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Lithium Dendrite in All-Solid-State
Batteries: Growth Mechanisms, Suppression
Strategies, and Characterizations

Daxian Cao,' Xiao Sun,’ Qiang Li," Avi Natan,' Pengyang Xiang,' and Hongli Zhu'*

Li metal has been attracting increasing attention as an anode in all-solid-state batte-
ries because of its lowest electrochemical potential and high capacity, although the
problems caused by dendritic growth impedes its further application. For a long
time, all-solid-state Li metal batteries (ASLBs) are regarded to revive Li metal due
to high mechanical strength. However, numerous works revealed that the dendrite
issue widely exists in ASLBs, and the mechanism is complex. This review provides a
systematic and in-depth understanding of the thermodynamic, kinetic, electrochem-
ical, chemomechnical, structural stability, and characterizations of Li dendrite in
ASLBs. First, the mechanisms for dendrite formation and propagation in polymer,
ceramic and glass electrolyte were discussed. Subsequently, based on these mech-
anisms of dendrite growth, we reviewed various strategies for dendrite suppres-
sion. Furthermore, advanced characterization techniques were reviewed for better
understanding of dendrite in solid-state batteries.

INTRODUCTION

Given the continually accelerating demand in modern society, energy-storage sys-
tems with high energy and power density have never been more crucial."” Among
various candidates, lithium-ion batteries (LIBs) are one of the most successfully
and pervasively applied technologies to meet this need.”” Since first being commer-
cialized in 1991, the state-of-the-art LIBs have reached the upper limit in energy den-
sity, 256 Wh kg™ at cell level.” To compete with the combustion engines in automo-
biles that have an energy density higher than 1000 Wh kg™, the energy density for
LIBs needs to be improved for fully electric vehicles (EVs).° The other issue with the
traditional LIBs is the employment of flammable organic liquid electrolytes (OLEs),
which poses severe safety concern of catching fire and explosions.

Considering the aforementioned limitations of LIBs, all-solid-state Li metal batteries
(ASLBs) that replace OLEs with solid-state electrolytes (SEs) have been extensively
pursued as next-generation rechargeable batteries. SEs are safer than the flam-
mable organic solvents used in conventional LIBs, since most SEs are made of ce-
ramics, glass, and/or their composites, all of which are non-flammable or feature
outstanding high-temperature stability. Hence, ASLBs can eliminate risks such as
fire and explosion. More importantly, SEs are commonly considered as a reliable
electrolyte to concurrently match high-energy density cathode and Li metal anode,
enabling next-generation high-energy batteries such as Li-sulfur and Li-oxygen bat-
teries. Applying Li metal as the anode is critical to meet the requirements of EVs
because Li metal has an ultra-high specific capacity (3,860 mAh g~" in theory) and
the lowest electrochemical potential (—3.04 V versus standard hydrogen elec-
trode).” Although the study of Li metal anode predates the birth of conventional
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LIBs, the severe dendrite growth in OLEs accompanied with rapidly decaying perfor-
mance and safety issues caused by short circuit have inhibited its commercialization.
In OLEs, dendrite growth is rooted in the inhomogeneous deposition and dissolu-
tion of Li metal, which is related to the formation of an unstable solid electrolyte
interphase (SEI) between Li metal and electrolyte. To address this problem, various
modifications of electrolyte, Li metal anode, and separator have been reported, for
example, employment of superconcentrated electrolyte,® introducing additives to

the electrolyte,? forming artificial SEI,'° and fabricating structured Li metal."”

For a long time, SEs were thought as a potential solution of the dendrite issue
because of their high mechanical strength. According to the widely cited Monroe
and Newman model, dendrite growth can be successfully suppressed if the shear
modulus of SEs is 2-fold larger than that of Li (4.8 GPa at 298 K).'? Several SEs are
reported to possess relatively high elastic modulus,’® such as garnet-type Li;.
La3Zr,O45 (LLZO) with an extremely high shear modulus of ~100 GPa,"* 80% dense
bulk B-LizPS, with bulk modulus of 10-12 GPa,'® and even some polymer electro-
lytes with mechanical strength of 12 GPa.’® However, recent reports have found
that the Li dendrite can still form and propagate in these high-strength SE-based
cells during cycling under limited current densities.’” The critical current density
(CCD), i.e., the largest current density allowed without shorting, is usually reported
as lower than 1 mA cm ™2 in ASLBs. Furthermore, the short circuit occurring in ASLBs
is even faster than that in batteries using OLEs, which is beyond expectation. It has
been also reported that polymer electrolyte with shear modulus of the same order of
magnitude as Li could suppress dendrite growth and thereby increase lifetime and
safety.'® This suggests that mechanical strength is not the only factor that affects
dendrites. Considering inherently different chemical and physical conditions in
OLEs, the mechanism of dendrite growth in SEs is much more complex and miscel-
laneous. Much effort using both theory and experiments has been devoted to under-
stand such mechanisms, but an in-depth and comprehensive review to summarize
the mechanisms and corresponding suppression strategies is still lacking. Even
though some excellent reviews on the unstable interface between the SEs and Li,
and the failure mechanisms of ASLBs have been published, the dendrite issue has
been just briefly discussed.'”?" Considering the significant progress that has
been made recently in the investigation of the failure mechanism of Li metal in
ASLBs, this review thus represents a timely and important overview of recent
advances.

In this review, for the first time the potential mechanisms of dendrite growth in
ASLBs, the corresponding Li dendrite suppression strategies, and several advanced
characterization techniques are systematically discussed and summarized. First,
based on a common classification of SEs, the review begins with the mechanism
of dendrite growth in solid polymer electrolytes (SPEs) and solid ceramic or glass
electrolytes (SCEs). Thereafter, based on these primary mechanisms, various strate-
gies for addressing the dendrite issue are discussed. Polymer-based composites,
optimization of Li and SEs, the formation of the metastable interlayer, and the intro-
duction of an artificial interface layer are underscored. Finally, multiple advanced
characterization techniques for the investigation of dendrite growth in SEs are
discussed.

DENDRITE GROWTH MECHANISMS

Currently, SEs are classified into organic polymer electrolytes, inorganic ceramic or
glass electrolytes, and their composites.”” The composites are generally utilized to
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Figure 1. Dendrite Growth Mechanisms in Solid-State Electrolytes.
Schematic illustrating the dendrite growth mechanism in organic solid polymer electrolyte (A) and
inorganic ceramic/glass electrolyte (B).

combine the benefits of polymer and ceramic materials. Due to the inherent differ-
ences between SCEs and SPEs, it is necessary to discuss the dendrite growth mech-
anism separately.

The possible mechanisms for dendrite nucleation in relation to their dendrites in
SPEs and SCEs are schematically illustrated in Figures 1A and 1B, respectively. To
gain a better understanding, we summarize and classify them into scenarios whose
details will be discussed in the relevant subsections.

In the section Organic Solid Polymer Electrolyte:

Scenario |I. Dendrite grows at the tip and penetrates the SPE through the soft part.
(Dendrite Growth at the Tip)

Scenario Il. Dendrite grows laterally and extends from the side of electrode and
SPE. (Lateral Growth of Dendrite)

Scenario lll. Subsurface structure buried under dendritic structure triggers the
formation of dendrite. (Subsurface Structure Triggers Dendrite Growth)
Scenario V. Additional effect caused by the redistribution of charge in Li|SPE
interface induces Li dendrite. (Redistributed Charges at Li|SE Interface Accelerate
Dendrite Formation)

In the section Inorganic Solid Ceramic/Glass Electrolyte:

Scenario V. Physical issues, such as the microstructure on the surface, void and
defect within, and density of the SCE cause dendrite nucleation and growth.
(Discontinuous Interface Contact-Induced Dendrite Growth)

Scenario VI. Grain boundaries induce Li propagation inside the SCE. (Grain
Boundary-Induced Li Dendrite Penetration)

Scenario VII. Electrons from the residual conductivity, oxygen framework, and
pore surface induce the formation of Li cluster inside the SCE. (Li Plating Inside
Solid Ceramic or Glass Electrolyte)

Scenario VIII. Enhanced electric field at the tips due to the highly stable chemical
interface between SCE and Li triggers dendrite growth. (Interphase Effect on
Dendrite Growth)

Organic Solid Polymer Electrolyte

The formation of Li dendrites in cells results from Li nucleation and growth, which are
greatly affected by the electrolyte. The soft nature of the SPEs is regarded as the
prime reason for dendrite penetration, although it grants good flexibility and high
processability. The sharp dendrite easily grows in the SPEs and eventually causes
short circuit of the battery. Various factors are summarized below to explain the
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Figure 2. Dendrite Growth at the Tip or in Lateral

(A) The penetration of Li dendrite in polymer electrolyte. Adapted with permission from Brissot et a
(B) Diagram of the region near the dendrite tip to show how dendrite grows at the tip. Adapted with permission from Monroe and Newman.”” Copyright
2003, IOP Publishing Ltd.

(C) Contributions of surface tension, deformation forces, and compressive forces to the interfacial stability parameter as a function of SE shear modulus.
Adapted with permission from Monroe and Newman.'? Copyright 2005, IOP Publishing Ltd.

(D) Li dendrite growth in lateral and extension from the side of Cu and SPE as a function of time: before (d-1), after 160 min (d-2), and after 200 min (d-3).
(d-4 to d-7) Schematic illustration of the mechanism of dendrite growth in the side. Adapted with permission from Dolle et al.'” Copyright 2002, IOP
Publishing Ltd.

|24

Copyright 1999, Elsevier Inc.

dendrite issue in SPEs: dendrite growth at the tip or laterally, subsurface structure-
induced nucleation, and redistribution of charges at the Li|SPE interface that accel-
erating dendrite growth.

Dendrite Growth at the Tip

Tip deposition is usually used to explain dendritic growth. The protrusions at the
surface of the electrode generate enhanced electric and ionic fields near the
spherical tip, which strongly affect the deposition behavior.”? In 1999, Brissot
and colleagues in situ observed the dendrite growth in a symmetric Lijpolymer|Li
cell.?* Needle-like dendrites gradually grew at the tip as the electrodeposition
time increased and eventually pierced the poly(ethylene oxide) (PEO)-based elec-
trolyte (Figure 2A). They found that ionic concentration in the electrolyte around
the dendrites significantly affected dendrite growth. Monroe and Newman built
a surface-energy-controlled and tip-curvature-affected model in a parallel elec-
trode Lijpolymer|Li cell to explain the dendritic growth of Li in SPE (Figure 2B).*
According to their theory, Li deposition was more likely to happen at the dendrite
tip, due to the relatively faster accumulation of electric charges than in the smooth
region. The dendrite grows and penetrates through the polymer once activated,
although lowering the current density and enlarging the distance between elec-
trodes that could slow the growth rate. With a linear elasticity theory, Monroe
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and Newman investigated the impact of elastic deformation on the Li deposition
kinetics.'? According to their theory, surface tension force, deformational force
across the interface, and compressive force contributed to the interface stability
together. As shown in Figure 2C, in contrast to deformational force, it is the
compressive force that contributes most to the interface stability. A stable inter-
face will be formed if the shear moduli of separator, i.e., SPE, has the same order
of modulus of Li, and the dendrite could be mechanically suppressed when the
shear modulus of SPE is about twice that of Li.

Lateral Growth of Dendrite

Supplementing the widely held tip-induced dendrite growth, Dolle et al. found that
the dendrite could also propagate laterally, observed from live scanning electron
microscopy (SEM) (Figure 2D)."” In a copper|polymer|copper system, as the deposi-
tion occurred, the dendrite kept growing even after the tip was out of the electrolyte.
They concluded that the Liions deposit through the SEl laterally and thus accelerate
dendrite growth. As a result, the lateral growth of Li dendrite led to delamination be-
tween the electrode and polymer electrolyte. The insufficient contact between SPE
and electrode was also believed to induce dendrite protrusion due to the free space
formed for dendrite growth.'?

