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1 | INTRODUCTION possess sufficient ionic conductivity in the order of 107~
104 S cm™ at room temperature and are highly ductile,
Lithium thiophosphates are considered as promising solid- ~ which allows easy fabrication by cold pressing.!'l Among

state electrolyte candidates for solid-state batteries as an  lithium thiophosphates, the metastable g-Li;PS, poly-
alternative to current lithium-ion batteries because they =~ morph synthesized via solvent-assistant routes exhibits

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Electrochemical Science Advances published by Wiley-VCH GmbH.

Electrochem. Sci. Adv. 2023;3:¢2100208. wileyonlinelibrary.com/journal/elsa | 1of8
https://doi.org/10.1002/elsa.202100208


https://orcid.org/0000-0002-6619-3330
mailto:s.yu@fz-juelich.de
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/elsa
https://doi.org/10.1002/elsa.202100208
http://crossmark.crossref.org/dialog/?doi=10.1002%2Felsa.202100208&domain=pdf&date_stamp=2022-02-14

Chemistry
Europe

European Chemical
Societies Publishing

Short Communication

20f8 Electrochemical Science Advances doi.org/10.1002/elsa.202100208

extraordinary room temperature ionic conductivities up to
0.9 mS cm~.[>-]

In 2013, Liu et al. developed a pioneering three-step
solvent-assistant method in tetrahydrofuran (THF) for the
preparation of nanoporous $-Li;PS4,>] which provided
an easily scalable manufacturing route and raised the
prospect of mass production of solid electrolytes.!®7] Later,
EP is also widely used for the synthesis of this materiall 7]
because it was listed as a non-toxic solvent by the US Food
and Drug Administration (Class 3) and can promote the
reaction between Li,S and P,Ss through the ester group./*!

The origin of such high conductivity of §-LisPS, is
the result of synergistic ionic conduction in multiple
phases.!>1%11] The “so-called” 8-Li;PS, prepared by wet
chemical route is actually a porous multiphase material
composed of crystalline 5-Li; PS,, amorphous Li;PS,, and
hydrogen-containing Li;PS, (e.g., Li;PS,-2THF).["'] Mar-
chini et al. investigated the ionic conductivity of these
phases by tuning the crystallinity and solvent content in
nanoporous $-Li;PS, materials and found that the amor-
phous phase is the most conductive among others.[!!]
Although the hydrogen-containing Li;PS, seems to be
detrimental to the ionic conductivity,'2! this component
can be completely removed from the structure only at
about 400°C, which is far above what is normally used for
the synthesis of nanoporous -Li; PS, (160-300°C).'] The
remaining residual solvent or solvent decomposition seg-
ments in the products indirectly contribute to the overall
ionic conductivity by helping to maintain the large sur-
face area of the material and thus stabilizing the S-phase
at room temperature.!*]

Despite its simple fabrication method and high ionic
conductivity, 8-Li;PS, is known to be unstable under ambi-
ent conditions and decomposes rapidly.*5! g-Li,PS,
undergoes hydrolysis leading to a final critical reaction that
produces H,S gas and Li;PO,.["*"7] Based on the hard and
soft acids and bases (HSAB) theory, the fast hydrolysis of
thiophosphate materials is due to the fact that oxygen is
a hard base that reacts preferentially with the hard acid P
and replaces the soft base S.I'8! Therefore, proper evalua-
tion and suppression of this reaction could be the access for
the mass production of 5-Li; PS,. Inspired by these, instead
of stabilizing P or S by substitution or doping,|'*"] which
alters the original structure and increases the complexity
and cost of synthesis, a simple adjustment of the content
of hydrogen-containing Li;PS, could improve the air sta-
bility of 5-Li;PS, to some extent. The residual solvent or
solvent decomposition segments in the structure may bind
with P and/or S, stabilizing the structure. Furthermore,
hard bases (H,0) react preferentially with hard acid groups
(e.g. H') in the solvent.

In this work, porous 5-Li;PS, materials content 1.2 and
4.0 wt% EP were respectively prepared by adjusting the

annealing time. Their structural and microstructural sta-
bilities under ambient conditions, dry synthetic air, and
various moisture contents were investigated by ESEM
and X-ray diffraction (XRD) analysis. The microstructure
deformation as the direct reflection of the rapid hydrolysis
of 3-Li; PS, was first time recorded and reported. Moreover,
it is possible to change the solvent content by varying the
annealing time to slightly adjust the moisture stability of
B-LizPS, to be applied to different fabrication conditions.

