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ABSTRACT: The very high ionic conductivity of LijoGeP2S12 (LGPS) solid electrolyte (SE)
makes it a promising candidate SE for solid-state batteries in electrical vehicles. However,
chemomechanical failure, whose mechanism remains unclear, has plagued its widespread
applications. Herein we report in situ imaging lithiation induced failure of LGPS SE. We revealed
a strong size effect in the chemomechanical failure of LGPS particles: namely, when the particle
size is greater than 3 um, fracture/pulverization occurred; when the particle size is between 1 um
and 3 um, microcracks emerged; when the particle size is less than 1 um, no chemomechanical
failure was observed. This strong size effect is interpreted by the interplay between elastic energy
storage and dissipation. Our finding has important implications for the design of high-performance
LGPS SE, for example, by reducing the particle size to less than 1 um, the chemomechanical

failure of LGPS SE can be mitigated.



l INTRODUCTION

Solid-state batteries (SSBs) are potential next-generation energy storage technology to
replace existing liquid electrolyte batteries. The critical component of a SSB is the solid electrolyte
(SE). Li1oGeP2S12 (LGPS) SE has an extremely high ionic conductivity of 12 mS cm™ which is
even higher than those of organic liquid electrolytes currently used in practical lithium-ion
batteries!. The very high ionic conductivity makes LGPS a promising candidate SE for SSBs in
electrical vehicles and grid storage systems. However, besides the high ionic conductivity of SE,
good electro-chemo-mechanical stability with electrodes, particularly in contact with the lithium
anode, are also strongly required. Unfortunately, LGPS is thermodynamically unstable with
lithium? 3. It reacts with lithium to form Li,S, LisP and Liz7sGes*®, causing large volume
expansion of the interphase, thus stresses and cracks inside the SEs”!2. Once crack forms, lithium
penetration and short circuit are inevitable!*?°. Understanding the electro-chemo-mechanical
failure mechanism is thus critical for the application of LGPS in SSBs. Nevertheless, due to the
extreme sensitivity of LGPS to air exposure and humidity?, in situ electron microscopy
observation of the interface between LGPS and lithium metal during the electrochemical process
has not been achieved due to the technical difficulty in sample preparation, transfer and

manipulation.

Herein, we succeed in constructing a home-made two-terminal electrochemical device in a
dual beam focused ion beam (FIB) electron microscope, enabling real-time observations of the
electrochemical reaction between lithium and LGPS. Surprisingly, we find a strong size-dependent
electro-chemo-mechanical fracture behavior of individual LGPS particles, namely, fracture and
pulverization of LGPS particles occur when the particle size is above 3 um; no fracture of the
LGPS particles takes place when the particle size is less than 1 um; microcracks but not
pulverization are observed when the particle size is between 1 and 3 um. A theoretical model
together with finite element simulation revealed that the electro-chemo-mechanical strain energy
is not high enough to drive crack nucleation and propagation in LGPS particles when their sizes
are less than 1 um. Our discovery provides important insight towards mitigating the failure of
LGPS SEgs, i.e., by controlling the particle size of LGPS SE to less than 1 pum, fracture of the LGPS

SE can be alleviated.