Subsurface Structure-Triggered Dendrite Growth

Most investigations of dendrite growth focused on the deposition of Li at the SE|Li
interface, but overlooked the subsurface structure of dendrite before it protruded
from the electrode. Using synchrotron hard X-ray microtomography, Harry et al.
analyzed the Lilpolymer interface at the early stage of dendrite development.”® As
shown in Figure 3A, the bulk of dendrite appeared beneath the interface before it
protruded into the polymer electrolyte. In the beginning, dendritic structure was
not observed whereas, as the deposition proceeded, subsurface structure appeared
and its volume was significantly larger than the tip in the polymer. Eventually, the
dendrite penetrated the solid-state polymer electrolyte. The burgeoning growth
process of dendrites was depicted in three-dimensional (3D) reconstructed volumes,
which clearly revealed that most dendrites were buried under the electrode but did
not reside within the electrolyte in the early stage of dendrite development.
Compared with dendrite growth in polymer electrolyte at the tip and side, the sub-
surface structure greatly affected dendrite nucleation in the initial process.

Redistributed Charges at Li[SE Interface Accelerates Dendrite Formation

The additional phenomenon caused by redistribution of charges at the Li|SE inter-
face also affected the Li deposition.”” Representative works have confirmed the ex-
istence of a space charge layer during the electrochemical deposition process and
the direct consequence of the ramified growth.>**" In ASLBs, due to the redistribu-
tion of Li* ions rendered by the difference in chemical potential of Li* between elec-
trode and electrolyte, the space charge layer widely exists at the interface between
the SE, cathode, and anode, which causes detrimental interfacial impedance.32'33
The space charge layer in the cathode|SE side has been well studied, while the study
of that at the Li|SE interface is still scarce. Zhou et al. have found that the redistribu-
tion of charges significantly affects dendrite nucleation (Figure 3B).?” Suffering from
the relatively low Li* transfer number, the rapid anion depletion in PEO-based elec-
trolyte produced a double-layer electric field across the Li|polymer interface during
changing, which enhanced the Li deposition and accelerated the decomposition of
electrolyte and nucleation of dendrites. As a result, the interface impedance
increased dramatically, indicating the unstable interface. The intrinsic low Li* trans-
fer number was the drawback of most organic polymer electrolytes.’* Cao et al.
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Figure 3. Dendrite Growth Triggered by Subsurface Structure and Redistributed Charges at Li|SE Interface

(A) Evolution of dendrite growth. X-ray tomography slides showing the cross-sections of a symmetric cell at various points of cycling with amount of
charge passed, C: 0 C ecm 2 (a-1), 9 C em 2 (a-2), 84 C cm 2 (a-3), and short cell: 296 C cm 2 (a-4). Magnified, 3D reconstructed volumes of cells
corresponding to uncycled cell, C=0C cm~? (a-5), early stage of cycling, C=9C cm~? (a-6), intermediate stage of cycling, C=84C cm~? (a-7), and
shorted cell, C = 296 C cm 2. Adapted with permission from Harry et al.”® Copyright 2013, Springer Nature.

(B) Redistributed charge induced dendrite growth. (b-1) lllustration of the electric potential profiles across the individual polymer electrolyte. (b-2) The
impedance change of Lijpolymer/Fe cell when applying a continuous bias voltage of 4.2 V on PEO. Adapted with permission from Zhou et al.”’
Copyright 2016, American Chemical Society.

(C) Schematics showing the charge distribution and dendrite issue in double-ion polymer electrolyte. Adapted with permission from Cao et al.”®

Copyright 2019, Elsevier Inc.

successfully minimized this concentration gradient using single-ion SPE (Fig-
ure 3C).?® In normal dual-ion SPE, anions move freely and gather at the cathode
side to form electric fields, which accelerates dendrite growth. In contrast, if the an-
ions’ mobility is limited (i.e., only Li* ion transfer), the electric field caused by the
charge redistribution can be eliminated. As a result, dendrite growth caused by
space charge can be successfully minimized.

Inorganic Solid Ceramic or Glass Electrolyte

Discontinuous Interface Contact Induced Dendrite Growth

Inorganic solid ceramic or glass electrolytes are rigid and have a high Li ion transfer
number close to 1, which could effectively suppress dendrite growth. Nevertheless,
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the continuous physical contact between Li and SCE is challenging, which could thus
greatly affect Li deposition and dissolution behavior. This section therefore focuses
on the effects of physical properties, such as physical contact, wetting property,
porosity, and surface defects on dendrite growth.

The insufficient contact and voids at the interface caused by poor wetting be-
tween Li metal and SCE were regarded as the origin of huge interface resistance.
As illustrated in Figure 4A, the physical contact between SCE and Li was more
like a point-to-point case.>> The inhomogeneous contact led to interface resis-
tance and irregular Li ion flux distribution, which greatly decreased the CCD of
SCE. Furthermore, the voids and holes at the interface allow for Li ion dendrite
growth. Tsai et al. introduced a thin layer of Au buffer on the surface of polished
SCE to improve the poor contact between the SCE and Li. As a result, the inter-
face resistance was dramatically reduced and a cell free of short circuits was
achieved.*® On the other hand, the poor wetting property with Li, namely lith-
iumphobicity, was another significant contributor to insufficient contact (Fig-
ure 4B). Recently, Wu et al. have proved that the intrinsic lithiumphilicity charac-
teristic of LLZO was reversed by Li,COj3 at the surface.’® Based on their first-
principle calculations, the intrinsic lithiumphilicity of LLZO was confirmed to
have a contact angle between Li and Li,COsz-free garnets of less than 90°.
However, in humid air, Li,CO3 was easily formed on the Gallium (Ga)-doped
LLZO surface that had a contact angle as large as 127°. This negative effect
was successfully eliminated by the removal of Li,COs;, which led to intimate
contact between Li and SE.

In inorganic SCE, the porosity had a significant effect on the morphology, ionic con-
ductivity, and mechanical strength. When the dendrite was formed at the Li|SCE
interface, the pore character could greatly affect the propagation behavior of the
Li dendrite inside SCE. Shen et al. investigated the relationship between the pores
and the CCD with synchrotron X-ray tomography and proposed a microstructure-
driven failure mechanism (Figure 4C).°7 As the sintering temperature increased
from 1,050°C to 1,150°C, the porosity of the SCE decreased markedly while the un-
derlying connectivity of the pore region increased. After the cells shorted and the
CCD was achieved, the pores broadened because of the deposition of Li, based
on the increased X-ray transparent volume. As a result, the connected pores accel-
erated dendrite growth in SCE and decreased the CCD.

The defects at the surface of SCE as another cause of dendrite growth were inevi-
table during the preparation process. Compared with the porous polycrystalline
SCE, single-crystal SCE was believed to suppress dendrite growth.>’ However, in
work by Chiang’s group, despite the surface being polished to 4-nm root-mean-
square roughness, a crack caused by Li propagation at a defect site of single-crystal
SE was observed.?® The Li deposition on the single-crystal SE was monitored with
optical microscopy. As the deposition processed, a crack (white silhouette) ap-
peared and gradually grew into the field of view, suggesting that a crack-tip stress
propagated the crack during Li plating (Figure 4D). Based on a simplified geometry
of Li filament within an SCE, an analytical model was developed to predict the
maximum stress at the filament tip. The maximum stress was thermodynamically
determined by the overpotential. An electro-chemo-mechanical model was then
proposed to explain the dendrite growth in defects, whereby the minimum Li plating
overpotential, defect size, and maximum stresses were considered. As a result,
above the CCD the Li plating overpotentials and mechanical stresses reached values
sufficiently large to extend surface defects. Their analysis suggested that the Li

Matter 2, 1-38, June 3, 2020 7



Please cite this article in press as: Cao et al., Lithium Dendrite in All-Solid-State Batteries: Growth Mechanisms, Suppression Strategies, and
Characterizations, Matter (2020), https://doi.org/10.1016/j.matt.2020.03.015

Matter Cell"recs

»1
I
I
I
I
I
I
I
I

I
o
o

a-1  Dendrite formation a

Without Aulayer . 7
t
| SWith Aulayer . 390 4
2.54-- Slmulallon data 250 97
~ w [ [ & 200
£

I E 2.09 é 150: i
I (@] S 100 2 ohz

S 1.5 X 50

s N
I X 50100150 200 250 300350400

f\‘ 1.0 ..-“” 22, Z'(x10°Qcm?)

739Hz
= 0.5
I Li metal [/Z;I“Hz
I Inhomogeneous contact 0.% A SI D Charge passed and volume of plated Li on single crystalline LLZTO [l
: . : 003 ; 0 Ah /0.0 um? Li 0.7 uAh /0.35%10° pm? Li

L == Li* current s lidendrite Z (><1 03 Q cmz) J| H H H H |
C

1050 °C 1100 C c-3 1150 °C |

— — 3 i
50 um 50 um ) 3050
c-4 c-6 | as d-6 2 =
3; 3x107, £ | LLZTO
- X107 0, < 1 o, |
S~ - Pristine —o—pristing —o—pristine // e I 800 ! i
g ?E 7‘\ —4—Failed —e—Failed i —=—Failed I Volume element ;C: .. - N
8 5210 2x10 5 600 (GroyndLLZT0) (Ground LZTO)|
a % liﬁlamemé ] Induced flaws_j {1
S yrowth regin 1
g 1107 I 2 400 i =t
> o b B
© £ 2001 [ )
Ou: 0 I K 1 ! {1
[=% )
< 1 10 0.1 1 10 2 5 "
. i 001 0.1 1 10 100
X-Ray Transparent Region Size (um) L Defect size /um d

Figure 4. Dendrite Growth in Inorganic Solid Ceramic Electrolyte Triggered by Physical Properties

(A) Inhomogeneous contact. (a-1) Schematic illustrating dendrite formation due to the concentrated Li ion current caused by poor contact. (a-2)
Impedance spectra for symmetric cell with and without Au buffer layer. Adapted with permission from Tsai et al.>> Copyright 2016, American Chemical
Society.

(B) Wetting property. Schematic showing the formation of Li,CO3 at the surface of SCE in humid air (b-1) and Li,CO3-free interface due to the protection
of Li-deficient compound (b-2). Wetting of molten Li on SCE surface with (b-3) and without (b-4) lithiumphobic Li,CO3. Adapted with permission from Shi
and Wu et al.* Copyright 2019, American Chemical Society.

(C) Pore property. Morphological changes in LLZO before and after the cell failed, investigated by X-ray tomographic reconstructions of void phase in
the interior of SEs sintered at 1,050°C (c-1), 1,100°C (c-2), and 1,150°C (c-3). Changes in pore size distribution of SEs before and after the cell failed at
1,050°C (c-4), 1,100°C (c-5), and 1,150°C (c-6). Adapted with permission from Shen et al.¥’ Copyright 2018, American Chemical Society.

(D) Defects. (d-1 to d-4) Optical microscopy images of single-crystal LLZTO with sputtered gold electrode during galvanostatic deposition of Li metal
beneath the gold electrode at 5 mA cm 2 current density. Reproduced with permission. (d-5) Simplified schematic of a Li filament in solid electrolyte
matrix. (d-6) Inverse square root dependence of Li plating overpotential and crack-extension stress on defect size. Adapted with permission from Porz
et al.”® Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

plating stresses could propagate Li metal filaments via Griffith-like crack extension
through brittle solid electrolytes.