2 | RESULTS AND DISCUSSION

Two f-Li; PS, samples with high and low EP content were
prepared using the methods described in the supporting
information. These samples were heated at 220°C and are
denoted as LPSy;, for the sample heated for 4 h and LPS,,;,
for the sample heated for 220 h. Powder XRD measure-
ments were carried out in order to investigate the crys-
tal structure and phase purity of the prepared samples.
As shown in Figure 1a, all the reflexes are assigned to
orthorhombic space group Pnma that indexed to the stan-
dard f-LizPS, pattern (ICSD No. 180319), indicating that
this material is successfully formed in both cases. The peak
width of the XRD patterns is narrowed for the LPSy,q,
sample, indicating the crystallinity increased after heating
for a longer time. Moreover, the XRD patterns of the as-
prepared powders show a distinct background, probably
related to the presence of amorphous Li;PS, and caused by
the Scotch Magic tape used to prevent air access to the sam-
ple. According to the recent reports, the 8-Liz PS, prepared
by wet chemistry is possibly a “multiphasic material”.!'*-!]
Marchini et al confirmed the presence of a striking max-
imum of 52% of additional amorphous materials in the
B-LizPS, synthesized in THF, depending on the heating
process.["!] The presence of the amorphous H-containing
Li;PS, phase has been claimed as the reason to stabilize
B-LiyPS, at room temperature.'’] Here, the syntheses are
carried out in EP which has a much higher boiling point
than THEF, it is possible that the EP is still present in the
structure of Li;PS, even though the samples were dried at
90°C under 500 Pa for two days and subsequently heated
at 220°C for a maximum of 220 h.

The presence of EP in the prepared LPS,, and LPS,)q;,
is confirmed by the attenuated total reflectance infrared
spectroscopy (ATR-IR), as the results are shown in
Figure 1b. The IR spectrum of EP shows C-H alkyl
stretching vibrations in the wavenumber range of 2860-
3000 cm™, C = O stretching vibrations at 1731 cm™,
and C-O stretching vibrations at 1182 cm™.. The other
peaks at the wavenumbers ~1500-400 cm™' are consid-
ered the unique set of complex overlapping vibrations of
the atoms of the EP molecular. These characteristic peaks
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FIGURE 1

of EP are observed with different intensities and slightly
shifted locations in the results of all three Li;PS, sam-
ples with or without calcination. The IR spectrum of pris-
tine Li;PS, presented clear peak shifts at the wavenum-
bers ~1500-400 cm™, and enhanced intensity at 1311, 1280,
and 1070 cm™! compared with that of EP. These could be
due to the interaction between the remaining EP with

(a) X-ray diffraction (XRD) pattern of LPSy, and LPS,,y;, along with reference XRD pattern (ICSD 180319). (b) Attenuated
total reflectance infrared spectroscopy (ATR-IR) spectra of ethyl propionate (EP), Li;PS, before calcination, 5-Li;PS, heated at 220°C for 4 and
220 h, respectively. (c) 'H NMR, LI NMR, and 3'P NMR spectra of LPS,;, and LPS,,,. Scanning electron microscopy (SEM) images of
as-prepared LPS,;, powders (d, e) and LPS,,, powders (f, g).

Li;PS, after drying at 90°C. In addition, like for both 220°C
heated samples, the IR spectrum of the pristine Li;PS,
presented a clear characteristic peak of the PS, group at
the wavenumber of ~550 cm™, indicating the P-S bond is
already formed before high-temperature treatment. After
heating at 220°C, the relative intensities of C = O and C-
O peaks presented in the IR spectra of LPSy;, and LPS,,q;,
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significantly decreased compared with that of the pristine
sample, indicating EP may be (partially) decomposed in
the heating process. The low intensity of the characteris-
tic peaks of EP in the IR spectrum of LPS,,;, signifies a
relatively low content of the EP segments in the structure.
Since IR is mostly used for qualitative identification, the
quantification of EP in LPSy;, and LPS,,;, is performed by
nuclear magnetic resonance spectroscopy (NMR).

