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ABSTRACT

Solid-state electrolyte (SSE) is promising for application in all-solid-state lithium metal batteries
due to its reliable safety and longevity. The failure of solid-state electrolyte (SSE) to suppress
dendrite formation of Li metal anodes has been conventionally explained by uneven Li deposition
at Li/SSE interfaces and its subsequent dendritic growth. While Li deposition within SSE has been
recently proposed as another key cause for SSE failure, little is known regarding the Li growth
details inside SSE itself. In this work, we performed in-sifu microscopic observation of Li
deposition inside SSE and obtained visualized evidences regarding the dynamic process of Li
dendrite formation and growth. Li is seen to directly nucleate and propagate within the SSE,
leading to its structural cracking. Such behavior should be caused by the presence of P- and S-
based crystalline defects in LisPS4 SSE, which is consistent with the cryo-transmission electron

microscopy observations and theoretical calculations. This observation provides important insights

into the growth mechanisms of Li dendrites within a working lithium battery.
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Introduction

Featured by high specific capacity (3860 mAh g') and the lowest negative electrochemical
potential (-3.04 V vs. SHE), lithium (L1i) metal is considered as the ultimate choice of battery anode
for high-energy-density energy storage systems'™. Presently, during an electrochemical Li plating
process, the dendrite growth is problematic to the Li metal anode”®. Such a behavior incurs a low
coulombic efficiency and severe safety risk of assembled Li metal batteries (LMBs)”!2. As for its
formation, most of understandings and assumptions are originally based on observation in the
liquid or polymer electrolytes where the dendrites result from the Li nucleation and uneven
deposition on Li/electrolyte interface'> '*. As such, for the past many years, the researchers have
developed various conceptual strategies, such as enhancing interfacial compatibility and
developing solid-state electrolyte (SSE) to deal with the adverse effect of Li dendrites’ ' 1°,

Among, the SSE has gained significant research interest because of its high mechanical rigidity
to hinder Li dendrite growth!”- '8, Yet, recent study has reported the penetration of metallic Li into
SSE materials!®, which has been explained by uneven Li deposition at Li/SSE interfaces and rapid
dendrite growth through the SSE?*?*, During the charging processes, owing to the inhomogeneous
contact between SSE and Li metal, interfacial voids (i.e., pores and cracks) tend to be first filled
by Li protuberances as the Li nuclei 7> 2% 2% 25, As the local current density is maximized and the
electric field is concentrated at the Li protuberances, Li will preferentially deposit at these sites
during subsequent charging?®. However, it is surprising to observe that Li dendrites still grow at
the Li/SSE interfaces that are finely polished, at the modified grain boundaries and even at the
surfaced of single-crystalline SSE?’, which cannot be simply explained by the above
“inhomogeneous Li/SE interface” theory.

Until very recently, there are some noteworthy exceptions in literature, contradicting the
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conventional understanding of dendrites stemming from the Li/SSE interface?.

Han and
coworkers found that the direct reduction of Li ions could occur within the SSE during
charging/discharging process as a result of nonnegligible electronic conductivity of SSE*. Wang
et al. also demonstrated that high electronic conductivity of the SSE leads to the metallic Li
dendrite growth in the bulk (grain and grain boundary)*’. Decreasing the electronic conductivity
is thus considered to be an effective approach to limit the metallic Li dendrite. In spite of the recent
studies focusing on Li dendrite growth within SSE, the fundamental understanding of such growth
behavior is quite limited due to lack of direct observation in contrast to the few indirect in situ

characterizations®" 2.

Therefore, compared with well-established Li dendrite formation
mechanism in Li/electrolyte interface, the recognition of the Li deposition process in SSE is still
in its infancy, calling for more explorations in the formation mechanism of Li dendrites in SSE®.

Here, we carried out direct in-situ cross-sectional microscopic observation of the Li growth
behaviors within the SSE and further corroborated such observations by cryo-transmission electron
microscope microscopy (cryo-TEM) and theoretical simulations. We observed that Li nucleation
and growth could directly occur inside the SSE. These visualized evidences regarding Li
deposition and dendrite propagation in the SSE unraveled their adverse impacts on the structural
integrity of SSE. We thus proposed that the nucleation and local growth of Li dendrites inside the
SSE lead to its cracking and failure. Furthermore, this mechanism occurs prior to the Li dendrite
formation at the Li/SSE interface. This work is thus expected to call for more research attention
and effort to address the Li dendrite growth problem.