Grain Boundary-Induced Li Dendrite Penetration

For most ceramic SEs, polycrystalline are more common and far more practical than
single crystal. The grain boundaries that exist in polycrystalline SCEs have been re-
ported to strongly affect the Li ion conductivity.’® The boundaries were reported to
play an important role in the Li deposition and propagation in polycrystalline SCEs.*’
Cheng et al. have directly observed that Li metal propagated through the web
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Figure 5. Grain Boundary Related Dendrite Growth

(A) Dendrite propagation through the grain boundary (GB). (a-1) SEM image of a fractured surface of uncycled Lig 25Alg 25La3Zr,O15. (a-2) SEM image of
the web structure in cycled Lig 25Al0 25La3Zr;O1,. Transgranular (a-3) and intergranular (a-4) type plating of Li metal through polycrystalline

Lig 25Al0.25La3Zr;01,. Adapted with permission from Cheng et al.*? Copyright 2017, Elsevier Inc.

(B) Higher resistance at GB. (b-1) Calculated Li-ion diffusivity in £3(112), £5(210), and £5(310) type GB cells. (b-2) Arrhenius plots for Li-ion diffusivity in

the GB regions compared with that in bulk Lis 25Alp 25La3Zr,01,. Adapted with permission from Yu and SiegeIA43 Copyright 2017, American Chemical
Society.
(C) Low elastic modulus. Calculated elastic constants C33 (c-1) and Cy4 (c-2) at 300 K as a function of position normal to the GB planes for the =5 twist GB

cell. Adapted with permission from Yu and Siegel.** Copyright 2018, American Chemical Society.

(D) Different compositions in GB regions. Positive secondary ion depth profiles for Al-doped (d-1 and d-3) and Ga-doped (d-2 and d-4) Li;La3Zr,O15.
Adapted with permission from Pesci et al.*> Copyright 2013, The Royal Society of Chemistry.

(E) Grain size and grain distribution. Schematic of Li;La3Zr,O1; pellets with large grain (e-1), small grain (e-2), small|large|small grain (e-3), and large|
small|large grain (e-4) heterostructures. Adapted with permission from Cheng et al.*® Copyright 2015, American Chemical Society.

structure distributed grain boundaries in polycrystalline Lig 25Alg 25La3Zr,042
ceramic electrolyte (Figure 5A).*” This evidence rendered a new intergranular type
of Li propagation mechanism through polycrystalline SCEs, which was different
from the common transgranular type. Driven by the electric field, Li could propagate
through the grain boundary from one electrode to the other side. Significant exper-
imental and theoretical efforts have been made to explain intergranular-type
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propagation. Here we discuss possible reasons for the Li propagation through the
grain boundaries, such as the grain boundary’s higher resistance, lower shear
modulus, and different composition compared with the bulk grain. Moreover, the
amount of grain boundaries at the interface that can be adjusted by controlling
the grain size also significantly affects the interface resistance.

The high local ionic resistivity of the grain boundary, relative to the bulk grain, was
regarded as the main reason for dendrite growth.*%*3*748 Yy and Siegel theoreti-
cally investigated the energetics, composition, and transport properties of three
low-energy (£3 and =5) symmetric tilt grain boundaries in Li;La3Zr,Oq,, where =n
(n =3, 5)means one in n Zr sites overlap in coincident site lattice formed by the over-
lapping of two rotated grains.” They found that Li transport in the grain boundary
was more difficult than the bulk grain and was sensitive to the temperature and grain
boundary structure; in particular, the predicted activation energy for diffusion is 35%
greater than in the bulk in £5-type geometry (Figure 5B). Meanwhile, Raj and Wolf-
enstine theoretically investigated the effect of grain boundary resistance on dendrite
nucleation at Li and SCE interfaces.?” They proposed that the local electro-chemo-
mechanical potential of Li instigated the Li dendrite formation. Specifically, both the
high local ionic resistivity of the grain boundaries and the physical irregularities in the
shape of Li interface contributed to the dendrite growth.

The elasticity model proposed by Monroe and Newman failed to explain the
dendrite growth in some SCEs. Inspired by this, Yu and Siegel performed molecular
dynamics simulations to explore the shear modulus in the nanoscale regions near the
grain boundary in LLZO.** They found that the shear modulus of the grain boundary
was at most almost 50% smaller than in bulk grain (Figure 5C). In a plating process, Li
preferred to accumulate in the softer regions near grain boundaries and stayed away
from the stiffer bulk grain. This may explain the propagation of Li through the grain
boundary network. They also noted that the shear modulus did not meet the crite-
rion proposed in Monroe and Newman’s model, although the grain boundary was
significantly softer than the bulk.

Donor doping was often utilized to stabilize SCE to achieve better performance, but
it has been reported that the distribution of dopant could affect the dendrite
growth.”” Pesci et al. investigated dendrite formation in Al- and Ga-doped LLZO,
where the Ga-doped SCE displayed a 60% higher CCD than the Al-doped one.*”
Through a combination of techniques including secondary electron microscopy
and secondary-ion mass spectrometry, they found that the dendritic features in
Al-doped SCE were composed of Al and Li mixture, whereas those in Ga-doped
SCE were exclusively composed of Li (Figures 5Dd-1 and 5Dd-2). The dendrites in
both SCEs were detected as web-like structures spreading through the pellet. Fig-
ures 5Dd-3 and 5Dd-4 compare the distribution of doping elements. The Al element
segregated at the grain boundaries in Al-doped SCE, whereas the Ga element was
homogeneously distributed across grains and grain boundaries. These results
demonstrated that Al segregation in the grain boundaries may facilitate the propa-
gation of Li through the grain boundaries accompanied by a decreased CCD.

As the grain sizes in SCE range from a few to hundreds of micrometers, the grain ori-
entations and grain boundary distribution may also affect the Li distribution. Cheng
et al. investigated this issue in Al-substituted LLZO by designing pellets with
different grain sizes and heterostructures.® Figure 5E displays four kinds of de-
signed pellets, namely LLZO with large grain (LG), small grain (SG), SG|LG|SG heter-
ostructure, and LG|SGILG heterostructure. As depicted, the small grain had a
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relatively large number of grain boundaries at the interface between Li and SCE,
which was verified by the smaller interface resistance. The potential effects of indi-
vidual grain orientation as well as the misorientations of neighboring grains were
eliminated. These studies confirmed that the microstructure at the surface of SCE
strongly influenced the interface resistance. The surface layer was suggested to
own small grains and multiple grain boundaries due to the enhanced ionic transport.

Li Plating inside the Solid Ceramic or Glass Electrolyte

Ideal SEs have high ionic conductivity and extremely low electronic conductivity.
Driven by the electric potential, the reduction of Li ions to Li metal only happened
at the Li|SE interface. However, for some SCEs the electronic conductivity was too
high that the reduction of Li ions could happen directly inside the SCE. Moreover,
some excess electrons and negative charges might be trapped inside the SCE by
the pores, which would directly reduce the Li ions. These findings revealed the pri-
mary reason for dendrite formation inside SEs.

Recently, Han et al. proposed that the relatively high electronic conductivities of
LLZO and LisPS, were the origin of dendrite formation.®” As shown in Figures
6Aa-1 and 6Aa-2, both LLZO and Li3PS, exhibited temperature-dependent elec-
tronic conductivities in the range 107°=1077 S cm™", which was much higher than
that of lithium phosphorus oxynitride (LIPON) (107"°-107"2 S cm™"), a well-known
dendrite-free SCE. The study showed that the electronic conductivity of LLZO
reached 107¢ S cm ™" during Li plating.”® The high electric conductivity rendered
the possibility of Li ions to combine with electrons to form dendrites inside the
SCE. Using neutron depth profiling (NDP), the nucleation and growth of Li dendrites
inside the SCE were visualized in real time. As depicted in Figures 6Aa-3 and Aa-4,
the amount of Li in Li|LLZO|Cu and Li|Li3PS4 Pt cells transported from the counter
electrodes (Li) deviated from the cumulative charge after a period of plating.
Compared with the cumulative charges, the relatively low amount of Li indicated
dendrite formation in the deep and undetectable region inside the SCE. The
changes of Li concentrations in SCE during plating are compared in Figures 6Aa-5
and 6Aa-6, where the Li content continuously increased during plating. The accumu-
lated Li was independent of depth, suggesting no Li concentration gradient.
The research thus highlighted that Li directly nucleated inside the SCE, which was
inconsistent with the conventional understanding that dendrites grow directionally
from one electrode to the other. Their findings explained the rapid short circuit
in SCE.

Despite the intrinsic electronic conductivity of SCEs, the electrons from negative
charges such as O%~ and the excess electrons trapped by the pore and crack surface
also accelerated the direct reduction of Li ions inside the SCEs.®"*? Aguesse et al.
found the existence of island-like black spots inside the SCE after cycling, which
was further proved to be a Li cluster (Figures 6Bb-1 and 6Bb-2).”" It was explained
that Li ions gain electrons from the oxygen backbone of the ceramic in a slow degra-
dation process. As a result, four scenarios for metallic Li formation were proposed
(Figure 6Bb-3): (1) Li metal plated on electrode; (2) Li metal deposited on dendrite;
(3) Li metal formation (electron transfer from oxygen framework); and (4) Li metal for-
mation (electron transfer from residual conductivity). Tian et al. computationally
investigated the Li nucleation tendency in LLZO, where the trapped excess electrons
induced Li deposition on the pore surface.*? In their work, there were excess elec-
trons trapped around the La atoms on the surface of cubic LLZO and dispersed on
the surface of tetragonal LLZO. These excess electrons were thermodynamically
favorable for reducing Li ions to Li metal (Figure 6C).
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Figure 6. Direct Reduction of Li lon Inside the SEs by the Electrons
(A) Intrinsic electric conductivity. Temperature-dependent electronic conductivity of LLZO (a-1) and Li3PS, (a-2). Correlation between cumulative

charges (origin line) and the accumulated NDP counts (green dots) in the total region of the Li|LLZO|Cu cell (a-3) and the Li|Li3sPS4 Pt cell (a-4) at 100°C. At

100°C, Li concentration profiles in LLZO (a-5) and LizPS, (a-6) at different times during plating process to obtain visualization of the depth distribution of
|449

dendrites in SEs. Adapted with permission from Han et al.”” Copyright 2019, Springer Nature.
(B) Li cluster formation due to reduction by electrons from oxygen network and residual electronic conductivity. (b-1) Cross-section SEM image of a
cycled pellet obtained by BSED to show the black points inside the SE. (b-2) SEM image with higher magnification to show the Li-rich region in the pores.

Schematic on the right shows a cross-section in SCE where the potential Li ion reduction mechanisms are proposed. Adapted with permission from

Aguesse et al.”’ Copyright 2017, American Chemical Society.

(C) Schematic of metallic Li formation on the pore surfaces inside of c-LLZO due to the electron pathway provided by the pore surfaces and possible
grain boundaries. Adapted with permission from Tian et al.”” Copyright 2018, Elsevier Inc.

Interphase Effect on Dendrite Growth

Most SCEs are intrinsically thermodynamically unstable against Li metal, which has
been demonstrated both computationally and experimentally. The reaction be-
tween the SCEs and Li leads to the formation of interphase layers with different prop-
erties, which play a significant role in the behavior of the cell. In this section, we focus
on the interphase effect on dendrite growth.

Recently, Wang et al. proposed that highly stable SCE against metal anodes accel-
erated fast dendrite formation, while the interphase layer with high ionic conductiv-
ity and low electronic conductivity effectively suppressed dendrite formation.>® As
depicted in Figure 7A, electrochemical impedance spectra (EIS) was utilized to verify
the chemical instability between the SCE and metal anode before cycling. The
impedance gradually increased with aging, suggesting the formation of an inter-
phase layer. During cycling, the Li-SCE-Li cell exhibited significantly enhanced po-
larization, but no short circuit occurred. However, the Na-SCE-Na cell shorted after
only eight cycles. Employing time-of-flight secondary-ion mass spectrometry (TOF-
SIMS), a thick interphase layer (red region) in the Li-SCE interface was confirmed,
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Figure 7. Dendrite Growth at the Interface with No Artificial SEI

(A) Impedance spectra of Li-Liy 15Y0.15Zr1 85(PO4)3-Li cell at different aging times: 10 min, 30 min, and 1, 2, 5, 18, 23, 46, 68, and 240 h.

