morphological, surface area, and
phase control. However, solution processing leads to LPS-
solvent complexes that require temperatures as high as 100 �C
to remove the solvent and form pure LPS.38,41–44 Furthermore,
solution processed LPS leads to ionic conductivities that are
lower than those obtained using ball milling.44 Finally, LPS
stability in solvents is also of concern as recent reports have
shown that Li7P3S11 decomposes in polar solvents such as
acetonitrile and dimethylformamide (DMF).42 These challenges
in solution processing have made ball milling the dominant
process for amorphous LPS synthesis.

Ball milling is a popular method for LPS synthesis because it
involves the combination of precursors and use of high energy
mechanical mixing without any additional heating step.
Furthermore, ball milling is the most direct route to access
amorphous LPS, which reports the highest conductivity of all
LPS phases.38,44 However, it can be difficult to achieve
a complete reaction of precursors using ball milling. Oen,
little information beyond the ball milling speed and time is
provided in the literature, making reproducible LPS fabrication
more of an art than a science, and stiing further growth in the
eld. In addition, many literature reports on amorphous LPS
synthesis use primarily X-ray diffraction to study phase and
product purity even though XRD is a poor tool for amorphous
compound characterization.37,43–46 Therefore, the inuence of
unreacted precursors on amorphous LPS conductivity and
electrochemical performance is unknown.

In this work, we illustrate the importance of multimodal
characterization to determine LPS product and phase purity,
and the inuence of unreacted Li2S on ionic conductivity and
electrochemical cycling. Using XRD, Raman spectroscopy, and
31P and 7Li solid state NMR (ssNMR), we quantify the amount of
Li2S precursor remaining in the sample and assess the
19638 | J. Mater. Chem. A, 2021, 9, 19637–19648
limitations of each technique in determining LPS purity. We
show that 7Li ssNMR is highly sensitive for LPS purity deter-
mination and can detect impurities not observable with Raman,
XRD or 31P ssNMR. Equipped with 7Li ssNMR, we evaluate the
inuence of various ball milling processing parameters and
develop a highly reproducible method to consistently obtain
pure, amorphous LPS. Using electrochemical impedance spec-
troscopy, we show that ionic conductivity in the LPS product is
a function of Li2S impurity, with conductivity increasing as the
Li2S residual content decreases. Finally, we fabricate Li/Li cells
using these electrolytes and show that electrolytes with a high
residual Li2S content exhibit poor cycling behavior with higher
overpotentials and earlier cell death in comparison to pure
samples. Our work demonstrates the importance of conrming
product purity using a suite of characterization techniques, with
7Li ssNMR a highly sensitive and reliable technique to quantify
unreacted Li2S. Although we focus on amorphous Li3PS4, these
observations apply to all solid electrolyte processes that involve
the formation of amorphous products such as other LPS
glasses. These insights will expedite the development and better
understanding of sulde solid electrolytes to enable energy-
dense lithium metal batteries that can revolutionize the elec-
trication of transport.

Results and discussion
Multimodal characterization to detect Li2S impurity

Amorphous Li3PS4 can be synthesized by combining Li2S and
P2S5 in a stoichiometric molar ratio of 3 : 1 and ball
milling.35,47–49 Ball milling is oen favored in research labs
because of its ease of use and simplicity where the only two
variables to change are the speed and total time. Unfortunately,
many literature reports specify only these two variables and
omit other considerations such as milling interval or hand
milling steps that make the synthetic procedure quite difficult
to reproduce. This barrier limits entry to the eld and compli-
cates any data science-driven approach to materials
synthesis.50,51 Sample 1 was synthesized according to a previ-
ously reported procedure52 for LPS (Table 1), and Sample 2 was
synthesized with a modication of the same procedure, but two
different colors were obtained. Fig. S1† shows that Sample 1 is
pale white while Sample 2 has a yellow-green hue that has been
reported for LPS.45,52,53 The visual color differences indicate
likely unreacted precursors in Sample 1, and X-ray diffraction
(XRD) was used to determine the differences.38–41,43 Because Li2S
crystallizes in the cubic space group Fm3m, weak reections
within the amorphous LPS spectra corresponding to unreacted
Li2S were expected.43 However, as Fig. 1a shows, several broad
features are observed in both samples, yielding little insight
into the chemical composition of both samples. Nanda et al.
and Tatsumisago et al. have previously used XRD to conrm
amorphous LPS formation where LPS is reported to exhibit one
broad peak around 19� (observed in Sample 2).43,46 The second
peak at 30� in Sample 2 corresponds to the Kapton lm back-
ground (Fig. S2†).43,54 However, the lack of crystalline Li2S peaks
in both samples does not indicate a lack of residual Li2S
precursors as the ball milling process can amorphosize the
This journal is © The Royal Society of Chemistry 2021
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Table 1 Detailed ball milling preparation and synthetic procedures for amorphous Li3PS4 and corresponding Li2S molar impurity, as measured by
7Li ssNMR. Pure samples are in bold. Mass precursors refer to a total amount of Li2S and P2S5 (3 : 1 molar ratio). 5 min rest per h refers to a 5
minute rest period after an hour of continuous milling. Hand milling refers to mixing in a mortar and pestle before ball-milling. “Break to clean”
refers to a stoppage in ball milling to clean the ball mill jar

Sample
number

Mass
precursors Milling media Speed

Total ball
milling time Milling interval Hand milling Break to clean?