The LizPS4 (LPS) was considered as the key component in solid-state battery due to its high Li*

conductivity (ca. 10* S cm™) and low electron conductivity (2.2x10° S cm™). The X-ray

diffraction (XRD) measurements shows that the as-prepared LPS SSE belongs to the B-phase
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(PDF#76-0973) crystalline structure (Figure Sla), which is consistent with the previous report.
Particle size of the LPS is in the range from 5 to 10 um as shown in Figure S1b. Analysis of energy-
dispersive X-ray (EDX) spectroscopy also revealed the uniform distribution of elemental P and S
in the LPS SSE (Figure S2). High-resolution transmission electron microscopy (HRTEM) and
selected-area electron diffraction (SAED) patterns revealed the polycrystalline structure of the LPS
particles (Figure S3). The LPS material has a specific surface area of 15.32 m? g'! and an average
pore diameter of 34.24 nm (Figure S4).

The laminate of LPS SSE was firstly fabricated by high pressure of 300 MPa. NCM, LPS
laminate and Li metal foil (thickness of 50 pm) with round discs (diameter of 8 mm) were
assembled into Li/LPS/NCM cell. In detail, a cathode disc was attached to one side of the LPS and
cold pressed at 450 MPa for 2 min. And then, Li metal disc was attached onto the other side of the
electrolyte disc and cold pressed at 50 MPa for 10 s to assemble the Li/LPS/NCM cell.
Traditionally, Li deposition inside SSE is determined either via ex situ observations (e.g., second
electron mode or backscattered electron mode of a scanning electron microscope) or inferred from
in situ characterization results (e.g., neutron depth profiling)?® 26 33 3% However, due to the
instability of Li metal and SSE toward moisture and Oz, the specimens will corrode and deform
during the transfer process at the ambient environment, limiting achieving a correct understanding
of the Li deposition process inside SSE.

To enable direct observation of the evolving process of Li deposition inside SSE, we carried out
a cross-sectional in situ optical microscopic observation technique for a Li/LPS/NCM cell, as
shown in Figure S5. The assembled Li/LPS/NCM cell was charged at a constant current density
of 100 pA cm™. A typical charging platform profile from 3.6 to 4.2 V was collected (Figure 1a),

in which no sharp polarization of voltages or shorting could be detected, allowing us to visualize
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the Li distribution inside SSE during the entire charging process. In Figure 1b-g, the deposition
process of Li inside LPS is depicted by a series of cross-sectional snapshots taken at 0, 3, 6, 9, 12
and 18 h of the charging process. As shown in Figure 1b, no Li dendrites are formed at the Li/SE
interface before charging, while the SSE are detached from the Li metal anode quickly as the
charging process begins, a process that might be attributed to the volumetric expansion of SSE in
the regions outside of the camera field, excluding the possibility of Li deposition induced by the

Li/SE interface within the camera vision.
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Figure 1. In situ optical observation of the “point-to-surface” Li deposition process inside LPS.
(a) A typical charging profile of a Li/LPS/NCM cell without obvious cracks generated in LPS. (b-
g) Cross-sectional snapshots of the cell in (a) taken at 0 (b), 3 (c), 6 (d), 9 (e), 12 (f) and 18 h (g)
of the charging process. Scale bars: 100 um.
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After 3 h, local Li reduction appeared in LPS SSE (Figure 1b). The LPS SSE detached
increasingly from Li metal anode is an indication that the insert of Li dendrites incurs the volume
exploration of LPS SSE. Consequently, local Li concentration rapidly increased as the decreasing
cross-sectional areas between Li anode and LPS SSE. As the charging process continues, the area
of Li reduction gradually increased and the interfacial gap between Li anode and LPS SSE also
slowly enlarged (Figure 1c, d). The growth of metallic Li in bulk of LPS can enhance the electron
conductivity of the corresponding region. Therefore, the subsequent reduction of Li ions from LPS
SSE preferentially appears around the deposited Li metal, forming silver-like Li area (Figures le-
g and Video S1). No evident dendrite formation was observed on anode surface. In addition, the
occurrence of cracks near the cathode region (indicated by the arrow in Figure 1g) is tentatively
caused by the volumetric variation of LPS SSE rather than that of cathodes, considering that the
volumetric variation of NCM (2%-4%) is far below the critical value (7.5%). Notably, this
structural change of LPS SSE has no obvious influence on electrochemical behaviors of the full
cell. Crystalline structure of the LPS SSE is nearly unchanged, as shown in the XRD pattern
(Figure Sla).