Bl RESULTS AND DISCUSSION

A schematic of our experimental setup is shown in Figure 1a. The W tip (tungsten tip) of the
manipulator was used as a working electrode, and the FIB stage where Li metal was attached was
used as the counter electrode. Lithium metal and LGPS were assembled on the FIB sample stub in
a glove box and then transferred to the FIB using a home-made vacuum transfer box. For a better
contact between the W tip and the SE, indium metal was attached to the W tip. A LGPS particle
with a size of 30 um was compressed by the W tip. During compression, the LGPS particle was
pushed into the lithium substrate, rendering a good contact between lithium and the LGPS particle
(Figure 1b); in the meantime, a good contact between LGPS and indium was also established
during the compression (Figure 1b). Note that the structure of the LGPS particle remains perfect
after compression, with no crack on its surface, indicating that compression did not fracture the
LGPS particle (Figure 1b). Upon applying a negative potential on the indium electrode, lithiation
of indium took place, as revealed by the contrast change in the indium metal (Figure 1b, c¢). The
lithiation proceeded extremely fast from the contact between LGPS and indium, then advanced
upward the indium electrode (Figure 1b, c), and the lithiation of the indium electrode was
completed within a few seconds. After full lithiation of indium, microcracks emerged in the LGPS
particle (arrowheads, Figure 1c¢). With the passage of time, the number and sizes of the cracks
increased (Figure 1c-f, Supplementary Movie S1), until the whole particle was pulverized (Figure
1f). Two more examples are exemplified in Figure S1 and Supplementary Movie S2, which shows
that the crack was generated at the W tip contact and gradually extended downward until the whole
particle was pulverized. It is interesting to note that when we used W tip instead of indium
electrode, some Li would be first deposited on the W tip, followed by the appearance of SE
cracking and gradually pulverization (Supplementary Movie S2). To avoid the influence of the W
tip pressure on the mechanical behavior of the SE, we conducted another similar lithiation
experiment via connecting the W tip to the side of the LGPS particle, in which no significant stress
was exerted to the SE particles by the W tip. Nevertheless, similar chemomechanical failure

mechanism was also observed (Figure S2).

Figure 1g-j displays the pulverization of another LGPS particle with a size of 30 um. After
689 s of lithiation, the initial perfect LGPS particle (Figure 1g) pulverized (Figure 1h). Figure 11,

Hi”

j are magnified images of the areas outlined in two boxes marked as and "j" in Figure 1h,



respectively, showing the interfaces between the reacted (darker contrast) and unreacted (brighter
contrast) portions of the same particle. It can be seen that as soon as the reaction front extended,
cracks emerged right behind the reaction front (yellow dashed lines). However, the pulverization
exhibited hysteresis compared to the reaction process (green dashed lines in Figure 11), suggesting
a progressive lithiation of the LGPS particle, and the crack and pulverization were caused by
lithiation. Unlike traditional in situ transmission electron microscopy (TEM) studies of nano-
batteries?’?°, here, the lithiation process of LGPS SE started from the end far away from the
negative Li electrode. It is traditionally believed that a violent electrochemical reaction would take
place at the interface between the active SE and Li negative electrode. However, we found in this
study that the highly-reactive fresh Li deposited on the W tip is more likely to react with the SE.
As shown in Figure S3 and Supplementary Movie S3, Li ions initially passed through the SE and
deposited as lithium dendrtie underneath the W tip. Electrochemical reaction quickly happened
between the freshly deposited Li and the SE until the full pulverization of the SE. Ye et al. reported
that the LGPS SEs, which is electrochemically unstable against Li metal, can be used as an
intermediate electrolyte layer and consume some lithium dendrites'?. However, the cycling
performance of LGPS based batteries would be greatly compromised if the pulverization process
continuously happens. Moreover, the newly generated cracks also provide a fast channel for
lithium dendrite penetration. As shown in Figure S4 and Supplementary Movie S4, lithium
dendrite penetration becomes inevitable once cracks are formed. Lithium dendrites emerged from
the cracks and lead to further growth of cracks. Fortunately, through a large number of experiments,
we find that reducing the particle size of LGPS can effectively avoid the pulverization and crack

generation of the LGPS SE.

Figure 2 demonstrates the strong size effect of the fracture and pulverization of LGPS
particles. When the particle size is larger than 3 um, e.g., Figure 2a, cracks formed (Figure 2b) and
proliferated (Figure 2b-d) until pulverization (Figure 2d, Supplementary Movie S5) of the entire
particle. When the size is between 1 and 3 um, e.g., Figure 2e, cracks formed but no pulverization
took place in the particle (Figure 2f-h, Figure S5, Supplementary Movie S6). When the particle is
less than 1 um, cracks barely formed in the nanoparticle (Figure 2i-1, Figure S6, Supplementary
Movie S7). We conducted a series of statistical experiments, which confirms the above assessment
(Figure 2m). Meanwhile, we conducted additional experiments to investigate the pulverization of

the particles in a SE pellet that was prepared under high pressure. Size dependent
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chemomechanical failure was also observed from the above LGPS pellet, which is consistent with

the single particle result (Figure S7 and Figure S8).