Mol% Li2S
impurity

1 5.2 g 32 g of 5 mm balls 450 rpm 65 hours 5 min rest per h N N 22%
2 5.2 g 64 g of 5 mm balls 450 rpm 80 hours 5 min rest per h Y, for 10 min Y, at 65 hours 0%
3 2.5 g 32 g of 5 mm balls 450 rpm 15 hours No stops N N 30%
4 5.2 g 64 g of 5 mm balls 450 rpm 80 hours 5 min rest per h Y, for 10 min Y, at 65 hours 12%
5 2.5 g 40 g, 10 mm balls 510 rpm 15 hours 3 min rest/5 min N N 89%
6 2.5 g 32 g of 5 mm balls 500 rpm 40 hours 5 min rest per h Y, for 10 min N 20%
7 2.5 g 32 g of 5 mm balls 450 rpm 40 hours 5 min rest per h Y, for 10 min N 19%
8 2.5 g 32 g of 5 mm balls 350 rpm 40 hours 5 min rest per h Y, for 10 min N 30%
9 2.5 g 40 g, 10 mm balls 510 rpm 15 hours 3 min rest/5 min Y, for 10 min N 33%
10 5.2 g 64 g of 5 mm balls 500 rpm 20 hours 3 min rest/5 min Y, for 10 min Y, every 4 hours (5�) 11.1%
11 5.2 g 64 g of 5 mm balls 500 rpm 20 hours 3 min rest/5 min Y, for 10 min THF washed Sample 10 8%
12 2 g 32 g of 5 mm balls 450 rpm 20 hours 5 min rest per h Y, for 10 min N 15%
13 2 g 32 g of 5 mm balls 450 rpm 40 hours 5 min rest per h Y, for 10 min aer each clean Y, 20 hours 0%
14 2 g 32 g of 5 mm balls 450 rpm 60 hours 5 min rest per h Y, for 10 min aer each clean Y, every 20 hours 0%
15 2 g 32 g of 5 mm balls 450 rpm 80 hours 5 min rest per h Y, for 10 min aer each clean Y, every 20 hours 0%

Fig. 1 (a) X-ray diffraction (XRD) of Samples 1 and 2 with broad amorphous peaks. (b) Raman spectra of Samples 2–4 and Li2S and P2S5 synthetic
precursors. The percent Li2S content listed refers to the Li2S obtained from Raman quantification. Although Samples 2 and 4 show no Li2S
content by Raman, NMR data provide further insight in (d). (c) 31P solid state magic angle spinning (ssMAS) NMR spectra of P2S5 and Samples 1–3
that show the absence of any remnant P2S5 despite the Raman data in (b) and NMR data in (d). (d) 7Li ss MAS NMR spectra of Samples 1–5 and the
resultant Li2S impurity concentrations determined by peak integration. The inset in (d) demonstrates the visible Li2S peak for the 12 mol% sample
(Sample 4) in comparison to the 0 mol% sample (Sample 2), where this peak is clearly not observed. MAS NMR was performed with a spinning
speed of 20 kHz and 7Li chemical shift referenced to LiF (�1.0 ppm) and 31P referenced to H3PO4 (0.0 ppm). S1, S2, and S3 refer to Samples 1, 2,
and 3.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19637–19648 | 19639
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crystalline Li2S powder.45,46,54 The Sample 1 pattern exhibited
several additional amorphous peaks that are difficult to assign
to LPS, Li2S, P2S5 or the Kapton lm background. Hence, XRD
appears insufficient to differentiate between both samples and
to determine the overall product purity. Additional character-
ization techniques such as Raman and NMR must be used to
supplement the XRD data when examining amorphous LPS
purity.

Raman spectroscopy was used to further study and deter-
mine the LPS sample composition and purity. Additional
samples were synthesized with Sample 3 as a modication of
Sample 1, and Sample 4 an exact replica of Sample 2. Fig. 1b
shows that the Raman spectra of Samples 2 and 4 are identical
with peaks at 266, 421 and 560 cm�1 attributed to the vibra-
tional modes of the main PS4

3� anion, and the smaller peak at
387 cm�1 attributed to the minor P2S6

4� anion.55

These spectra are consistent with reported Raman peaks for
LPS.55–57 Furthermore, no additional precursor peaks from P2S5
or Li2S were observed. In contrast, Sample 3 (a modication of
Sample 1) shows the presence of peaks from the P2S5 precursor.
Peaks at 272 and 305 cm�1 are attributed to the P4S10

3� anion
and peaks at 690 and 714 cm�1 attributed to P]S stretch,
modes that are present in P2S5, but not in LPS.57–59 The presence
of unreacted P2S5 supports the presence of unreacted Li2S as
both precursors react in a stoichiometric manner. The Li2S peak
overlaps with the P2S6

4� peak present in LPS, and it is difficult
to isolate. To quantify the percent P2S5 impurity, the P]S peak
at 714 cm�1 and the PS4