In parallel, we demonstrate that Li deposition could induce cracking of LPS from the inside, not
from the outside, where Li" is transferred into a Li/LPS/NCM cell. There are no obvious cracks or
Li deposition was observed inside LPS SSE or at the Li/LPS interface at the beginning (Figure
2b). As the charging began, cracks were formed quickly inside SSE and the Li/SE interfaces started
to detach (Figure 2c), suggesting Li deposition inside SSE. Next, as more Li is deposited inside
SSE, leading to the emergence of new cracks (indicated by the white arrow in Figure 2d, the old
cracks and Li/SE interfacial gaps are broadened. There is a small contact area remained to offer

the Li'/electron transfer between LPS SSE and Li metal (inset of Figure 2d). Local Li*/electron



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

concentration, which obviously induced the formation of Li wire in the contact area, could be
regarded as the visual evidence for the Li dendrite formation and growth at the interface (Figures
2e-f). Continuous growth of the Li wire is maintained during the subsequent charging process,
elongating with the broadening of the Li/LPS interfacial gap (Figure 2f). Subsequently, when this
full cell was performed with a discharging procedure. Obviously, the Li wire is the byproduct of
Li/SE interfacial detachment rather than the converse, for the shear modulus of Li metal (2.83
GPa) is much smaller than that of LPS (18-25 GPa)*. Moreover, because the Li content is
extracted from LPS SSE during the subsequent discharging process, the volumetric shrinkage of
LPS SSE induces narrowing of the as-formed cracks (including the Li/SE interfacial gap) and
bending of the Li wire (see Video S2), confirming that the cracks in LPS are induced by Li
deposition®®. After a series of charge/discharge procedures, the full cell based on LPS SSE
seriously suffer a low coulombic efficiency (Figure S6), indicating a battery failure induced by Li
formation dendrite inside LPS SSE.

To achieve deeper insights into Li dendrite formation depending on the rates, in-situ
observations of the battery was further performed at the increased current densities of 200, 500
and 1000 pA cm™. As shown in Video S3, the LPS SSE expands longitudinally in the charging
processes, and shrinks accordingly at discharging, which suggests formation and dissolution of Li
dendrites in the LPS SSE, respectively. More importantly, a clear correlation could be drawn
between the LPS SSE expansion/shrinkage rate and the charging/discharging rate of the battery,
namely, the LPS SSE expands/shrinks more violently as the charging/discharging current
increases. As such, it’s reasonable to conclude that the larger the charging/discharging rate, the
faster Li dendrites deposit/dissolute in the LPS SSE. It should be noted that only some small areas

of Li dendrite formation could be observed at the cross-sectional surface of the battery, which
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seems insufficient to induce such violent volumetric variations of the LPS SSE shown in Video
S3 and suggests Li dendrite formation beneath the cross-sectional surface. This is also consistent
with our hypothesis that Li dendrite formation could be induced by the randomly dispersed atomic

scale defects in LPS (see below).
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Figure 2. In situ optical observation of the crack formation process induced by Li deposition inside
LPS. (a) A typical charging profile of a Li/LPS/NCM cell with obvious cracks generated in LPS.
(b-g) Cross-sectional snapshots of the cell in (a) taken at the 0 (b), 1 (c), 2 (d), 5 (e), 8 (f) and 18
h (g) of the charging process. Scale bars: 100 pum.

As reported in previous studies, the cracks induced by Li deposition inside SSE tend to become

interconnected as the Li deposition accumulates in the bulk of SSE*°. Meanwhile, the excess
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chemical potential of Li at the cracks relative to pure Li metal further motivates continuous Li
propagation along the cracks, leading to shorting of the cells when the Li deposition in the cracks
are interconnected. However, based on the above observations, we speculate on a possible process
of LPS SSE for battery failure. During the charging process, the Li uptake within LPS SSE induces
the volume expansion and then structural cracks, which commonly tend to become interconnected
as the charging proceeds and are favor for continuous propagation of Li deposition in the cracks.
Meanwhile, the LPS SSE cracking (including the detaching of Li/SE interface) leads to rapid
arrival of cut-off voltage during the charging process of the cells. As the charging proceeds, if the
Li deposition in the cracks interconnects before the cell reaches the upper-limit voltage, shortage
of the cell is eminent. However, if the cell reaches the upper-limit voltage ahead of the Li
deposition interconnecting in the bulk of SSE, shortage of the cell could be prevented.