To understand the electro-chemo-mechanics of the size effect, we performed in situ TEM
study of the lithium reaction with LGPS particles. The initial LGPS has a tetragonal structure
(P42/nmc) with a = b =8.71 A and ¢ = 12.61 A (Figure 3a, b). Selected area electron diffraction
pattern (SAED) indicates that each individual particle is a single crystal (Figure 3¢, d). The in situ
TEM procedure is schematically illustrated in Figure 3e and Supplementary methods. Pieces of
lithium metal were scratched into a Cu grid, then LGPS particles were drop cast onto the TEM
grid. Some of the LGPS particles ended up landing on the lithium metal. We then placed the
electron beam near the LGPS particle (but not on the particle as LGPS is sensitive to the electron
beam), and lithium diffused to the LGPS particle under the electron irradiation. Consequently,
chemical reactions between lithium and LGPS particles occurred (Figure 3f-k). The pristine LGPS
nanoparticle with a size of 700 nm (Figure 3f) swelled to 800 nm after lithiation (Figure 3g) with
a volume expansion of about 14%. SAED indicates that the initial single crystal (Figure 3h)
transformed into nanocrystalline Li>S (Figure 3i). The changes in the electronic structure were
investigated by electron energy loss spectroscopy (EELS). Low-loss EELS of the pristine LGPS
exhibits a major plasmon loss peak at 19.9 eV, and two decaying peaks at 40.2 and 61.4 eV. While
the low-loss EELS of the nanoparticle after chemical reaction exhibits two major plasmon loss

peaks at 14.9 and 19.1 eV, which agrees with that of Li>S excellently?’.

The in situ TEM characterization indicates that the major reaction product after the chemical
reaction between lithium and LGPS is LixS. The TEM results agree excellently with previous
investigations® '°. The products of 12Li»S + 2LisP + Lis7sGe were reported previously after the
reduction of LGPS against lithium® '°. However, the formation of Lis 75Ge and LisP alloy, which
is in accordance with theoretical calculations®®, was not proven unambiguously by in situ X-ray
photoelectron spectroscopy®. Recent TEM results have also evidenced that Li»S is the major

reaction product’!.

Large volume expansion occurs during the electrochemical reaction between lithium and
LGPS, which induces large stress, causing fracture of the LGPS particles. The fracture stress o of

a ceramic SE can be calculated using the following equation®* 3:

oc = Kic(ndc)1/2, #(1)



where Kic is the fracture toughness of the SE, and d. is the critical flaw size such as the pore or
grain size. As an example, let’s calculate the fracture stress of LGPS SE. From Figure S11, the
typical grain size is about 2.7 um, and the fracture toughness Kic of LGPS is about 0.34 MPa m'??
33 Plugging these values into Egs. (1) yields . of 116 MPa. Previous studies indicate that lithiation

induced stress can reach GPa level?® ?°, which is sufficient to fracture SEs.

Based on the experimental SEM image, a schematic diagram of the Li>S pulverization is
presented in Figure 4a. The diagram consists of three layers of materials, namely, the pulverized
Li>S nano particles on the top (yellow), the non-pulverized Li,S buffer layer (light pink) in the
middle, and the LGPS rod at the bottom side (wathet). During lithiation, the thickness of the non-
pulverized Li,S buffer layer (h) keeps increasing and the stored elastic energy also increases. When
the thickness of the buffer layer reaches a critical value, the stored elastic energy leads to
pulverization of the whole buffer layer by releasing the elastic energy into surface energy and other
forms of energy such as heat. To understand the pulverization process quantitatively, we consider
a layer-by-layer pulverization of the LGPS rod, as shown in Figure 4b. Here we assume that all
the pulverized LixS particles are in a cube shape and the edge length of the cubes is the same as
the buffer layer thickness. The whole buffer layer is pulverized when its thickness reaches a critical
value. During pulverization, some of the stored elastic energy are released as the surface energy
of the pulverized Li>S nano particles and others will be dissipated via wave propagation or heat
etc. We further assume that the relationship between the released elastic energy and the surface

energy is*:

Ue = aEj, (2)
where U, and E are the released elastic strain energy and surface energy of the pulverized LixS
nano particles, respectively; @ > 1 was introduced to denote the contribution of wave propagation
or other energy dissipation mechanism during the fragmentation process. The calculations of
elastic strain energy and surface energy are presented in Supplementary Section 3.1. From Egs.(2),

the critical size of the new pulverized LixS particles is obtained as

b= aD(5y.s + Yicps)

3
u.D + 4ay;s )

In Egs. (3), the elastic strain energy per unit volume (¢, ) can be calculated by using finite element
analysis (FEA) simulation. The cylindrical FEA models are presented in the inset of Figure 4d.
We take the material properties of LGPS and Li,S in literature®> *¢ for the FEA simulation. Using
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the volume expansion of LGPS during lithiation as 50.0% (Figure S12), the calculated elastic strain
energy (U.) as a function of the ratio of the Li,S particle size (h) and diameter of the LGPS rod
(D) 1s shown in Figure 4d, more detailed FEA simulations are shown in Supplementary Section

3.1.

By using the density functional theory (DFT) method (see Supplementary Section 4), the
surface energies, . and ¥, ¢ps, were calculated as 13 and 3.8 eV/nm?, respectively. The projected
surface energy is also plotted in Figure 4d. Experimentally, the sizes of the Li>S particles formed
during pulverization of the LGPS particles of different sizes are shown in Figure 4c. To fit the
experimentally measured particle size, @ = 15 was adopted and the critical size of the pulverized
Li,S particles (h) as a function of the diameter of the LGPS rod (D) is shown in Figure 4¢ as well.
When the LGPS particle size is small (D < 10 um), a strong size dependent pulverization behavior
is clearly seen. The sizes of the Li>S nanoparticles formed by pulverization of small LGPS particles

are several times larger than those formed by pulverization of large LGPS particles.

Obviously, the size of the pulverized particle cannot be greater than the size of the LGPS
particles, so the condition of h = D determines the smallest LGPS that can be pulverized. As such,
a LGPS paricle whose size is less than 0.87 pm cannot be pulverized (red star in Figure 4c). The
size dependent behavior derived from modeling (black dashed lines) agrees well with the

experimental observation (filled blue saquares, Figure 4c).

To predict the critical LGPS particle size more accurately, we constructed a spherical LGPS
particle model to replace the infinite long LGPS rod model. The top/bottom hemispheres (Figure
S13a) represent a Li>S and a LGPS particle, respectively, and the stress distribution is shown in
Figure S13b. The critical of LGPS particle size was estimated as (see details in Supplementary

Section 3.2),

_ 3a(Yigps + Vis)
2u, '

Using FEA simulation, the elastic strain energy per unit volume of the system is calculated to be

D

(4)

0.375 eV/nm® and the critical size D is estimated to be 1008 nm, which is very close to the

experimental result, with a diameter of ~ 1.0 pm.