3� peak at 421 cm�1 were integrated and
the ratio of the two integrals was computed. The mol% Li2S
content can then be obtained knowing the original stoichio-
metric ratio added. Although it is difficult to directly compute
the Li2S content using Raman, the distinct P2S5 peak can be
observed in impure LPS samples, showing that Raman is
a better tool to quantify LPS product purity compared to XRD.
However, as will be discussed in the following paragraph, the
sensitivity of Raman is limited as it is unable to distinguish
between Samples 2 and 4, despite NMR showing that Li2S is still
present in Sample 4 (discussed later). The limit of Raman
sensitivity has been discussed in other studies as it depends on
the functional group being probed.40,55

Solid state MAS NMR provides a powerful technique to
independently probe the residual P2S5 and Li2S precursors and
determine their content in the nal LPS product. Firstly, 31P
NMR was performed as has been done in the literature.40,56,60,61

Fig. 1c shows that all the samples are identical and they do not
show any unreacted P2S5 peaks. The peaks at 83 ppm and
105 ppm correspond to the major PS4

3� and minor P2S6
4�

anions reported for LPS, respectively.40,60 Despite the Raman
data in Fig. 1b showing the presence of unreacted P2S5 in
Sample 3, no P2S5 was observed in the 31P NMR spectra. Again,
the color of Samples 1 and 2 varies signicantly (Fig. S1†), but
31P NMR was unable to differentiate between them. Therefore,
while 31P NMR can indicate LPS formation (and phase purity),
its sensitivity for unreacted P2S5 appears worse than Raman and
it is unable to determine the overall product purity.

7Li MAS NMR was performed to provide further information
on phase and product purity (Fig. 1d). Li2S has a chemical shi
19640 | J. Mater. Chem. A, 2021, 9, 19637–19648
of 2.3 ppm while LPS has a reported shi of 0.5 ppm that is also
observed in Fig. 1d.60 Interestingly, one sample that was deemed
to be ‘pure’ with Raman (Sample 4) and the sample that was
difficult to decipher with XRD (Sample 1) show high amounts of
unreacted Li2S. The mol percent of residual Li2S was calculated
by integrating the Li2S and LPS peaks and taking the ratio of the
respective integrals. Sample 3 shows the same Li2S content in
both Raman and 7Li NMR, illustrating that when an impurity
such as Li2S or P2S5 is visible in Raman, it can be quantied
with reasonable accuracy. However, the lack of Li2S or P2S5 in
Raman does not indicate purity as observed when comparing
Sample 4 in Fig. 1b and d. Additional data in Fig. S3† show that
7Li NMR can detect Li2S impurities as low as 4 mol% that
cannot again be seen through Raman. 7Li NMR appears sensi-
tive enough to provide quantitative data regarding product
purity for amorphous LPS in a manner that supersedes data
obtained using XRD, Raman, and 31P NMR.
Inuence of ball milling parameters on Li2S impurity in Li3PS4
synthesis

Multimodal characterization and especially 7Li NMR can be
pivotal in determining product purity; however sample repro-
ducibility can still be a concern. This challenge is illustrated by
Samples 2 and 4 that were synthesized using the same proce-
dure but yielded different Li2S impurity contents. Now equip-
ped with 7Li MAS NMR, different ball milling strategies were
then pursued to determine the best procedure to reproducibly
obtain pure LPS. The rst parameter studied was the effect of
themilling speed (Fig. 2a). The total samplemass (2.5 g), mixing
media (32 g of 5 mm balls), and ball mill time (40 hours) were
kept constant, and the precursors were hand-milled in a mortar
and pestle for approximately ten minutes prior to transferring
to a 45 mL Zirconia jar.52 Fig. 2a shows that as the ball milling
speed is increased from 350 rpm to 450 rpm, there is a decrease
in the residual Li2S content from 30 to 19 mol percent; however
increasing it further to 500 rpm does not lead to any
improvement.

Ball milling between Li2S and P2S5 leads to an increase in the
temperature of the ball mill jar which facilitates the reaction
between these two precursors;37,62–64 therefore, a higher ball mill
speed than 350 rpm would be required for this synthesis.
However, at speeds such as 500 rpm, the caking of the precur-
sors in the ball mill jar becomes prominent, hence limiting the
mixing that is required between Li2S and P2S5. Numerous
research papers have used 450 rpm as the ball milling
speed25,52,53 and we settled on 450 rpm, noting that it does
improve LPS synthesis, but changing the ball milling speed
alone does not appear sufficient to obtain pure, amorphous
LPS.