(B and C) 3D view of Li (Li*), Zr (Zr*) (B), and Na (Na*) (C) distribution in the TOF-SIMS sputtered volumes of Li; 15Y0.15Zr1 85(PQO4)3 (B) and
Na3Zry(Si04),PO4 (C) after cycling.

(D and E) Schematics showing dendrite growth in SE with high chemical stability against Li (D) and SE with interphase (E).

m
0
0

(F) Schematic of the ideal interphase layer with high ionic conductivity and low electric conductivity.
Adapted with permission from Wang et al.”* Copyright 2018, American Chemical Society.

whereas in the Na-SCE-Na cell, the dendrite penetrated the SCE and only a thin layer
formed between Na and SCE layers (Figures 7B and 7C). Thermodynamic analysis
was conducted to explain the interphase effect on dendrite growth. Due to the unity
ionic transference number, the relatively higher chemical stability of SCE with Li
rendered a notably lower consumption of Li during cell operation. Meanwhile, a
much larger curvature at expanded dendrite tips in confined spaces in SCE caused
an enhanced electric driving force. Both aforementioned changes aggravated the
growth of the dendrite (Figure 7D). With the help of an interphase layer, the Gibbs
free energies for electrochemical reduction of SCE and Li plating can reach an equi-
librium, which consequently prevented the fast dendrite growth (Figure 7E). The au-
thors proposed that an ideal interphase layer should have low electronic conductiv-
ity and high ionic conductivity to enable the uniform Li plating and stripping, as
illustrated in Figure 7F.

STRATEGIES OF LI DENDRITE SUPPRESSION

Based on the Li dendrite growth mechanisms, various solutions have been proposed
to alleviate dendrite growth. For example, to suppress dendrite growth in OLEs, in-
vestigators have attempted to stabilize the SEI layer by various methods such as
introducing various hosts, adding additives, increasing the concentration of the
electrolyte salt, designing artificial SEI at the electrode|electrolyte interface. How-
ever, due to inherent differences, the strategies of Li metal stabilization in OLEs
cannot be directly applied to SEs. For SPEs, because of their soft nature, the inter-
face contact was much more uniform than SCEs. Therefore, for SPEs, reinforcing
the mechanical strength was more urgent than improving the interface contact to
suppress the dendrite. Conversely, the rigid SCEs have sufficient mechanical
strength but poor interface contact. Therefore, the interface between the SCE
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and Li was more critical in the fabrication of dendrite-free and high-performance
ASLBs. Feasible strategies, such as the optimization of SCEs, modification of Li
metal, and indirectly or directly introducing a buffer layer at the interface have
been applied to enable a dendrite-free cell. In the following subsections, we discuss
the most common strategies that have been employed in ASLBs for dendrite
suppression.

Polymer-Based Composite Solid-State Electrolyte to Suppress Li Dendrite

Compositing SPE with various additives is a common strategy to enhance its me-
chanical strength and ionic conductivity.’ The additives, as known as fillers, were
not only restricted to ionic conductive materials, but the non-ion-conductive ceramic
and additional polymer were also used. The size ranged from nano- to micrometer

5455 {5 one-dimensional (1D),>¢’

and the morphology from zero-dimensional (0D)
two-dimensional (2D),°® and three-dimensional (3D).>? Some properties of the
fillers, such as electron insulation and chemical and thermal stability, are highly

desired.

Hybrid Electrolyte Compositing with Non-ion-conductive Ceramic Filler

Non-ion-conductive ceramic fillers were widely applied in polymer electrolyte to
reinforce the mechanical strength and ionic conductivity of the SPE. Recently,
Tang et al. introduced 2D vermiculite clay sheets into the PEO-based SPE to
prompt the mechanical strength and ionic conductivity (Figure 8A).°® Compared
with OD and 1D fillers, 2D geometry had higher surface area and could anti-
deform. Freestanding PEO-based SPE film was prepared by adding exfoliated
2D vermiculite clay nanosheets. After adding fillers, the tensile modulus of the
SPE doubled from 6.8 MPa to 13.1 MPa along with much higher tensile strain
before fracture. Compared with the morphologies of Li electrodes after cycling
measurement, the SPE with 2D fillers had a dendrite-free surface. A similar strat-
egy for enhancing the SPE by introducing stiff fillers was also reported by Lin

et al.>”

As illustrated in Figure 8B, a stiff mesoporous SiO, aerogel was intro-
duced into the SPE, which not only reinforced the mechanical strength but also
offered sufficient surface for strong anion adsorption. As a result, there was
around a 10-fold increase in modulus for the silica aerogel-reinforced SPE. Inter-
estingly, the modulus increased slightly with the increase in temperature, which
was superior over traditional SPE whose mechanical strength degraded at higher
temperatures. Other representative works reported SPE reinforcements such as
SiO, nanospheres,éo'“ vertically aligned anodized Al,O3 scaffold,®? and 2D bo-
ron nitride nanosheets,®® which further confirmed that the addition of non-ion-

conductive fillers helped the SPE with dendrite suppression.

Introducing additional polymer into the original SPE was also an effective way to
suppress dendrite growth. Zeng et al. designed a novel SPE with an interpenetrating
network of poly(ether-acrylate) (ipn-PEA) via photopolymerization of ion-conductive
PEO and branched acrylate (Figure 8C).'® Along with its plasticity and rigidity, this
SPE exhibited high ionic conductivity (0.22 mS cm™" at room temperature) and
high mechanical strength (12 GPa). When the ipn-PEA was matched with Li metal,
the rigid network supported high pressure to reshape the Li plating and stripping
behavior. In the meantime, the ductile PEO avoided the tradeoff in ionic conductiv-
ity. Khurana et al. reported a crosslinked polyethylene-poly(ethylene oxide) SPE with
excellent resistance to dendrite growth.'® Interestingly, the modulus of their SPE
was about 1.0 x 10° Pa at 90°C, which was lower than the required value from theo-
retical predictions. Yang et al. proposed that the structure of the polymer additives
also affected the contact issue between the SPE and Li.¢* As illustrated in Figure 8D,
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Figure 8. Polymer Electrolyte with Non-lon-Conductive Ceramic Fillers

(A) 2D fillers. (a-1) Photographs of the composite SPE film. (a-2) Stress-strain curves of the SPE with and without fillers under tensile test to show the
enhanced mechanical stability. The cross-section SEM images of Li electrode in cells using SPE with fillers (a-3) and SPE after cycling (a-4) show dendrite
suppression. Adapted with permission from Tang et al.”® Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) 3D fillers. (b-1) Schematic showing the SiOj-aerogel-reinforced SPE. The magnified drawing shows the detailed microstructure of the composite
electrolyte. (b-2) Elastic modulus of the crosslinked PEO with SCN, crosslinked PEO with both SCN and LiTFSI, crosslinked PEO with LiTFSI, SiO,
aerogel, SiO,-aerogel-PEO composite, and SiO;-aerogel-PEO composite with LiTFSI. (b-3) Modulus of the SiO,-aerogel-PEO composite as a function
of temperature. Adapted with permission from Lin et al.”” Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Additional polymer. Schematic showing the preparation process of the ipn-PEA electrolyte and the proposed Li deposition behavior. Adapted with
permission from Zeng et al.'® Copyright 2016, American Chemical Society.

(D) Effect of polymer additive with planar structure. Proposed Li deposition behavior with the introduction of planar oligomer. Adapted with permission
from Yang et al.* Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

the PEO with high molecular weights typically featured curvy chains with large cur-
vature radii and tended to tangle up with other chains. Thus, voids existed between
the PEO chains and the Li anode accelerated the growth of dendrite. The addition of
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oligomers filled into those voids led to better contact. Compared with the 1D linear
oligomers, planar oligomers with 2D structure avoided entanglement with the linear
chains, which created a large area of “softer contact” with Li.

Hybrid Electrolyte Compositing of lon-Conductive Filler

Compositing the ionic conductive ceramics into polymer electrolytes was a suc-
cessful strategy to combine the merits of both SCE and SPE.>**7¢57%% The rigid
SCE reinforced the SPE to achieve a high mechanical strength and improved ionic
conductivity, while SPE had a soft contact with Li to decrease the interface resis-
tance. According to the content ratio of SCE to SPE, the composite SEs were clas-
sified into “ceramic-in-polymer” (CIP), "“intermediate,” and "“polymer-in-ceramic”
(PIC), whereby the ionic conductivity and mechanical strength were dependent
on the makeup of the electrolyte.” It was vital to balance the ionic conductivity,
interfacial contact, rigidity, and softness to achieve optimized performance for
composite SE.

Recently, Huo et al. designed a composite SE with hierarchical CIP|PIC|CIP structure,
which  effectively suppressed dendrite  formation.”> They integrated
Lig.aLazZry 4aTag ¢O12 (LLZTO) in different sizes with polymer at different ratios to
fabricate the CIP and PIC. As shown in Figure 9A, CIP electrolyte with 20 vol %
200-nm LLZO exhibits best flexibility, while PIC electrolyte with 80 vol % 5-um LLZTO
exhibits the highest tensile strength of 12.7 MPa. Appreciating the rigid property of
LLZTO, PIC electrolyte was strong enough to suppress dendrite formation, but inti-
mate interfacial contact was still lacking. On the contrary, CIP electrolyte had good
interfacial contact but failed to suppress dendrite growth. As illustrated in Fig-
ure 9Aa-4, the sandwich-type electrolyte had the merits of both CIP and PIC and dis-
played the best performance.

Besides the reinforcement in mechanical strength, the composite SE exhibited a
higher Li ion transference number as compared with SPE. It has been reported
that SE with a high ion transference number can effectively prevent Li dendrite for-
mation.”?’® However, most of the SPE suffered from a low ion transference num-
ber (<0.5), which was attributed to the high movement of Li salt anions. Zhao et al.
proposed an anion-immobilized composite SE whose Li ion transference number
was as high as 0.58.”° The polymer matrix and ceramic fillers tethered the anions
and constricted anion movement, which rendered the uniform distribution of space
charges and Li ions (Figure 9B). As a result, the electric field caused by the redis-
tribution of space charge was relieved, which rendered a dendrite-free anode.
Blocking the movement of anions from anode to cathode was another effective
strategy to eliminate the negative effect of low ion transference number. Zhou
et al. designed a composite solid electrolyte with a polymer|ceramic|polymer sand-
wich architecture, in which the anions were blocked by the ceramic interlayer (Fig-
ure 9C).?’ By using this composite solid electrolyte, the double-layer electric field
at the Lijpolymer interface was successfully reduced. The soft polymer enabled inti-
mate contact with the Li, which led to a more homogeneous Li ion flux at the
interface.