To quantify the EP amount and to further elucidate the
structural information of as-prepared samples, 1Y, 7Li, and
1P magic angle spinning NMRs were conducted. The pres-
ence of EP was further confirmed by 'H NMR spectra
of as-prepared LPS samples, in Figure 1c, with the four
isotropic resonances corresponding to the four different H
environments in EP. The broad and asymmetric line shape
of the 'H isotropic resonances is due to the lack of mobil-
ity of EP inside the LPS structure, likely leading to form
an amorphous LizPS,-XxEP phase beside crystal §-LizPS,
phase. Moreover, an additional peak (#) is also observed,
which is most likely a -CH; group originating from the
partially decomposed segments of EP. This is consistent
with the ATR-IR results. Li NMR spectra of LPS,;, and
LPS,,0n samples show three isotropic resonances at 0.87,
1.30, and 0.50 ppm, which can be tentatively assigned to
the three Li sites: the fully occupied tetrahedral site (8d),
the partially occupied octahedral site (4b) and the par-
tially occupied tetrahedral site (4c), in the §-Li;PS, struc-
ture, respectively. Additionally, compared with the longer
heated LPS,,q, sample, the relative intensity ratio of the
partially occupied octahedral site (4b) decreased while
the partially occupied tetrahedral site (4c) is increased in
the LPSy;, sample, implying that Li ions on the partially
occupied octahedral site (4b) are more thermally stable
than that on the partially occupied tetrahedral site (4c).
Furthermore, the weight ratio of LPS: EP in the sam-
ples (Figure 1c) was determined with an external refer-
ence Li; 3Al3Ti; 7(PO,4)3. LPS,y0 has a lower weight per-
centage of EP of 1.2% compared with that of LPSyy,, 4.0%,
which is in agreement with the 'H NMR spectra. There-
fore, except for the crystal B-LisPS,, there are about 1.2%
and 4.0% of amorphous H-containing Li;PS,-XEP present
in LPS,, and LPS,,qy, respectively. 3P NMR showed an
isotropic resonance at 85.5 ppm, which is assigned to the
PS, tetrahedra. In addition, the full width half maximum
(FWHM) of LPS,yg, is 0.26 kHz compared with LPSy,
which has an FWHM of 0.40 kHz, indicating the local envi-
ronment of 3'P in LPS,,, is more symmetric than that
in LPSy,. This is consistent with the XRD results. The
NMR results indicate that as the heating time increases the
amount of EP decreases while the crystallinity of 5-LizPS,
improved.

To accurately record the morphology of the samples, an
airtight SEM transfer module (Figure Sla)is used as a sam-

ple holder so that the samples can be transferred directly
from a glovebox to the ESEM chamber without contam-
ination from the atmosphere. Moreover, the parameters
for SEM measurement are optimized to eliminate charg-
ing effects, as shown in Figure S1b and discussed in detail
in the supporting information. All SEM images shown in
the following are acquired at an accelerating voltage of 1kV
with 64 times line integration and a low dwell time of 50 ns.
The SEM images of as-prepared LPSy;, and LPSy,,, pow-
ders are shown in Figure 1d-g, respectively. The particles
displayed a flake-like structure with sizes in the range of
5 um in length, 3 um in width, and 200-300 nm in thick-
ness. Besides, the LPS,;, and LPS,,,, particles are porous,
which is due to the effects of solvent removal.

The LPSy, and LPS,,,, powders were, respectively,
pressed into pellets with a diameter of ~10 mm and then
polished to remove the pressed skin. Benefited from low
Li-S bond energy and a moderate Young’s modulus of
Li;PS,,128] dense LPSy, and LPS,,, pellets are formed
by isostatic pressuring at room temperature. The aver-
age relative densities of LPS,,q, and LPS,, are 93.0%
and 94.5%, respectively. Hence, the shape and density
of the prepared f-Li;PS, samples are highly consistent
with the solid electrolytes applied on the laboratory scale.
The room temperature ionic conductivities of the pel-
lets are calculated from the impedance spectra shown in
Figure S2. Despite the slightly low density of LPS,qy, its
ionic conductivity is 0.15 mS cm™ which is 50% higher
than that of LPS,;, (0.1 mS cm™), indicating that increas-
ing the EP content negatively affect the ionic conductiv-
ity of LPS. The same is true for THF solvent reported
previously."!]