The second parameter investigated was the effect of hand-
milling the Li2S and P2S5 precursors in a mortar and pestle
prior to ball milling (Fig. 2b). This detail is not oen reported in
the literature for the synthesis of LPS, and it can be difficult to
standardize the procedure for hand-milling a sample. Samples
5 and 9 were synthesized according to a previously reported
procedure from Balsara et al.65 and Tatsumisago et al.66 where
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Influence of ball milling processing parameters. (a) 7Li MAS NMR spectra of Samples 6–8, ball milled at different speeds showing that the
ball mill speed can decrease the residual Li2S content until a certain percentage. (b) 7Li MAS NMR spectra of Samples 5 and 9, without andwith ten
minutes of hand-milling prior to ball milling. (c) Normalized 7Li MAS NMR spectra of Samples 10 and 11, pre- and post-washing with tetrahy-
drofuran (THF). The amorphous Li3PS4 peak broadens after THF washing. (d) 7Li MAS NMR spectra of Samples 12–15, ball milled with a stop to
clean the ball mill jar in 20 hour intervals. Reported residual Li2S content in all figures was obtained using 7Li NMR.
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2.5 g of precursors were milled at 510 rpm, with eight, 10 mm
ZrO2 balls (equivalent to approximately 40 g of media), for
a total ball mill time of 15 hours. It was found that Sample 9,
which included ten minutes of hand milling, demonstrated
a nearly two-thirds reduction in residual Li2S. The effect of hand
milling prior to ball milling can also be seen with Samples 17
and 18, described in Table S1† (Fig. S4†) which were ball milled
at 450 rpm for 20 hours. One explanation for this dramatic
reduction in impurity concentration is that hand-milling allows
for increased homogeneity of the sample prior to undergoing
the actual reaction of the precursors to form LPS in the ball mill
jar. We must note that it is also possible that hand milling may
yield some LPS product even before ball milling. Again, the
handmilling parameter alone is insufficient in obtaining a pure
product.

One alternative to removing Li2S impurity from LPS could
involve a post-processing step. Fig. 2c displays the effect of
washing an impure LPS sample with THF to remove any
residual Li2S. Solvent selection is particularly important as LPS
has been shown to be unstable in common polar solvents such
as acetonitrile.44,55,67 Furthermore, the solvent choice can affect
the LPS phase, as b-crystalline LPS is typically obtained during
solution synthesis of a 3 : 1 molar ratio of Li2S to P2S5.41,43,54,55,63
This journal is © The Royal Society of Chemistry 2021
The suspension and reaction of Li2S and P2S5 in THF have been
reported to produce amorphous LPS,38 and while Li2S has
limited solubility in ether solvents, LPS is not soluble in these
solvents.39 Therefore, THF was chosen as the solvent to wash
Sample 10, which contained 11 mol% Li2S impurity (with 7Li
NMR). The sample was suspended in THF, allowed to settle, and
the yellow-green supernatant was removed three times, leaving
behind a pale white powder. The sample was then heated at
80 �C to remove any THF that has complexed with LPS.41,43,68 The
resultant spectrum in Fig. 2c shows one broad peak at approx-
imately 0.5 ppm. The full width at half-maximum (FWHM) of
the peak in the washed sample (Sample 11) was computed to be
0.68 ppm (106 Hz), compared to the unwashed sample (Sample
10), where the FWHM was 0.22 ppm (34 Hz). Aer deconvolu-
tion, there was a slight reduction in the Li2S content from 11 to
8 mol%, but it was not eliminated. The three-fold increase in
the FWHM was attributed to the formation of the LPS$THF
complex. Additionally, the broadening of peaks in 7Li NMRmay
indicate an increase in the lithium chemical environments or
a decrease in lithium mobility within LPS due to LPS-solvent
complexation.61 To conrm the reproducibility of this poten-
tial complex, an additional sample containing 22 mol% Li2S
(Sample 25, detailed in the ESI†) was washed with THF using
J. Mater. Chem. A, 2021, 9, 19637–19648 | 19641
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the same procedure and 1H and 7Li spectra were taken
(Fig. S5†). The 1H spectrum of Sample 25 showed several strong,
broad peaks that were consistent with literature reports for
LPS$THF complexation.69 To complement the 1H spectrum, the
7Li spectrum of Sample 25 also shows broadening of the peak at
0.5 ppm in comparison to the unwashed sample. Introducing
a solvent wash in addition to ball milling appears counterpro-
ductive as the high temperature solvent removal step as well as
possible changes to the LPS phase eliminates the benets of
ball milling and leads to a different LPS compound.

Through the numerous attempted ball milling strategies, it
was observed that the caking of the precursors on the sides of
the milling jar was signicant and could hamper reaction
completion. Samples that were hand milled and ball milled at
450 rpm still contained unreacted Li2S, demonstrating that
these two parameters alone were not enough to achieve pure
LPS. Recently, Kundu et al. reported a cleaning procedure in
between ball milling runs for LPS synthesis.70 Although they
Fig. 3 Effect of residual Li2S impurity on LPS electrochemistry. (a) Ionic
concentrations of Li2S impurity. (b) Ionic conductivity as a function of
containing 33 mol% Li2S and (d) Sample 15, containing 0 mol% Li2S. All c
after a 10 hour rest. The asterisks indicate the point at which each cell sh
and 0 mol% cells was 28 mV, and the average time-to-death for these c