In addition to the aforementioned strategies, Whiteley et al. proposed an interesting
self-optimizing mechanism for composite SE using amine-based polymer.”" In their
work, they termed the growth of Li along the particle boundaries of SCE “interpar-
ticle Li growth” (IPL). The IPL forced the SCE particles out into the widely existing
void space and continued to grow until short circuit occurred (Figure 9D). In contrast,
benefiting from the self-healing property, the SCE|polymer system was adaptive to

16 Matter 2, 1-38, June 3, 2020

Cell

REVIEWS




Please cite this article in press as: Cao et al., Lithium Dendrite in All-Solid-State Batteries: Growth Mechanisms, Suppression Strategies, and
Characterizations, Matter (2020), https://doi.org/10.1016/j.matt.2020.03.015

Matter Cell

REVIEWS
A al a-2 a-3 a-4
16 “Polymer-in-ceramic” electrolyte “Ceramic-in-polymer” electrolyte Sandwich-type electrolyte
12.7 MPa (5-um LLZTO) (200-nm LLZTO) (hierarchical LLZTO)
12} —PIC-5 pm
= 11.6 MPa —PIC-200 nm
s ~=CIP-5 pm
S 8 ~—CIP-200 nm
E —PEO(LITFSI)
& 4
2.7 MPa
00 2 ‘i 6 ‘8 10 High mechanical strength v Good interfacial contact \/ High mechanical strength &/
. Good dendrite suppression V' Good Li* migration v/ Good dendrite suppression v/
Strain (%) Poor interfacial contact X Poor dendrite suppression X Good interfacial contact v/

| = == mm e Em Em o Em == == oy

Polymer Ceramic Polymer (@ ir e

1 1I

Immobilized anion

e o o oo oo oo e o omm omm e e omm o omm omm omm o omm o o odh e e e e e e e e e e o

D

d-1

Y
”

Classic System
DEPOSITION
Modified System

. Solid Electrolyte . Self-healing Polymer | Inter-Partide Lithium Growth

Figure 9. Polymer Electrolyte with lon-Conductive Ceramic Filler

(A) Composite electrolyte with hierarchical “ceramic-in-polymer” and “polymer-in-ceramic” structures in dendrite suppression. (a-1) Stress-strain
curves of different SPE. Schematic illustrations of PIC electrolyte with 5-um LLZTO (a-2), CIP electrolyte with 200 nm LLZTO (a-3), and sandwich-type
electrolyte and corresponding property (a-4). Adapted with permission from Huo et al.”® Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

(B) Polymer electrolyte with higher ion transference number to inhibit dendrite formation. Schematic illustrates the immobilization of anions tethered by
polymer chains and Lig 75LasZry 75Tag 25012 particles. Adapted with permission from Zhao et al.”? Copyright 2017, National Academy of Sciences of the
United States of America.

(C) Ceramic interlayer to block the movement of anions. Schematic illustrates the electric potential profile across the polymer-ceramic-polymer

|27

sandwich electrolyte. Adapted with permission from Zhou et al.”” Copyright 2016, American Chemical Society.

(D) Self-healing composite electrolyte. Schematic of the proposed mechanisms to illustrate dendrite growth through the grain boundaries in classic
system of SCE (d-1) and self-healing of polymer to suppress dendrite growth in modified system (d-2). Adapted with permission from Whiteley et al.”’

Copyright 2017, IOP Publishing Ltd.
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slow growth or blocked the growth of IPL. The polymer was able to grow along the
SCE boundaries and relieve the stresses generated in the system, which enabled a
more stable interface. This proposed mechanism properly explained why the self-
healing polymer worked better at higher temperature.

Optimization of Solid Electrolyte and Li Metal

Although compositing SPE and SCE addressed the dendrite problem, the ionic
conductivity was sacrificed to some extent so that most composite SEs-based
ASLBs needed external heating to achieve comparable performance with LIBs us-
ing OLEs. Moreover, the thermal stability window of the composite SEs was also
narrow in comparison with pure SCE. It is important to optimize the SCE’s physical
and chemical properties to avoid dendrite formation. On the other hand, the
modification of Li metal is another effective strategy to stabilize Li plating and

stripping.

Optimization of Solid Ceramic and Glass Electrolyte

According to the scenarios proposed in Figure 1B, dendrites usually grew along with
the defects, which were defined as any non-uniformity in SCE, including voids,
cracks, grain boundaries, impurity precipitates, and local non-stoichiometry.”*
Most SCE experienced a tablet process to achieve a thin film from the SCE powder,
which inevitably introduced defects. Decreasing the defect density of the polycrys-
talline SCE was vital to avoid dendrite formation.

Single-crystal SCE could fundamentally eliminate the effect of grain boundaries and
voids. Kataoka et al. successfully fabricated centimeter-sized single crystals of
garnet-type SCE using the floating zone method (Figure 10A).?” The transparent pel-
let had a very smooth surface without grain boundaries and voids. As a result, this
single-crystal SCE exhibited a high ion conductivity of 1073 S cm™" at room temper-
ature and high CCD of 0.5 mA cm™2. Unfortunately, the single-crystal SCE cannot
sustain higher current density due to other factors such as poor contact with elec-
trodes. However, reduction of grain boundaries and voids postponed dendrite
growth and time to short circuit.

The relatively high cost and complex synthesis techniques further limited the appli-
cation of single-crystal SCEs. Polycrystalline SCEs were easier and more cost-effec-
tive to fabricate. Therefore, researchers optimized the densification conditions to
achieve denser polycrystalline SCEs. Several pressing strategies, such as uniaxial
cold or hot pressing and isostatic pressing, have been applied, whereby the condi-
tions notably affected the result.?*=*? It has been reported that higher hot-process-
ing temperature has significantly increased the relative density of the garnet-type
SCE pallets from 91.5% to 99.1%, which decreased the grain boundary resistance
and enhanced ionic conductivity.”’:%* However, the increase in sintering tempera-
ture may generate by-products with low conductivity in Li;S-P,Ss glassy electrolyte,
which could decrease the CCD.84 Yi et al. reported metallo-organic-derived flame-
made nanoparticles to overcome the processing challenges in densification. The
input energy for densification was highly reduced and the dwell time at sintering
temperature was shortened 10- to 40-fold. The SCE with low defect density often
had high translucency, induced by the decreased optical scattering from defects.
The dense and fine-grained materials could provide the SCE film with flexibility
and capability to avoid crack propagation (Figure 10B).”*

In addition to the above strategies aiming to achieve dense SCE, porous structures
have been reported to inhibit dendrite formation. Xu et al. designed a trilayer
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Figure 10. Dendrite Suppression through Optimizing the SCE

(A) Single-crystal SCE to eliminate the effect of grain boundaries and voids. Photograph (a-1) and surface SEM image (a-2) of the single-crystal
Lig sLazZri sNbg sO1,. Adapted with permission from Kataoka et al.®? Copyright 2018, Springer Nature.

(B) Densified SCE with low porosity. (b-1 and b-2) Photographs of the Li;La3Zr,O4; film show obvious translucency and decent flexibility. (b-3) Surface
SEM of the Li;LasZr,O1; film shows the compact contact of the grains. Adapted with permission from Yi et al.”> Copyright 2016, The Royal Society of
Chemistry.

(C) SCE with porous structure to inhibit dendrite growth during cycling. Adapted with permission from Xu et al.”® Copyright 2018, Elsevier Inc.

(D) Model for ideal porous SCE. Cell schematic (not to scale) illustrating porous solid electrolyte designed with anode and buffer regions to regulate the
deposition of Li metal. Adapted with permission from Thomas-Alyea.”” Copyright 2018, IOP Publishing Ltd.

(E) Impurity removal to avoid dendrite propagation. Schematics show the impurity-caused dendrite growth in Lig 25LasZry sTag sO12 (e-1) and dendrite-
free in carbon-treated Lig 25La3Zrq sTag 501, (e-2). Adapted with permission from Li et al.’® Copyright 2018, American Chemical Society.

(F) Additional phase to decrease the electric conductivity. (f-1) Schematic illustrating dendrite growth along the grain boundary of

LizLap 75Cap.25Zr1 75Nbg 25015 due to the enhanced electronic conductivity. (f-2) Schematic illustrates that dendrite suppression due to the introduction
of insulating LIAIO, buffer layer at the grain boundary reduced the electron transfer. Adapted with permission from Song et al.”” Copyright 2019, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

garnet-based ASLB with porous structures to stabilize Li (Figure 10C).”° Li was infil-
trated into the porous garnet framework and seamless contact was achieved by
introducing ZnO at the solid electrolyte surface. In their design, the 3D porous struc-
ture enabled a high contact area, which decreased the local current density when an
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areal current was applied. Meanwhile, the volume change of Li during plating and
stripping can be locally confined by the garnet framework. As a result, dendrite-
free ASLBs with high mass loading of Li were achieved. Based on the porous Li
design, Thomas-Alyea presented an electrochemical model for the cell with porous
solid anolyte (Figure 10D).”” In the porous structure, there was space to accommo-
date Li volume expansion during plating, and the local surface overpotential was
small. However, the low charge-transfer resistance of the porous electrode had a
high reaction rate next to the separator, which imparted stress against the separator
and eventually caused dendrite penetration. From these results, the author pro-
posed the optimized porous SCE for Li deposition, whereby a buffer region was
introduced between the porous part and separator. In this region, the porous SCE
was coated with a layer of material with poor ionic conductivity and high surface en-
ergy, which avoided the fast Li deposition in the pores adjacent to the separator.

Removal of the impurity with poor ionic conductivity in SCE was another strategy to
avoid dendrite growth. The widely studied garnet electrolytes were easily contami-
nated by moisture to form Li ion-insulating Li,CO3 surface layer, which could bring
huge interface resistance and inhomogeneous Li deposition as aforementioned (Fig-
ure 10E).”® The most frequently used strategy was high-temperature annealing in
inert atmosphere, which triggered the decomposition of Li,COs;. Beyond this,
Goodenough’s group introduced an approach to remove the Li,CO3 with carbon
as the reaction of 2Li,CO3 + C — 4Li* + 3CO, + 4e ™. As a result, the garnet without
Li,CO3 exhibited enhanced wettability with Li metal and extended the electrochem-
ical stability window. The interfacial resistance was also reduced to the levels of LIBs
using liquid electrolyte.”®

It is worth noting that not all the additional phases in SCE can decrease the performance.
Introducing proper interphase material could also effectively avoid dendrite formation.
Song et al. coated a thin layer of LIAIO, on the grain surface of garnet, which greatly
improved the CCD (Figure 10F).” As mentioned before in Scenario VI, the relatively
high electronic conductivity in SCE facilitated the formation of Li clusters inside the
SCE and then caused short circuits. With the introduction of LIAIO,, the electronic con-
ductivity was effectively reduced, resulting in outstanding cycling stability without short
circuit. In addition, doping the SCE with other elements could achieve impressive prop-
erties. For some SCEs, effective doping enhanced the ionic conductivity and stability
with Li. Zhang et al. reported an O-doped LigPSsBr, in which the partial substitution of
S with O comprehensively enhanced electrochemical properties including excellent
dendrite suppression capability.®®

Optimization of the Li Metal Anode

Dendrite growth often started from the interface between Li and SEs. For this reason,
Li metal also highly affected dendrite growth. As already mentioned, the interface
layer between Li and SE was significant for avoiding dendrites. In most ASLBs, Li
foil was directly pressed onto the SE pallet to work as anode. However, this approach
may cause voids and even gaps between Li and SE. Furthermore, Li foil had limited
areal capacity and huge volume change, which may inhibit the power output. Novel
design on the Li metal side thus represented another pathway to address the
dendrite problem.

Temperature highly affects the properties of Li metal. Sakamoto’s group has proved
that the interface resistance between LLZO and Li dramatically decreases with a
heating treatment at 175°C, which is lower than the melting point of Li (180°C).*
Even though the interface resistance was decreased to 514 Q cm?, it was still
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Figure 11. Dendrite Suppression through the Optimization of Li Metal

(A) Schematic showing the casting process of Li-graphite composites on garnet SCE and the obtained intimate contact. Adapted with permission from
Duan et al.®” Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) 3D Li metal. Schematic illustrating the plating and stripping process of Li on the 3D framework, where Li tends to nucleate and grow at the
protuberances surface of 3D. Adapted with permission from Chi et al.*® Copyright 2019, Elsevier Inc.

(C) Schematic illustrating the plating and stripping process whereby the interfacial fluctuation was reduced due to the increased Li surface area and
flowable polymer electrolyte. Adapted with permission from Liu et al.?” Copyright 2017, American Association for the Advancement of Science.