To further reveal the origins regarding the Li appearance inside LPS SSE, it is prerequisite to
confirm Li nucleation within LPS. Normally, metallic Li is difficult to be observed due to its high
sensitivity to high intensive electron beam of HRTEM. Recently, the cryo-TEM technique has

been proven for its feasibility for observing Li metal’’

. The Cu grid is used as the substrate for the
LPS electrolyte. Initially, some LPS SSE was dispersed in Cu grid. The resultant Cu grid was
subsequently added into the interlayer by two LPS SSEs. After the charge procedure, such a Cu
grid was collected and observed using the Cryo-TEM technique under the temperature of -180 °C.
Based on morphological observations before and after Li deposition in LPS SSE, the LPS SSE
expanded evidently (Figure 3a, b). The HRTEM image of the LPS was clearly shown in Figure
3c. The interplanar spacing of 3.0 A matched well with the (221) plane of LPS. Similarly, the
crystalline Li, Li2CO3 and P can be detected as evidenced by their (110), (002) and (111) crystal

planes, respectively. Besides, the fast fourier transform (FFT) in Figure 3d reconfirmed the

10



192 existence of the LPS crystal, Li metal and inorganic Li compounds. This phenomenon indicates

193 that Li nucleates in the LPS SSE, and may grow with the increase of circulation.

£

¢ “TLPS (2271)
Lo ie2aibid11).

194

195  Figure 3. Cryo-TEM for the LPS observation. (a, b) STEM images illustrating morphological
196  change before and after Li deposition in LPS SSE. (c) HRTEM image of LPS SSE after charge.
197  (d) The corresponding FFT of (c).

198 Normally, Li reduction within the SSE requires simultaneously high electron/ion concentration
199  for the initial Li nucleation. While the electronic conduction of SSE has been generally considered
200  to be low, we propose here that the crystalline defects such as S and P vacancies in LPS SSE should
201  be responsible for the nonnegligible electron conduction. To testify this hypothesis, Density

202  functional theory (DTF) is used to evaluate the ability of electronic transfer in the LPS phase. The
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migration pathway or active energy of interstitial Li" ions in the SSE with S vacancy and P vacancy
were studied respectively. As for Li migration mechanism in perfect B-LisPS4, Generally, two
mechanisms are involved in interstitial Li" ion migration in the SSE, namely, the direct-hopping
mechanism, which refers to an interstitial Li* ion migrating along the lattice interstices of the SSE
without substituting the lattice atoms, and the knock-off mechanism, in which an interstitial Li*
ion migrates by substituting and pushing a lattice Li atom into the adjacent interstitial position®®.
The B-Li3PS4 unit cell was optimized using a higher convergence precision and the optimized
structure is shown in Figure 4a. The PS4>" tetrahedrons in B-Li3sPSs is highlighted in which the
lattice Li atom is coordinated with sulfur atoms. Despite the existence of large holes between the
adjacent tetrahedrons, the migration energy for Li to migrate through it is as high as 0.735 eV,
which is reasonable because the direct-hopping paths along a, b and c directions (Figure 4a) are
all separated by the PS4~ group. By contrast, the knock-off mechanism is thermodynamically more
favorable. In this process, the interstitial Li* ion migrates by pushing the adjacent lattice Li forward
with an energy barrier of only 0.299 eV (Figure 4b). This is consistent with Yang’s work, in which
the knock-off mechanism is also considered the most favorable mechanism for Li migration in -
Li3sPSs SSE3®. The stable location of the interstitial Li* ion is between the sulfur atoms of two
tetrahedrons in the ¢ direction, labeled as Lidifra in Figure 4c. Figure 4d illustrates the migration of
an interstitial Li" ion from the initial position to a centrosymmetric final position by pushing the
central adjacent lattice forward. The energy profile along the migration path and configuration of
the transition state are shown in the main graph and left inset graph of Figure 4b and 4d,
respectively. Next, the interstitial Li* ion migrates forward to another stable location of the
neighboring image in a reverse way, enabling Li migration in perfect B-LisPS4 by repeating the

above knock-off process.
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However, the reality is that there are countless defects existing as-synthesized materials
including the LPS electrolyte. In the model of Li migration/deposition mechanism in $-Li3PS4 with
the defects. We studied the migration mechanism of interstitial Li* ions in B-Li3PS4 with the defects
and tried to determine the effects of those defects on triggering Li deposition. Considering that the
interstitial Li" ions are exotic atoms for the LPS, the sulfur and phosphorus atoms in the nearby
PS4* tetrahedrons are overcoordinated compared with the regular ones and could also generate
atomic-scale vacancies. The migration of interstitial Li* ions in the LPS with S vacancy and P
vacancy were studied respectively.