19642 | J. Mater. Chem. A, 2021, 9, 19637–19648
only used XRD to determine crystalline product purity, we
investigated the impact of cleaning. For this experiment, the
sample was milled for a total of 80 hours, but aer every 20
hours, the sample was scraped from the sides of the jar and the
jar and balls were cleaned (Samples 12–15). The resultant 7Li
NMR spectra (Fig. 2d) show that aer 20 hours of milling,
Sample 12 had a 15 mol% Li2S impurity content; however, aer
a total of 40 hours of milling with one break to clean the jar, the
same sample (now labeled Sample 13) contained 0 mol% Li2S.
As a result, samples 14 and 15 also contained 0 mol% Li2S. The
removal of powder, remixing, and systematic cleaning of the
ball mill jar appear vital to reproducibly obtaining pure LPS. For
pure LPS, ball milling for 60 hours total, as compared to 40
hours, was the most robust and reproducible procedure
(Fig. S6†). To conrm the reproducibility of the new procedure,
ve separate additional samples were synthesized for 60 hours
total with cleaning aer every 20 hours, and Fig. S7† shows no
observed residual Li2S. If it is of interest to synthesize LPS with
conductivity as a function of temperature for samples with different
Li2S impurity at 20 �C. Li/Li symmetric cell cycling for (c) Sample 9,
ells were cycled at a current rate of 0.05 mA cm�2 to 0.05 mA h cm�2

orted. The average overpotential for 33 mol% impure cells was 76 mV
ells was approximately 10.3 hours and 480 hours, respectively.

This journal is © The Royal Society of Chemistry 2021
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some Li2S impurity, as it could be for a solid-state lithium–

sulfur battery cathode where Li2S is the active material and LPS
is the ionic conductor, reproducing a specic Li2S content will
be difficult because of variability in hand milling from one day
to another or from one researcher to another. Although we have
reported the best procedure for reproducibly synthesizing LPS,
the long times (60 hours) and small amount (2 g) show signif-
icant limitations in ball milling as a technique for scaling the
production of pure, amorphous LPS. Therefore, it is important
to pursue scalable solution-based processes that maintain high
LPS conductivity when compared to ball milled samples. Recent
work by Uchimoto et al. has shown a promising path forward
using acetate solvents with low polarity to synthesize solution-
processed LPS with high ion conductivity.44 Regardless of the
synthetic steps followed, 7Li NMR as a primary mode of char-
acterization is paramount in determining the success of LPS
synthesis.
Effect of residual Li2S on ionic conductivity and
electrochemical cycling performance

The inuence of impure solid state LPS electrolytes on ionic
conductivity and electrochemical performance was investi-
gated. Fig. 3 shows ionic conductivity as a function of temper-
ature for samples with different Li2S contents. Indium foil
blocking electrodes were used, and electrochemical impedance
spectroscopy (EIS) was performed. As discussed previously, the
Li2S content indicated in Fig. 3 was obtained using 7Li NMR.
Fig. 3a shows that ionic conductivity increases as the residual
Li2S content decreases, illustrating the importance of synthetic
procedures. Li2S is a well-known ionic and electronic insu-
lator.68,71 Furthermore, the lack of appropriate characterization
tools to conrm product purity may help explain the disparities
that have been noted for LPS conductivities.35,52,65 At 0 mol%
Li2S, the measured conductivity of 3.5 � 10�4 S cm�1 at 20 �C
(Fig. 3b) is consistent with reported conductivities.52,53 Fig. 3b
shows that the room temperature conductivity as a function of
Li2S content follows a sigmoidal pattern, and interestingly the
conductivity plateaus when the Li2S concentration reaches
12 mol% and below. We speculate that at a lower Li2S content,
lithium ion transport is not inhibited as LPS remains the
continuous phase. Additionally, the conductivity curves in
Fig. 3a were t according to the Arrhenius equation:

s ¼ Aexp

��Ea

RT

�
(1)

where s is the ionic conductivity, A is the pre-exponential factor,
Ea is the activation energy, T is the temperature, and R is the
ideal gas constant (8.314 kJ mol�1). Arrhenius behavior was
observed for all samples, and from the t, Ea was found to be
34 kJ mol�1 for the pure LPS sample, which is the same value
reported by others.40,52,55 No trend in the activation energies as
a function of Li2S content was observed (Fig. S8†).

Symmetric lithium/lithium half cells containing LPS elec-
trolytes with either 33 mol% (Fig. 3c) or 0 mol% Li2S (Fig. 3d)
were cycled at a current density of 0.05 mA cm�2 to
0.05 mA h cm�2 to investigate the impact of residual Li2S on
This journal is © The Royal Society of Chemistry 2021
long-term cycling performance. Electrolyte thicknesses were
approximately 0.9–1.2 mm. Three replicate cells were run for
each electrolyte, and Fig. 3c shows that impure LPS cells had
a signicantly shorter lifetime than those containing pure LPS.
The average lifetime of these cells was approximately 10.3 hours
(5.1 cycles) for cells containing 33 mol% Li2S while the lifetime
was over 480 hours (240 cycles) for pure LPS. In addition, the
overpotential for lithium deposition and stripping was 76 mV
for impure LPS (33 mol% Li2S) and 28 mV for pure LPS. The
overpotential for pure LPS cells is similar to the reported over-
potential for lithium deposition and stripping for LPS cycled at
this rate.23,41,43,72–75 Prior to Li/Li cycling, EIS was performed, and
the bulk and the interfacial impedance of the cells were recor-
ded (Fig. S9†). The average interfacial impedance (Table S2†) of
the impure LPS cells was found to be about 2047 ohms, which is
about 400 ohms larger than the interfacial impedance of the
pure LPS cells (about 1640 ohms). The interfacial impedance for
pure LPS is about 600 ohms higher than the impedance re-
ported in the literature for this electrolyte.23,72–77 One possible
explanation for the larger interfacial impedance in this study is
the differences attributed to cylindrical cell measurements
versus coin cell measurements. Several studies use cylindrical
cells to apply constant pressure to the electrode and electrolyte
during cycling and improve the interfacial impedance, a setup
that is infeasible for coin cells.72–75,78