Bl CONCLUSIONS



The chemomechanical failure of individual LGPS particles was investigated by in situ FIB-
SEM. We revealed a strong size effect during the chemomechanical failure process of individual
LGPS particles: when the particle size is greater than 3 pum, fracture and pulverization of the
particles were always observed; when the particle size is less than 3 pm but larger than 1 pum,
cracking of the particles took place; when the particle size is less than 1 um, neither crack nor
fracture of the particles was detected. This strong size effect is attributed to the energy balance
between the elastic energy release caused by lithium reaction with LGPS and the surface energy
release caused by fracture or pulverization of the particles. The size effect can be harnessed to
alleviate the chemomechanical failure of LGPS, i.e. by tailoring the particle size of LGPS SE to

less than 1 um, the chemomechanical failure of LGPS SE may be mitigated.
B ASSOCIATED CONTENT
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Figure 1. In situ observation of electrochemical reaction between lithium and individual LGPS
particles. (a) Schematic of an electrochemical device comprising a Li anode, an LGPS SE, and a
W tip coated with In as the counterelectrode inside a FIB-SEM. (b-f) Time lapse SEM images
showing the lithiation process of a LGPS particle with a size of 30 um. The formation of cracks
(b-d) and pulverization (d-e) are evident. (g-j) Lithiation induced fracture and pulverization of
LGPS particles. (g, h) Pulverization of an LGPS particle with a size of 30 um. (i, j) Magnifications
of the boxed regions in (h), showing the interfaces between the lithiated and non-lithiated particles
(yellow dashed lines). Green dashed line in (1) marks the boundary between pulverization and non-

pulverization.
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Figure 2. Size dependent fracture and pulverization of LGPS particles. The particle size in (a), (e)
and (i) is 10, 2.2 and 0.7 pum, respectively. Fracture and pulverization occurred when the particle
size is over 3 um (a-d). Fracture but not pulverization took place when the particle size is between
3 um and 1 pum (e-h). No fracture or pulverization took place when the particle size is less than 1
um (i-1). (m) Statistic showing the size dependent electro-chemo-mechanical failure of LGPS
particles. Three distinct size regimes were observed, namely, no fracture when D < 1 um; fracture

but not pulverization when 1 um < D < 3 um,; fracture and pulverization when D > 3 um.
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Figure 3. Characterization of the LGPS particles. (a) The structural model. The pristine LGPS has
a tetragonal structure with @ =b=8.71 A and ¢ = 12.61 A, and with a space group of P4./nmc. (b)
X-ray diffraction pattern of the pristine LGPS powders. (¢c) A TEM bright filed image of a LGPS
particle. (d) Electron diffraction pattern corresponding to (c), showing the [-113] zone axis of
tetragonal LGPS. (e) Schematic of the in situ TEM experiments procedure. Lithium metal was
scratched into a Cu grid. LGPS particles were drop casted onto the Cu grid with lithium metal.
The electron beam was placed at the lithium metal where the LGPS particles were present nearby
to initiate the chemical reaction between lithium and LGPS. The initial LGPS particle is single
crystal (f, h). (f-i) In situ chemical lithiation of a LGPS particle. The starting particle (f)
experienced significant volume expansion after lithiation (g). The pristine single crystal LGPS (h)
turned into Li,S (1) after lithiation. Low-loss (j) and core-loss (k) EELS of the pristine LGPS (red)
and LGPS after lithiation (blue).

17



a b Lis

------------- i’= h
Simplified é?'c“'
model ;‘:?
(%]
LGPS =
D - 5 Surfaces
C 1800 d 15
1500 4 ---Theoretical data 124
B Experimental data -
1200 - )
— E 9'
£ o00- S
6_
< 600 <
=
300 \4 N L 31
0 e e 0-
0 5 10 15 20 25 30 35 0.001 0.01 0.1 1
D (um) h/D

Figure 4. Theoretical modeling. (a) A schematic diagram showing the experimentally observed
LizS pulverization process. (b) A simplified theoretical model of the pulverization of a LGPS rod.
The right image is a top view of the theoretical model. (c) The calculated critical size of pulverized
Li,S particles (h) as a function of the diameter of the LGPS rod (D), comparing with experimental
data. The red star marks the point of h = D. (d) The elastic strain energy (black line) and the
projected surface energy (yellow line) as a functions of the ratio of the Li>S particle size to the

diameter of the LGPS rod.

18



Table of contents

FIB Chamber

19