For PS4>~ tetrahedrons, the sulfur atoms are negatively charged while the central phosphorus
atom is positively charged. Upon encountering an S vacancy during transfer, the interstitial Li" ion
will be reduced to some extent by gaining electrons from the adjacent S atoms to balance the
charge of the local region. Meanwhile, to stabilize the positive charges that the P atoms carry, the
P atoms will shift toward the partially reduced interstitial Li* ions and shorten the P-Li distance by
0.420 A compared with those in perfect LPS. The overlapping between the valence state density
of P and Li atoms suggests the emergence of new bonds (Figure 4e) that are a hindrance to the
migration of interstitial Li. Thus, the migration energy needed to complete the knock-off
mechanism increases to 0.354 eV (Figure 4b) and the energy of the final state in the pathway is
higher than that of the initial state. Therefore, the migration of interstitial Li* ions in LPS with S
vacancy is thermodynamically unfavorable, retarding the migration of interstitial Li" ions such as

traffic jams and initiating Li deposition by providing the trapped Li with electrons.
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Figure 4. Comparison of the interstitial Li* ion transfer behaviors in perfect or defective B-LisPSa.
(a) Structure of the optimized B-LisPSs unit cell with the PS4*~ subunit highlighted as violet
tetrahedrons. (b) Positions of the interstitial ion Liditfu, S vacancy Svac and P vacancy Pvac. Other
atoms away from the interstitial ion are hidden for clarity. All structures are visualized using the
VESTA package®. (c) Comparison of the energy profiles along the migration path in perfect LPS
and LPS with S vacancy. The inset graph exhibits the configuration of the migration transition
state in perfect LPS. (d) The migration pathway of an interstitial Li* ion from the initial position
to a centrosymmetric final position via a knock-off mechanism in LPS. (e) The density of valence
states of the interstitial Li* ion and central phosphorus atom in LPS with S vacancy. a and p mean
spin-up and spin-down orbitals, respectively. (f) The structure of an interstitial Li* ion inside LPS
with P vacancy.
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For the P vacancy, lacking a central phosphorus atom renders the PS4* tetrahedron electron
enrichment region inside the SE lattice. In this case, the interstitial Li" ions and lattice Li near the
P vacancy would be approached to balance the charge, consequently distorting the lattice structure
of LPS. The optimized structure of an interstitial Li* ion inside LPS with P vacancy is shown in
Figure 4f. The average distance between the interstitial Li* ion and lattice Li ions nearby is
calculated as 3.390 A, while the corresponding average distance is 3.787 A in perfect SSE. A body-
centered cubic Li bulk structure from the Materials Project database is used for comparison. Closer
to the nearest neighbor distance of 2.966 A in the bulk, the accumulation of Li is faster and more
likely to occur in SSE with P vacancy. Based on the above, we conclude that both S and P vacancies
could induce trapping of interstitial Li* ions in LPS, while the latter will be reduced by gaining
electrons from the SSE during subsequent charging®, providing nucleation sites for Li deposition.
It should be noted that the Li depositions induced by S and P vacancies is consistent with their
random distribution in LPS SSE. Meanwhile, the energy barrier of Li nucleation is lower as the
temperature decreases, favoring the rapid interconnection of Li depositions and is consistent with
the results in previous works™.

In summary, we for the first time visualized Li nucleation and growth within the SSE and
provided reasonable explanation for such interesting behavior. Accompanied with large volume
expansion, this behavior adversely impacts the structural integrity of LPS SSE, resulting in the
occurrence of cracks. We believe this work can provide the battery community a different view to
understand the issues of Li dendrite growth associated with the SSE and more efforts should thus
be spent to efficiently address such growth problems within the SSE crystals in addition to the

Li/SSE interfaces.
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