Additionally, upon contact with lithium metal, it has been
reported that LPS decomposes to form Li2S in the solid elec-
trolyte interface,62,68,79,80which is a self-passivating interface as it
is both ionically and electronically insulating. However, it
appears that when signicant Li2S is present in the bulk elec-
trolyte, the electrochemical performance struggles signicantly.
We speculate that this trend could be due to the poor pellet
quality that results from a large Li2S concentration in LPS
electrolytes. The impure pellets fractured easily in comparison
to the pure LPS samples and were therefore more likely to short
earlier than the pure samples. These experiments demonstrate
that unreacted Li2S plays a role in both measured ionic
conductivity and electrochemical cycling, illustrating the
importance of multimodal characterization to measure the Li2S
content, and developing synthetic strategies to ensure high LPS
product purity.

Conclusions

In summary, Li3PS4 sulde-type electrolytes were synthesized
according to previously reported ball milling procedures, and
the resultant concentration of unreacted Li2S was characterized
using XRD, Raman, and 31P and 7Li solid state NMR. We
demonstrate that a suite of characterization techniques is
necessary to conrm both the phase and chemical purity of the
resultant amorphous LPS electrolyte. We show that 7Li solid
state NMR is a powerful and reliable tool for characterizing
unreacted Li2S at low concentrations, when other techniques,
such as Raman, XRD, and 31P, are unable to distinguish the
chemical environments. Using 7Li NMR, we investigate
different ball milling synthetic parameters such as the ball
milling speed and time to determine the most reproducible
J. Mater. Chem. A, 2021, 9, 19637–19648 | 19643
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process for LPS synthesis. Intermittent cleaning of the ball mill
jar between runs was found to be the best procedure for
obtaining pure LPS. Additionally, the impact of the Li2S impu-
rity content on ionic conductivity was explored and LPS ionic
conductivity increased with decreasing residual Li2S content.
However, there was a sigmoidal behavior as ionic conductivity
plateaued at impurity concentrations below 12 mol%. Finally,
we fabricate Li/Li half cells and show that impure samples lead
to higher lithium overpotentials and faster cell death compared
to pure LPS samples. In this work, we report the importance of
multimodal characterization to determine both product and
phase purity in LPS electrolytes, and the impact of unreacted
precursors on LPS solid state cycling performance. Although
this study focuses on amorphous Li3PS4, the conclusions and
techniques will apply to all amorphous solid-state electrolytes
especially LPS glass synthesized using Li2S and P2S5 precursors.

Experimental section
Materials

Li2S was purchased from Sigma Aldrich (99.98%) and fromMSE
Supplies (99%). P2S5 (99%) was purchased from Sigma Aldrich.
Both Li2S and P2S5 were stored in an Argon-lled glovebox (H2O
and O2 <1 ppm). Ball milling balls (5 mm and 10 mm) were
made of Yttria-stabilized ZrO2 (YSZ) and were purchased from
MSE Supplies. Lithium metal (0.75 mm, 99.9% metals basis)
and indium ingots (99.999%) were purchased from Alfa Aesar.
For THF washes, anhydrous THF (99.9%, inhibitor-free) was
purchased from Sigma Aldrich, and dried using 4 Å molecular
sieves overnight in an Argon glovebox before use.

Ball milling

A Retsch PM-100 ball mill was used for all experiments. A 45 mL
ZrO2 jar (Retsch) with a screw-top clamp for sealing was used for
ball milling. All sample preparation was performed in an Argon-
lled glovebox (Vigor Tech, O2 and H2O <1 ppm) solely dedi-
cated to sulde work. The jar was placed into the ball mill and
milled at a specied amount of time, clockwise. Aer the
milling interval, the jar was allowed to rest for a set time (see
Table 1 for details), and then milled again, counterclockwise.
The direction of the jar rotation changed with each milling
interval.

Synthesis of LPS samples

Sample 1: in an Argon glovebox, Li2S and P2S5 precursors were
weighed in a 3 : 1 mole ratio, for a total mass of 5.2 g of sample.
The precursors were then transferred to a 45 mL ZrO2 jar, and
32 g of 5 mm ZrO2 milling balls were added. The sample and
milling balls were mechanically stirred for about ve minutes to
coat the sample onto the balls. The jar was then sealed and
transferred out of the glovebox and into the ball mill. The
sample was then milled at a speed of 450 rpm for 65 hours, with
a milling interval of a 5 minute rest every hour.

Sample 2: Li2S and P2S5 precursors were weighed in a 3 : 1
mole ratio, for a total mass of 5.2 g of sample. The precursors
were hand-milled in a mortar and pestle for approximately 10
19644 | J. Mater. Chem. A, 2021, 9, 19637–19648
minutes before being transferred to a 45 mL ZrO2 jar, and 64 g
of 5 mm ZrO2 milling balls were added. The sample and milling
balls were mechanically stirred for about ve minutes to coat
the sample onto the balls and then milled at a speed of 450 rpm
for 65 hours, with an interval of a 5 minute rest every hour. Aer
65 hours, the sample was removed from the ball miller and
transferred back into the glovebox, and powder was scraped off
the sides of the jar. The sample was then removed, and the jar
andmixing balls were then cleaned with ethanol. Aer cleaning,
the sample was then placed back into the jar and milled again
for an additional 15 hours under the same conditions.