(D) Schematic illustrating the preparation process of Li powder via droplet emulsion technique and the corresponding SEM image. Adapted with
permission from Shim et al.”” Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

much higher than that of OLEs-based LIB (in the tens of Q cm?), which could account
for the poor contact between SE and Li foil. Based on these data, molten Li was
selected to obtain a liquid-solid contact. However, the pallet had to be highly lith-
iumphilic and some SCEs were reported to drastically react with molten Li, which
can lead to a dangerous thermal runaway.®® To achieve a better wettability, Duan
et al. fabricated a Li-graphite composite anode.®” They mixed the graphite into
molten Li to form a Li-C composite. This composite anode presented lower fluidity
and higher viscosity compared with pure Li, which made it easy to be cast onto
garnet to achieve an intimate contact (Figure 11A). In the mixing process, the
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graphite was lithiated to LiC,, which had lower reaction energy with garnet. As a
result, the interface resistance was dramatically decreased to as low as 11 Q cm?
and stable cycling was achieved.

3D scaffolds have been widely applied in OLEs-based Li metal batteries to stabilize
Li metal for their increased contact areas between Li and the electrolyte.”' " How-
ever, it is difficult to introduce rigid SCE into 3D structured Li, which made it more
suitable to be applied in soft SPE. Chi et al. combined the 3D Li anode with a soft
SPE interface to address the contact issue and dendrite formation in garnet-based
ASLBs.?® Li was infused into Ni foam to prepare a 3D Li. In their design, Li has the
tendency to nucleate and grow at the protuberance surface of 3D frameworks, which
formed uniform distribution of Li ions with increased deposition sites (Figure 11B).
Meanwhile, the 3D structure decreased the effective current density. To achieve bet-
terinterface contact between Li and electrolyte and further increase the areal capac-
ity, Liu et al. incorporated the 3D Li and flowable polyethylene glycol (PEG) electro-
lyte into ASLBs.?” With a thermal infusion approach, molten Li was infused into the
well-stacking reduced graphene oxide (rGO) scaffold to prepare the layered Li-rGO
electrode. Flowable PEG electrolyte was then infused into the 3D Li. Consequently,
an intimate electrode-electrolyte contact was obtained because the flowable elec-
trolyte adjusted its conformation during continuous plating and stripping, and the
3D Lidramatically decreased the local current density. Both of these factors contrib-
uted to the dendrite-free anode with high performance (Figure 11C).

Without a scaffold, fabricating Li with a larger surface area was another effective so-
lution to suppress dendrites. Shim et al. prepared a Li powder-based anode using
droplet emulsion technique followed by a compression procedure (Figure 11D).”°
After the compression, the Li powder maintained the spherical shape with average
diameter of about 10 um. Compared with Li foil, this Li powder-based anode ex-
hibited larger surface area, which decreased the effective current density on each
Li powder particle and eventually suppressed dendrite formation.

Introduction of Interface Buffer Layer

Interface stabilization was considered as an effective way to avoid dendrite forma-
tion. The reason for failure has been mooted with Scenario V. Inspired by the fact
that SEI formed in OLEs has helped in stabilizing Li, introducing an interface buffer
layer between Li and SE might also work.”*~"” According to its origin, the buffer layer
was classified as a metastable interphase layer and an artificial interface layer. The
metastable interphase layer was formed by the spontaneous reaction between Li
and SEs when they made contact, while the artificial interface layer was an additional
additive to stabilize the interface.

Metastable Interphase Layer

Li has high reactivity so that SEs can vigorously react with Li when they directly
contact each other and form an interphase layer. This reaction consumes both SEs
and Li. The property of the interphase layer largely affects the interface behavior.
For example, even though LLZO is chemically resistant with Li, it has suffered
from a severe dendrite problem. In contrast, dendrite growth can be prevented
in Li1xAlTi2_x(PO4)3 (LATP) due to the formation of SEl-like interphase layer.”® How-
ever, the cells were terminated by substantially increased impedance at the inter-
phase by its poor ionic conductivity. In another case, Lii 4Alg 4Geq ¢(PO4); (LAGP)
reacted with Li to form an interphase layer that exhibited a mixed ionic and elec-
tronic conductivity. Li was directly deposited at the interface between LAGP and
the interphase layer, which led to the continuous decomposition of LAGP and
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accelerated dendrite growth.”” Therefore, the ideal interphase layer should be one
with high ionic conductivity, electronic insulation, and high mechanical strength, all
of which avoid the continuous reaction and dendrite formation.

Zhang et al. found that PVDF-LIN(SO,F) (LiFSI)-based SPE had an open-circuit failure
at high current density but with an atypical short circuit.'”® They attributed this
dendrite-free phenomenon to the nanoscale interphase layer formed between Li
and SPE, whose stable and uniform mosaic structure can suppress the Li dendrite
growth. This interphase layer, i.e., LiF-sulfur compounds-LiOH-LICO3-Li,O compos-
ite exhibited good ionic conductivity, electronic insulation, and high mechanical
strength, which enabled good cycling performance and successful dendrite sup-
pression (Figure 12A). In comparison, other PVDF-based interphase layers were
composed of only few components and non-uniformly distributed. Even though
they can still avoid dendrite formation, the cycling performance was poor. Other
SCEs also had this metastable interphase layer to avoid dendrites. Li et al. intro-
duced LiZry(PQy)3, which directly reacted with metallic Li anode to form a Li ion
conductive passivation layer containing LizP and LigZrOg, where the interface wetta-
bility was optimized and dendrite formation was consequently suppressed.’”’

Inspired by the above research, additives that could form metastable interphase
with Li were utilized to address the dendrite problem in some SCEs. Eshetu et al. de-
signed a PEO-based electrolyte with Li azide (LiN3) added to stabilize the Li metal.'%?
As illustrated in Figure 12B, the LiN3 reacted with Li to form highly ionic conductive
LizN, which served as a robust SEl to protect Li. Meanwhile, the oxidation of LiN3 at
the cathode generated N, which migrated to the anode side and reacted with Li to
form LizN. As a result, it showed no dendrite formation and long-term cycling. Han
et al. introduced the addition of Lil into Li,S-P,Ss glass, especially the 70(0.75Li,S-
0.25P,Ss)-30Lil electrolyte, to effectively suppress dendrite formation and improve
the CCD (Figure 12C)."% The composition of SEI at the Lilelectrolyte interface was
tuned by the addition of Lil. In their previous work, they proved that the SEI
composed of Lil or LiF can suppress dendrites due to high interface energy.'® A
similar strategy was applied in garnet-type electrolytes. With a melting-quenching
method, Tian et al. introduced glassy-type LisOCl into Lig7sLasZri 75Tag 25012
(LLZTO) electrolyte to address the dendrite growth issue (Figure 12D)."% The amor-
phous LizOCl worked as a binder, filler, and bridge to fabricate an integrated com-
posite electrolyte and continuous ionic conductivity network among LLZTO. More
importantly, the in situ formed interphase layer, i.e., Li,O and LiCl resulting from
the reaction between LizOCI and Li, effectively suppressed dendrite growth in
LLZTO.

Artificial Interface Layer

Not all the SEs had a proper metastable interphase layer with Li. A more universal
and feasible strategy was to introduce an artificial interface layer between the SEs
and Li to avoid the dendrite problem. Similarly to the metastable interphase layer,
this artificial interface layer should have uniform coverage, good wettability with
both Li and SEs, high ionic conductivity, poor electronic conductivity, and good me-
chanical strength. There have been many computationally predicted materials re-
ported for artificial interface layers, such as Li salts-based organic-inorganic hybrid
system, metal oxides, Li-based alloys, Li nitride, polymers, and ionic liquids. These
materials were fabricated either on the Li metal side or on the SEs side.

The selection of this artificial interface layer was crucial for this strategy. The use of
computational analysis has improved efficiency in the search for new materials.
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Figure 12. Metastable Interphase Layer Enabled Dendrite-Free Cycling

(A) Self-suppression of dendrite. Schematics illustrating the component distribution at PVDF-LiFSI|Li (a-1), PVDF-LITFSI|Li (a-2), and PVDF-LiCIO4]Li (a-3)
interfaces, which play important roles in dendrite suppression. Adapted with permission from Zhang et al.’® Copyright 2019, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

(B-D) Additives with metastable interphase layer to improve the cycling behavior of the SPE, sulfide SCE, and oxide SCE. (B) Schematic illustrating the

electrochemical reactions of LiN3 and the formation of Li3N to stabilize the interface between PEO-based electrolyte and Li metal. Adapted with
permission from Eshetu et al.'%? Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) The CCD of sulfide electrolyte varied according
to the additive amount of Lil. Adapted with permission from Han et al.'%® Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D)
Schematic illustrating dendrite growth in pure Lig 75LasZrq 75Tag 25012 (d-1) and dendrite suppression in Lig 75LasZry 75Tag 25012 with 2 wt % LisOCl due
to the formation of interphase layer with Li by the in situ reaction of LisOCl and Li metal (d-2). Adapted with permission from Tian et al.'% Copyright
2018, Elsevier Inc.
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Figure 13. Introducing Artificial Interface Layer to Suppress Dendrite Growth

(A) Machine learning enabled computational screening of solid electrolytes with dendrite suppression. Adapted with permission from Ahmad et a
Copyright 2018, American Chemical Society.

(B) Artificial SEl formed on the Li metal. Schematics illustrating the formation of nanocomposite interphase via electrochemical deposition in liquid
electrolyte (b-1) and stabilized interface by the nanocomposite interphase consisting of organic elastomeric Li salts and inorganic nanoparticle salts (b-
2). Adapted with permission from Gao et al.'’® Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Interlayer enhanced wetting behavior of SCE with molten Li. (c-1) Schematic illustrating the intimate contact between SE and Li enabled by the ALD
interlayer. (c-2) SEM images of interface between Li and SE with and without Al,O3 interlayer. (c-3) Comparison of EIS profiles revealing the dramatically
reduced interface resistance. Adapted with permission from Han et al.'®” Copyright 2016, Springer Nature.

(D) Enhanced wettability and stability by introducing polymer at the interface between SCE and Li. (d-1) Cross-section SEM images of the Li|PEO-PAS|
Lig sLasZry sTagsO12 showing the intimate contact. (d-2) Nyquist plots of the symmetric cell at different cycling times to show the stabilized interface.
Adapted with permission from Zhou et al."'” Copyright 2018, Elsevier Inc.

(E) lonic liquid generated compact microstructure. Schematics illustrating dendrite-free cell due to the intimate contact and continuous Li* conducting
network enabled by the ionic liquid (e-1) and dendrite formation caused by the poor Li wetting and concentrated Li* flux (e-2). Adapted with permission
from Zhang et al.""" Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

|10(>

Based on several criteria, novel materials can be screened out among over 10,000
materials in the database. Ahmad et al. performed a computational screening of
over 12,000 electrolytes based on their properties for being mechanically isotropic
and having anisotropic interfaces with Li metal, which were the two characteristics
utilized as the criteria for dendrite suppression (Figure 13A)."% To extend the data-
set for screening, machine-learning models were chosen to predict the mechanical
properties of materials to avoid the expensive first-principles calculation. As a result,
they predicted over 20 mechanically anisotropic interfaces between Li metal and
four solid electrolytes with the potential to suppress dendrite formation. Recently,
Fitzhugh et al. also computationally evaluated the interface stability of Li;qSiP2S12
with over 67,000 materials, from which over 1,000 materials were predicted to
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form stable interfaces for the anode range.'®’ In their results, iodine-, phosphorus-,
and nitrogen-based coating material had the highest performance in the 0- to 1.5-V
range, which was consistent with other experimental results. Although the computa-
tional prediction still has some limitations in comprehensiveness for the electrolyte,
the obtained results could guide the search for more promising electrolyte
candidates.