The initial morphology and relevant structure stability
under ambient conditions (~45% relative humidity, R.H.,
~1400 Pa of moisture) of the §-Li;PS, pellets consisting of
low (LPS;,0n) and high (LPS,;,) amounts of H-containing
Li;PS, phase are investigated and revealed in Figure 2. The
comparison of the morphological changes of the samples
during the exposure time of 1 h can also be seen in Video SI.
Before exposure to ambient conditions (images recorded at
0s), the LPS,,o, and LPSyy, pellets initially exhibited highly
compacted structures. There are no pores or loose parti-
cles observed in the SEM images at the primary states of
both samples but smooth surfaces with grooves of ~800 nm
width in multiple directions as a result of polishing.

As presented in Figure 2 and Video S1, cracks appeared
on the surfaces of both samples after only 10 seconds
under ambient conditions, revealing the appearance of
rapid chemical reaction(s). Interestingly, cracking begins
in areas where grooves are present from polishing and
then propagates out from these primary straight cracks
over exposure time. Sulfide electrolytes undergo hydroly-
sis with moisture that produces Li;PO, and H,S.['*?7] The
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FIGURE 2 Scanning electron microscopy (SEM) images of LPS,,,, and LPSy, pellets at initial states and after exposure to the ambient

environment after 10 s, 20 s, 30 s, 1 min, 3 min, 9 min, 12 min, 15 min, 30 min, and 60 min, respectively.

uptake of water by the sample together with the gas forma-
tion seems to be the reason for the cracking. Moreover, the
pressure of the formed gases would cause cracks starting
from the grooves due to the mechanical stress concentra-
tions in these areas.

The noticeable difference between the structure decom-
position processes of LPS,,q,, and LPSy;, is that the forma-
tion and growth of cracks are very fast in LPS,,,, account-

ing for 4% surface coverage after 10 s and reached 25%
after 150 s (cf. Figure 2 and area of the surface cracks as a
function of exposure duration in Figure S3). These crack
coverage values are reached by the high EP content $-
LizPS,, LPSy;,, after much longer exposure periods of 80
s and 900 s, respectively. When the exposure time was
further extended to 1 h in ambient conditions, the cracks
in both samples developed and grew continuously, with
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LPS,;, exhibiting better morphology stability compared to
LPSy0n at all recorded times.

Figure S4 shows the surface XRD profiles of both pellets
after exposure to ambient conditions for 1 h. The diffrac-
tion peaks of §-LisPS, disappeared, remaining the peaks
from various degraded components of oxides and sulfides,
including Li,0, Li;P,0,, LisPO,, LisP,S¢, Li,P,S¢, and
Li,;PS,. These results suggested that in addition to the mor-
phological changes on the sample surfaces, there is also a
strong chemical degradation of the material. Besides, the
initial LPS,,qp, visually presented as a darker more satu-
rated orange-brown when compared to that of LPSy;,, this
difference is attributed to the lower EP content in LPS,,q;,
(Figure S5).[2°! After 1 h in the environment, both sam-
ples turned gray. The LPS,,;, pellet disintegrated into loose
powders and could not maintain its structure, while the
LPS,;, pellet was able to maintain its pellet shape despite
the deteriorated surface, as evidenced by the photos shown
in Figure S5. The overall higher microstructure stability of
LPS,;, at ambient conditions could be due to the higher
EP content in the material, which could combine with P
or/and S and stabilize the structure. Moreover, according
to the HSAB theory, the hard base (H,O) tends to interact
with the hard acid.''8! The more EP in Li;PS,, the more
weakly acidic methylene groups are in the structure, which
could possibly eliminate the effects of moisture to some
extent.

In addition to the rapid hydrolysis reaction of S and H in
LizPS,; and moisture respectively, the Li;PS, materials are
inherently extremely hygroscopic because of the intimate
affinity between P and O from the moisture.[*°! Therefore,
studying the effects of different moisture levels on 5-Liz PS,
could provide insight into the proper handling of these
materials during manufacture and application.