Sample 3: a total of 2.5 g of precursors were weighed and
placed inside the milling jar along with 32 g of 5 mm ZrO2 balls.
The sample and milling balls were mechanically stirred for
about ve minutes to coat the sample onto the balls and then
milled at a speed of 450 rpm for 15 hours, continuously.

Sample 4: the procedure for Sample 2 was repeated for this
sample with no changes.

Sample 5: a total of 2.5 g of precursors were weighed and
placed inside the milling jar along with 8 and 10 mm ZrO2 balls.
The sample and milling balls were mechanically stirred for
about ve minutes to coat the sample onto the balls and then
milled at a speed of 510 rpm for 15 hours. The milling interval
was set for a 3 minute rest for every 5 minutes of milling.

Sample 6: a total of 2.5 g of precursors were weighed and
hand-milled in a mortar and pestle for approximately ten
minutes. The sample was then placed inside the milling jar
along with 32 g of 5 mm ZrO2 balls. The sample and milling
balls were mechanically stirred for about ve minutes to coat
the sample onto the balls and then milled at a speed of 500 rpm
for a total of 40 hours. The milling interval was set for a 5
minute rest every hour.

Sample 7: the procedure for Sample 6 was repeated except
that the milling speed was set to 450 rpm.

Sample 8: the procedure for Sample 6 was repeated except
that the milling speed was set to 350 rpm.

Sample 9: the procedure for Sample 5 was repeated except
that the precursors were hand-milled in a mortar and pestle for
ten minutes prior to transferring into the jar.

Sample 10: a total of 5.2 g of precursors were weighed and
hand-milled in a mortar and pestle for approximately ten
minutes. The sample was then placed inside the milling jar with
64 g of 5 mm ZrO2 balls and the sample and balls were
mechanically stirred for about ve minutes. The sample was
then placed inside the ball miller at 500 rpm, with a milling
interval of a 3 minute rest every 5 minutes. Aer 192 minutes (a
total milling time of 2 hours), the jar was removed from the ball
miller, the sample was scraped off the walls, and the jar was
cleaned. The sample was then hand-milled again for another
ten minutes before transferring back to the jar and milled again
for another 192 minutes. This procedure was repeated 10 times
for a total milling time of 20 hours.

Sample 11: Sample 10 was suspended in approximately 5 mL
of anhydrous THF inside the glovebox. The sample was
mechanically shaken using a vortex for about ve minutes, and
then le stationary so that LPS could settle at the bottom. Aer
about an hour, the supernatant was decanted, and this washing
This journal is © The Royal Society of Chemistry 2021
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procedure was repeated three times. Aer the third wash, the
sample was allowed to heat on a hot plate at 80 �C overnight,
and then transferred to a vacuum oven, where it was allowed to
dry under vacuum at the same temperature overnight.

Sample 12: a total of 2 g of precursors were weighed and then
hand-milled in a mortar and pestle for approximately ten
minutes. The sample was then placed inside the milling jar with
32 g of 5 mm ZrO2 balls, and the sample and balls were
mechanically stirred for about ve minutes. The sample was
then ball milled at a speed of 450 rpm for 20 hours. The milling
interval was set to a 5 minute rest per hour.

Sample 13: Sample 12 was removed from the miller and
transferred back into the glovebox aer 20 hours of milling. The
sample was then scraped from the sides of the jar, the jar and
balls were then cleaned, and the sample was hand-milled in
a mortar and pestle for about ten minutes. The sample was
placed back in the jar and milled again at 450 rpm for an
additional 20 hours, making the total milling time 40 hours.

Sample 14: the procedure for Sample 13 of cleaning the jar
and hand-milling the resultant sample was repeated. The
sample was milled again for an additional 20 hours, making the
total milling time 60 hours.

Sample 15: the procedure for Sample 13 of cleaning the jar
and hand-milling the resultant sample was repeated. The
sample was milled again for an additional 20 hours, making the
total milling time 80 hours.

Samples 16–24: these samples (described in Table S1†) were
synthesized according to the same procedure as Samples 12–15.
About 2 g of precursors were milled with 32 g of 5 mm ZrO2 balls
for either 20, 40, or 60 hours. Samples 20–25 were exact repli-
cates of Sample 14 to test the reproducibility of achieving pure
LPS aer 60 hours of milling.

XRD measurements

XRD patterns were collected on a Bruker D8 Advance X-ray
diffractometer with l ¼ 1.54060 Å. Prior to measurements,
powder samples were placed on poly(methyl methacrylate)
(PMMA) sample holders and sealed under Kapton lms in an
Argon-lled glovebox (O2, and H2O <1.0 ppm). The samples
were spun at two rotations per minute.