Pretreatment of Li foil to form a stable SEI layer was an effective strategy to avoid
dendrite formation. Gao et al. reported a novel approach to fabricate an interphase
layer to stabilize the interface between Li and Li;0GeP,S1> (LGPS) via electrochemi-
cal decomposition of liquid electrolyte.’?® In their design, liquid electrolyte electro-
chemically decomposed and formed an interface layer on Li when applying a con-
stant current (Figure 13B). The composition of this interface layer was adjustable
by choosing different electrolytes and additives. As a result, the Li salt-based
organic-inorganic nanocomposite insulated the LGPS and Li and had affinity for
both of them in achieving a stable interface for dendrite-free cycling. With a similar
strategy, Hou et al. fabricated an ex situ SEl on Li through electroplating precycled Li
anode in an advanced electrolyte containing LiNO3 and fluoroethylene carbonate
(FEC). The robust SEI composed of LiF and LisN enabled a uniform and compact
Li deposition, which effectively suppressed dendrite formation in LAGP." ' The arti-
ficial SEI composed of inorganic-organic hybrid also suppressed dendrite formation
as reported by Sun’s group.""? Molecular layer deposition (MLD) was utilized to coat
Alucone on Li metal. This hybrid inorganic-organic SEI was demonstrated to have
improved mechanical properties compared with pure inorganic coatings, and
accommodated the stress and strain volume change that occurred during cycling.

Some oxide-based interface layers, such as Al,O3 and ZnO stabilized Li metal in
OLEs, can be invoked to solve the dendrite issue in SEs. Wang et al. fabricated a
conformal amorphous Al;Oj3 thin film on Li metal via magnetron sputtering tech-
niques.''* Since Al,O3 had low binding energy with Li, an ionic conductive Li-Al-O
layer was formed at the interface. The authors found that Li plated homogeneously
onto the Al,O3 surface, which was different from the generally accepted
concept that Li plates were beneath the layer. Even though Li directly contacted
SE, the amorphous and flat Li-Al-O layer induced a homogeneous Li nucleation in
a layer-by-layer film-growth manner, which explained the highly stable and
dendrite-free cycling. Zhong et al. introduced a Li-Al alloy layer onto Li in situ by
pressing Al foil onto Li-boron alloy.HS As a result, when matched with LAGP, the
Li-Al alloy layer effectively avoided localized Li enrichment and suppressed dendrite
formation.

Li metal has high reactivity with air, which hindered interface engineering on the Li
metal side with methods such as atomic layer deposition (ALD) and the aforemen-
tioned MLD and sputtering. Introducing an artificial interlayer onto the SEs thus rep-
resented a feasible alternative to common interface engineering. Han et al. success-
fully addressed the wettability issue in garnet and Li by using an ultrathin Al,O3 layer
by ALD (Figure 13C)."%” With the introduction of an Al,O3 layer, the voids between
bare garnet and Li were avoided and intimate contact was achieved, and the inter-
facial impedance significantly decreased from 1,710 Q cm? to 1 Q cm?. The lithiated
Li-Al-O interface allowed effective Liion transport and uniform Li deposition. In addi-
tion to Al;O3, Hu's group reported that Al, Si, and Ge coating layers between garnet
and Li also effectively addressed the interface contact issue.''®"""® The alloys
formed in situ such as Li-Al, Li-Si, and Li-Ge enabled highly decreased interface
impedance and stable cycling.
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The artificial interface layer should also have high ionic conductivity. Xu et al. re-
placed Li-blocking Li,COj3; with LizN on the surface of a garnet pellet, which
possessed a high Li ion conductivity close to 107 S cm~".""? To make a conformal
coating, a thin Li layer was first evaporated onto an Lig sLasZrq sTagsO1 pellet via
electron beam thermal deposition system, then the Li3N layer was prepared after
filling with N2. A highly ionic conductive LizN interface layer filled the energy gap be-
tween Li and SE, which enabled intimate contact between them and a significant
decrease in interface resistance.

In comparison with inorganic ceramic materials, the soft property allowed the poly-
mer to serve as a good interlayer to wet the interface between Li metal and SE and
buffer the volume change of Li. Wang et al. reported that the modification of PEO on
Li metal anode provided satisfactory mechanical property and intimate interface
contact, which successfully suppressed dendrite formation.'?® However, due to
the low Li" transference number of the polymer electrolyte, a strong electric field
across the Li|polymer interface accelerated the Li dendrite nucleation (failure Sce-
nario IV). To avoid this side effect, Zhou et al. coated the garnet surface with a
thin polymer electrolyte with a transference number of 0.9 to address the dendrite
issue in garnet electrolyte.''” The single Li ion conducting polymer coating not
only exhibited good adhesion to the SE and Li metal to achieve an intimate contact,
but also insulated direct contact between Li metal and the grain boundaries of the
SE, which delivered low and stable interface impedance (Figure 13D).

Non-flammabile, intrinsic ionic conductive and viscous ionic liquids were widely studied
as safe electrolytes in batteries, which were promising components in hybrid pseudo-
solid electrolytes. Zhang et al. proposed an interfacial architecture engineered by incor-
porating an ionic liquid into the garnet-based structure to avoid dendrite formation (Fig-
ure 13E).""" In their design, the voids were inside the SE with poor contact with Li, which
were the main reason for dendrite growth. They later utilized soft and continuous ionic
liquid to fill the voids and connect the grain boundaries. The coating layer formed a
compact and stable interlayer between the Li metal and SE to resist the volume strain
caused during cycling. Additionally, the continuous ionic liquid guided a uniform Li
ion flux through the interface and avoided dendrite growth along the grain boundaries
and voids inside the SE. In work by Wu's group, the introduction of viscoelastic and non-
flammabile ionic liquid at the interface between the Li metal and a composite polymer
electrolyte suppressed dendrite growth."?’

With the aforementioned strategies, dendrite growth in these cases was suppressed
to some extent. To arrive at a clearer understanding, the growth mechanisms and
corresponding suppression strategies are briefly summarized in Table 1. We
assumed that dendrite growth is the only reason for the failure of ASLBs; meanwhile
the strategies are mainly operated in lab-scale cells. There are numerous challenges
hindering the commercialization of ASLBs, such as kinetic limitations at the inter-
face.”* The critical tasks for the commercialization of ASLBs include but are not
limited to Li dendrite suppression. Other factors should also be considered and
addressed.

CHARACTERIZATIONS OF LI METAL IN ASLBs

Characterization is significant in revealing the mechanisms of dendrite growth and
developing novel strategies for suppressing dendrites in SEs. Unfortunately, it is still
challenging to directly “see” how Li metal is formed and propagated. Li is undetect-
able in many conventional characterization approaches, such as energy-dispersive
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Table 1. Brief Summary of Dendrite Growth Mechanisms and Corresponding Suppression

Strategies
Solid Electrolytes

Solid polymer
electrolyte (SPE)

Solid ceramic or
glass electrolyte
(SCE)

Dendrite Growth Mechanisms

dendrite grows at the tip and
penetrates the SPE through the soft
part

dendrite grows in lateral and
extends from the side of the
electrode and SPE

subsurface structure buried under
dendritic structure triggers the
formation of dendrite

additional effect caused by the
redistribution of charge in Li|SPE
interface induces Li dendrite

physical issues, such as the
microstructure on the surface, void,
and defect inside, and density of
the SCE cause dendrite nucleation
and growth

grain boundaries induce Li
propagation inside the SCE

Dendrite Suppression Strategies

compositing polymer electrolyte
with various additives (non-ion-
conductive fillers and ion-
conductive fillers)

employing Li metal with 3D struc-
ture

applying SPE with a self-generated
interphase layer

cleaning and flattening the sur-
face for Li deposition
introducing artificial interface layer

introducing an interlayer to block
the movement of anion

applying single-ion transport poly-
mer

fabricating pallet with higher den-
sity, fewer defects, smooth and
impurity-free surface

introducing an artificial interface
layer

optimizing Li metal

e employing single-crystal SCE

fabricating pallet with higher den-

sity and fewer defects
compositing SCE with self-healing
polymer

electrons from the residual

introducing interphase with low
conductivity, oxygen framework, electronic conductivity at the

and pore surface induce the grain boundaries

formation of Li cluster inside the e doping special elements

SCE

introducing an artificial interface
layer on Li metal or SCE

applying SCE with self-generated
interphase layer

enhanced electric field in the tips
due to the highly stable chemical
interface between SCE and Li
triggers dendrite growth

X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction (XRD). Moreover, opaque SEs further increase the difficulty for some ap-
proaches applied in OLEs, such as in situ observation of dendrite using an optical mi-
croscope. Electrochemical characterization is the most commonly applied approach
to diagnose dendrite formation and short circuit of the cell, and the symmetric Li|SE|
Li setup is employed to evaluate the cycling stability. However, researchers found
that it is not convincing enough to characterize the dendrite issue only with the elec-
trochemical approach; for example, the symmetrical cell can perform well even when
the cell is short." It is necessary to study dendrites in SEs with comprehensive char-
acterization techniques.

In this section, we mainly introduce several effective techniques reported to observe
the dendrite revolution and reveal the mechanism of dendrite growth. As shown in
Figure 14, electrochemical characterization, SEM, optical microscopy, NDP, syn-
chrotron X-ray tomography, and nuclear magnetic resonance (NMR) are introduced
in detail, with the advantages (in green) and drawbacks (in blue) summarized.

Electrochemical Characterization

Galvanostatic cycling and EIS in a symmetric Li|SE|Li cell are conventional character-
ization approaches in the study of Li metal anode. The CCD value of SEs can be
directly achieved based on the galvanostatic cycling result. The plating and
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Figure 14. Characterization Techniques and Corresponding Advantages (in Green) and Shortages (in Blue) in the Study of Dendrite Growth in SEs.

) Neutron depth profiling. Adapted with permission from Han et al.*”

(A

(B) Nuclear magnetic resonance.

(C) Synchrotron X-ray tomography. Copyright, Synchrotron SOLEIL/J.F. Santarelli.
(D) In situ microscopy.

(E) Electrochemical.

stripping voltage or overpotential can also reflect the interface information. In the
otherhand, EIS is a convenient technique without side influence that has been widely
applied to investigate Li ion batteries. EIS can provide valuable information about
the interfaces at electrode|SE and Li ion diffusion kinetics.

Figure 15A shows the polarization profiles of the symmetric cell at different current
densities, where the abrupt drop of voltage to approximately OV indicates the short
circuit due to dendrite growth.*? As a result, the corresponding EIS before and after
cycling characterizes this process. Before cycling, the symmetric cell exhibits a
typical Nyquist plot, which consists of two semicircular features. The semicircle at
high frequencies (7 MHz to 100 kHz) was attributed to the ohmic resistance
of LLZO, and the one at low frequencies (100 kHz to 1 Hz) is consistent with
charge-transfer resistance. In contrast, after cycling the Nyquist plot appeared at
the fourth quadrant, which was consistent with an electronic short circuit exhibiting
inductance.

It should be noted that, even if the cell has been in short, the cell voltage may not
drop down to OV as the result of “hard short,” which is defined as “soft short.” Some-
times it is not easy to diagnose whether the cell is in “soft short,” and the stable
voltage profiles are regarded as a behavior of stabilized Li metal. As reported by

Copyright 2019, Springer Nature.
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Figure 15. Electrochemical Impedance Spectroscopy and In Situ Observation via Scanning Electron Microscopy and Optical Microscopy

(A) Electrochemical studies of the symmetric cell via electrochemical impedance spectroscopy (EIS). (a-1) Galvanostatic cycling (the inset shows the last
two cycles). (a-2) Nyquist plots before and after cycling Adapted with permission from Cheng et al.*” Copyright 2017, Elsevier Inc..