To investigate the effects of moisture on the LPS,,q, and
LPS,y, pellets, different levels of humidity were introduced
into the SEM chamber without carrier gas. After desired
exposure times, imaging was performed after the moisture
was removed from the chamber to avoid accelerated reac-
tions between moisture and Li; PS, under high-speed elec-
tron bombardment. Such strong acceleration effects can be
seen in Figure S6.

As demonstrated in Figure 3, the LPS,,y, sample with
low EP content (more reactive under ambient conditions)
was exposed to the moisture of 50 Pa (1.6% R.H.) in the
ESEM chamber and allowed to interact for 8 h. This sample
exhibited a small amount of cracking, equivalent to 0.6%
of the surface area. This amount of cracking is the same
value obtained under ambient conditions after 10 s. This
indicates that the amount of moisture present in the envi-
ronment plays an important role in the degradation pro-
cess of LI;PS,. As such, another LPS,,q;, pellet was tested
at 30 Pa (1% R.H.). This sample showed no crack forma-

50Pa Moisture

30Pa Moisture

FIGURE 3 Scanning electron microscopy (SEM) images of
LPS,,o, pellets after exposed to 50 and 30 Pa of moisture for 8 h, and
2000 Pa of synthetic dry air for 1 h.

tions after 8 h of interaction with a small amount of mois-
ture (Figure 3). To confirm that gases in the ambient air
were not responsible for the degradation of Li;PS,, dry
synthetic air with ultra-low moisture (H,0 < 3 ppm) was
injected into the chamber until a pressure of 2000 Pa was
reached. After 1 h, the surface showed no surface crack
(Figure 3). XRD was carried out on all samples after expo-
sure and a pellet exposed to dry synthetic airflow for one
day. The results can be found in Figure S7. In line with the
microstructure change, except for the sample exposed 8 h
to 50 Pa moisture, all other samples showed no chemical
decomposition. As shown in Figure 4, the LPS,, sample
with high EP content exhibited better moisture resistivity
than LPSy,o,. The samples exposed 8 h to 50 and 30 Pa
moisture and 1 h to dry synthetic air show no cracking.
Crack formation of 0.5% surface area is observed for the
sample exposed to 100 Pa (3.2% R.H.) of moisture for 1 h,
equivalent to the amounts of cracks formed under ambi-
ent conditions after 10 s. However, the formation of a small
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FIGURE 4 Scanning electron microscopy (SEM) image of
LPS,;, after exposure to 100 Pa of moisture for 1 h, 50 and 30 Pa of
moisture for 8 h, and 2000 Pa of synthetic dry air for 1 h.

number of cracks is accompanied by significant structural
changes, as indicated by the XRD results in Figure S8.
The analytical method presented in this work allows
accuracy recording the microstructure of Li; PS, and direct
observation of the rapid microstructural changes caused by
the hydrolysis reaction without the influence of the elec-
tron beam. Moreover, the solvent-containing Li; PS, phase
was confirmed to play a role in improving moisture resis-
tance. Furthermore, the results provide insights into prop-
erly preparing and handling the Li;PS, materials. Instead
of fabricating and applying Li;PS, inside an inert environ-

ment, work can be done instead in a dry room as it has
been shown that even after a full day of exposure to ambi-
ent gases, the material is stable. By operating inside a dry
room that typically has an R.H. under 1%, the process is
greatly simplified and a reduction in the processing cost
can be achieved.

3 | CONCLUSION

The results demonstrate that hydrolysis causes the rapid
crack formation and propagation of nanoporous multi-
phase 8-Li;PS, materials consisting of crystalline 8-LisPS,
and hydrogen-containing Li; PS,-xEP within a short expo-
sure time of 10 s under ambient conditions. The hydrogen-
containing Li;PS,-xEP plays a role in suppressing hydrol-
ysis reaction to some extent. The LPS,,;, (1.2 wt% EP con-
tent) and LPS,;, (4.0 wt% EP content) can bear at least an
exposure time of 8 h in 1% and 1.6% R.H., respectively, with
no structural or microstructural changes. This indicates
that porous multiphase 8-LizPS, containing even a small
amount of solvent can be synthesized and applied under
dry room conditions without chemical modification such
as doping or substitution of P or S.
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