Raman spectroscopy

Raman spectra were taken by using a HORIBA LabRAM HR
Evolution Confocal Raman Microscope using a 532 nm ULF
laser as the light source. The sample was prepared by sealing
LPS powder in a glass chamber inside an argon lled glovebox
(O2 and H2O <1 ppm). The glass chamber was assembled using
glass slides and silicone isolators purchased from Grace Bio-
Labs.

Magic angle spinning NMR spectroscopy

All 7Li and 31P magic angle spinning NMR experiments were
carried out on a Bruker Avance III wide-bore 400 MHz solid-
state NMR spectrometer under a eld of 9.5 Tesla. Samples
were packed into a 1.9 mm zirconia rotor (Brüker) in an argon-
lled glovebox and spun at 20 kHz. 7Li and 31P NMR spectra
This journal is © The Royal Society of Chemistry 2021
were collected corresponding to a 7Li Larmor frequency of 155.5
MHz and a 31P Larmor frequency of 162.0 MHz. For 7Li, the 90�

pulse length was 0.9 ms and the recycle delay was 20 s. Fig. S10†
shows the 7Li NMR comparison of 20 s and 100 s recycle delays,
of which the spectra overlap well. The recycle delay of 20 s is
long enough to quantify Li2S impurity. For 31P, the 90� pulse
length was 8.6 ms and the recycle delay was 50 s. The 7Li
chemical shi was referenced to solid LiF at �1.0 ppm. The 31P
chemical shi was referenced to 85 wt% H3PO4 at 0.0 ppm.

Coin cell fabrication

The samples were pressed into pellets and placed into coin cells
for electrochemical measurements. Coin cell parts were
purchased from Xiamen TOB New Energy Technology. All
sample preparation was performed in an Argon-lled glovebox
(Vigor Tech, O2 and H2O <1 ppm). Approximately 100 mg of
sample powder was loaded into a pellet chamber with a 10 mm
diameter (MTI Corporation, DIE10B), and a piston was placed
inside the chamber. The chamber was then placed into a 15T
hydraulic press (MTI Corporation, YLJ-15L) and pressed at
a pressure of 100 bar for about 2 minutes to form a pellet. Prior
to coin cell assembly, the thickness of the pellet was measured.
Pellet thicknesses ranged from approximately 0.9–1.2 mm.
Pellets had a tendency to break aer removal from the chamber,
which caused thickness variations. Typically, pellets would
break in such a way that small chunks of material would fall off
the bottom of the pellet, but not disturb the overall shape. If the
pellets fractured such that they were not perfectly circular (i.e.
shattered), they were not used for electrochemical experiments.

Indium or lithium foil was placed inside a metal bag with
a polymer coating and rolled into long strips, using the
chamber of the pellet press as a rolling pin, to a thickness of
approximately 0.25 mm. Then, 8 mm-diameter electrodes were
cut out from the foil. Coin cells (CR 2032) were assembled in the
following order: positive case, spring, stainless-steel spacer,
electrode, sample pellet, electrode, and negative case. The coin
cells were then crimped at a pressure of 750 kg.

Electrochemical impedance spectroscopy

Impedance measurements were taken using a BioLogic VSP-300
potentiostat with a frequency range of 7 MHz to 1 Hz. Coin cells
were assembled using the following conguration: SSkIn (8
mm)kPellet (10 mm)kIn (8 mm). No second stainless steel
spacer was used in between the second electrode and negative
case. This was done to allow for additional room so the coin cell
could be crimped at a high pressure (and ensure an air-tight
seal) without breaking the pellet. For temperature-dependent
measurements, “cooling” scans were conducted. The samples
were heated to 120 �C and held at that temperature for 45
minutes. Three impedancemeasurements were then taken aer
the thermal equilibration step, and then samples were cooled,
in 10-degree intervals, back to 20 �C, with a 45 minute equili-
bration step at each temperature. Aer the measurements were
completed, the coin cells were then taken back into the glovebox
and de-crimped, and the thickness of the pellet and indium foil
was measured. The pellet thickness was recorded aer
J. Mater. Chem. A, 2021, 9, 19637–19648 | 19645
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subtracting the thickness of the indium foil and compared with
the thickness measured prior to assembling the coin cell. If the
two thicknesses did not match, the thickness aer the cooling
scan was used for conductivity calculations. The resistance (R)
was computed by tting the resultant Nyquist plots to an
equivalent circuit model (Fig. S11†) and extracting the bulk
resistance (R1 + R2). Conductivity was then calculated according
to the equation s ¼ L/(RA), where L is the thickness of the
sample, R is the extracted resistance, and A is the electrode area.
Symmetric Li/Li cycling

Symmetric Li/Li cycling measurements were taken using
a Neware BTS4000 battery tester. Coin cells were fabricated
according to the following conguration: SSkLi (8 mm)kPellet
(10 mm)kLi (8 mm). Aer 10 hours of resting, the coin cells were
cycled from 0.05 mA cm�2 to 0.05 mA h cm�2. The cycling was
performed at 20 �C, and the cutoff voltages were set to be 1 V
and �2 V vs. Li/Li+.

Prior to cycling, interfacial impedance measurements were
taken using the BioLogic VSP-300 potentiostat using
a frequency range of 7 MHz to 1 Hz at 20 �C. The Nyquist plots
were t according to the equivalent circuit model (Fig. S9†), and
R3 was taken as the interfacial resistance (Table S2†).
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