(B) Nyquist plots for the all-solid-state full cell with LiCoO,. Adapted with permission from Zhang et al.'** Copyright 2017, American Chemical Society.
(C) In situ SEM observation of Li deposition in all-solid-state cell. (c-1) Specially designed all-solid electrochemical cell for in situ SEM observation.
Sequential SEM images with intervals of 5 min during Li electrodeposition are shown in (c-2) to (c-8). Adapted with permission from Motoyama et al.'?*
Copyright 2015, IOP Publishing Ltd.

(D) In situ observation of all-solid-state full cell through optical microscopy. Schematics of traditional Li-free battery (d-1) and modified “anode-free” Li
ion battery with a LIPON-LIPON interface extending from the Cu current collector (d-2). (d-3) Photos of the Li deposition progress between two Cu
electrodes. (d-4) Charge-discharge profiles of the full cell corresponding to the optical photos. Adapted with permission from Westover et al.'*
Copyright 2019, American Chemical Society.

Albertus etal., a limited Li amount (<30 um) can help identify the “soft short” by a full
strip method, whereby the rise of potential when Li in one electrode was fully
removed could prove the absence of “soft short.”' Meanwhile, the measurement
of activation energy for the electronic conductivity, EIS, and open-circuit voltage

of the full cell are suggested to check for “soft short.”

For the full cell, the EIS contained more information, including the interfacial pro-
cesses in both anode and cathode. As shown in Figure 15B, Zhang et al. systemati-
cally studied the interfacial processes in ASLBs."?” There were two obvious semicir-
cles located in the mid-frequency region (1 kHz to 100 Hz) and low-frequency region
(~1Hz). At the high-frequency region (>1 MHz), the interception of 15 Q represented
the bulk resistance of the solid electrolyte (Rsg buik), Which corresponds well with the
thickness of roughly 590 pm and conductivity of 5 mS cm™". In addition, the small
resistance (RHF = 2 Q) observed at around 518 kHz was attributed to the grain
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boundary resistance in cold-pressed SE. The semicircle in the low-frequency region
(RLF) was concluded to be the interface between the negative electrode and the SE.
The semicircle in mid-frequency (Rug) was assigned to the charge-transfer resis-
tances and the electronic properties of the active material in cathode. The Warburg
region was observed at very low frequency, which can be attributed to the Li* diffu-
sion in cathode material.

In Situ Observation via Scanning Electron Microscopy and Optical Microscopy
Direct observation of the dendrite growth process inside the SE is essential for
understanding dendrite formation and growth. Compared with the mostly
applied ex situ investigation using SEM and optical microscopy, the in situ obser-
vation was more challenging due to high sensitivity of Li and invisibility of SEs.
Therefore, special homemade cell designs and sample preparation were de-
manded for in situ observation of the dendrite growth process.

Figure 15C displays a cell design for in situ SEM experiments.'”® The
LisxsyAlLTio_SiyP3_,Oq, sheet was coated with a 2.5-um-thick LiPON layer
on both sides. Thereafter, Cu with thickness of 30-90 nm and diameter of
5 mm was deposited on the top of the LiPON to work as the current collector.
The bottom of the LIPON was coated with a several-micrometer-thick Li film of
diameter 9 mm. Finally, the layered structure was sandwiched by Cu and brass
plates, with a viewport of diameter 3 mm in the center of the Cu plate. Under
galvanostatic conditions, electrodeposition and dissolution of Li was performed
and observed in situ through the viewport. As the deposition progressed,
numerous small bumps with diameters of 1-2 pm gradually appeared and
grew. The small bumps eventually broke the Cu layer and formed rods to pene-
trate the cracks.

Westover et al. designed a modified "anode-free” Li ion battery and observed
branched tree-like structures of Li inside LiPON, as shown in Figure 15D."**
The deposition of Li was observable because LIiPON was optically transparent.
Replacing the continuous Cu electrode in a traditional thin-film battery with foot-
print-type Cu current collector allowed the detection of the LiPON-LiPON inter-
face between Cu. As the battery cycled, the Li layer extended as a branched
tree-like morphology between two Cu electrodes. In the final cycle, a gradual
drop in the voltage profile was observed. At this stage, one aggregate extended
from the original Cu finger and touched the second Cu finger. The different state
of charge caused the change in voltage profile.

Neutron Depth Profiling (NDP)

NDP, a non-destructive neutron analytical technique, is an advanced and powerful
characterization approach to study batteries because of its high sensitivity to light
elements. Specifically, it can quantitatively measure the Li distribution and observe
in situ the dynamic evolution of Li concentration in LIBs. NDP thus represents an
effective approach to study dendrite growth in SEs.

Wang et al. applied in situ NDP to monitor the Li plating-stripping behavior at
garnet-electrode interfaces, as shown in Figure 16A'?> where the setup for in situ
NDP is illustrated. As the neutron beam entered the chamber and reacted with
the sample, *H and « particles were generated and detected by the Si detector. Ex-
tra heating at 90°C was applied to ensure that detectable amounts of Li transferred
during short time spans. The cell structures were of the Li|garnet|Li symmetric and Li|
garnet|carbon nanotube asymmetric types, whereby the in situ NDP provided
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Figure 16. Neutron Depth Profiling, Synchrotron X-ray Tomography, and Nuclear Magnetic Resonance to Characterize the Evolution of Metallic Li
Inside the SE

(A) In situ neutron depth profiling (NDP) measurement to monitor the Li plating and stripping behavior near electrode-electrolyte interface. Schematics
illustrating the setup (a-1) and cell configuration (a-2) for NDP measurement. (a-3) Voltage profiles (blue), charge curve (green), and the integrated NDP
count curve (red) of the symmetric cell at the “dynamic short circuit” stages Adapted with permission from Wang et al.'?® Copyright 2017, American
Chemical Society..

(B) Synchrotron X-ray tomography for probing the evolution of submicron microstructure in dense SE during Li deposition. (b-1) Schematic of the
synchrotron X-ray tomography setup. The beam energy and experiment setup are important. Images of garnet electrolytes show the attenuated X-rays
under monochromatic beam (b-2) and well-identified pore phase and ceramic phase under high-energy white beam (b-3). Adapted with permission
from Shen et al.*’ Copyright 2018, American Chemical Society.

(C) In operando X-ray tomography to three-dimensionally visualize Li anodes with SE. (c-1) Schematic and image of the cell for in operando observation
through synchrotron X-ray tomography method. X-ray tomography reconstructions of Li|L3PS4/Li structures after 0 (c-2), 2 (c-3), and 5 (c-4) cycles.
Zoomed view of the selected region in (c-2) and (c-4) are shown in (c-6) and (c-7), respectively. Adapted with permission from Seitzman et al.'?¢
Copyright 2018, IOP Publishing Ltd.

(D) Li magic-angle spinning nuclear magnetic resonance spectra of pristine and dendrite-grown SE amplified 1-fold (d-1), 100-fold (d-2), and 1,000-fold
(d-3). The signal at 264 ppm represents the existence of metallic Li. Adapted with permission from Tsai et al.”® Copyright 2016, American Chemical
Society.

abundant information on the Li ion transport behavior. In Lilgarnet|Li cell, once the
dendrite formed inside the garnet the NDP curve responded prior to the voltage
profile. The accumulation of Li caused an increment in NDP counts, which well pre-
dicted dendrite growth and failure of the cell. With this technique, Han et al. re-
ported the real-time visualization of Li dendrites in different SEs with in operando
NDP to reveal the direct deposition of Li inside the SCE."”

32 Matter 2, 1-38, June 3, 2020




Characterizations, Matter (2020), https://doi.org/10.1016/j.matt.2020.03.015

Please cite this article in press as: Cao et al., Lithium Dendrite in All-Solid-State Batteries: Growth Mechanisms, Suppression Strategies, and

Matter

Synchrotron X-Ray Tomography

X-ray-based techniques such as EDS, XPS, and XRD have been widely applied in mate-
rials characterization. However, the light weight of Li makes it very difficult to apply
these approaches to directly characterize Li with SEs. The most available techniques
for imaging Li dendrites inside SEs are ex situ SEM and optical microscopy. Even with
high-energy X-rays, it is difficult to achieve good phase contrast between metallic Li
and SCEs.

Shen et al. applied synchrotron X-ray tomography to probe in situ the submicron
microstructural change and track the failure mechanisms in SE.*” The intensity of
X-rays exponentially dropped after passing through a sample, where the beam en-
ergy and sample thickness greatly affected the transmission and image contrast. As
shown in Figure 16B, synchrotron sources allowed a near-continuous selection of
monochromatic beam energies and a polychromatic white beam with a broad-
band energy spectrum. The heavy Z-elements in thick LLZO blocked low-energy
beams such as the 35-keV monochromatic beam. However, the beam with higher en-
ergy (>40 keV) distinguished the dense ceramic part (high attenuation coefficient)
from the void and Li metal region (low attenuation coefficient). The polychromatic
beam ensured good contrast between the SE and void (Li metal). In the meantime,
Seitzman et al. designed an in situ sample holder to observe the microstructural evo-
lution of LizPS4 when matched with Li anode using high-resolution synchrotron X-ray
sources (Figure 16C)."?® The cell was designed to avoid X-ray absorption by the sam-
ple holder and provided abundant in operando tomographic data. As the cell
cycled, the apparent diminishing thickness of the Li foil was well revealed through
the X-ray tomography reconstructions.

Nuclear Magnetic Resonance (NMR)

NMR is another powerful technique that can be used to identify metallic Li inside the
SE. Tsai et al. applied ’Li magic-angle spinning NMR to check the Li signals in Ta-
substituted Li;La3Zr,O, fabricated with hot pressing (HP-LLZ:Ta) before and after
shorting, as shown in Figure 16D.*° Obviously, all of the spectra showed a strong
"Li signal located at a chemical shift of 0.6 ppm, which is attributed to the Li ions
in SE. However, upon amplifying the spectra 1,000-fold, there is a ’Li signal
observed at 264 ppm in the dendrite-containing sample but not in the pristine sam-
ple. This high positive shift for ’Li showed the presence of metallic Li, which verified
the presence of dendrites inside the SE. Zheng et al. also applied high-resolution
solid-state Li NMR to investigate Li ion transport behavior in an SCE.'?’ By
comparing the éLi spectra of the SCE before and after cycling, different Li ion-diffu-
sion pathways were proposed and studied.

SUMMARY AND OUTLOOK

Driven by the increasing demand for energy worldwide, the goal of this review is to
summarize dendrite growth in Li metal anodes in solid-state batteries to achieve
higher-energy, higher-power, safer, and more reliable batteries. Li dendrite forma-
tion mechanisms in polymer and inorganic solid ceramic or glass electrolytes were
systematically summarized, and Li dendrite suppression strategies and characteriza-
tion of the Li metal anode were discussed in depth. In solid-state batteries, Li den-
drites can grow for various reasons including the uneven contact between the elec-
trolyte and Li metal interface, defects, grain boundaries, voids within the electrolyte,
space charge, and electrical conductivity of the electrolyte. Correspondingly, the
interface stabilization layers, structural design of anode and electrolyte, and chem-
ical modification of the electrolyte and anode have been employed to stabilize the Li
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metal. Furthermore, ex situ, in situ, and in operando methods, such as EIS, SEM, op-
tical microscopy, synchrotron X-ray tomography, NDP, and NMR have been used to
characterize the metal anode. This review thus represents a timely and important
guide for the development and commercialization of safe and high-energy-density
solid-state batteries.

For the future, there are other significant challenges to address in order to use Li
metal as an anode in all-solid-state batteries. Here we make some suggestions solely
for the study of Li metal when matching with SEs. (1) Standard Coulombic efficiency
characterization, more powerful in situ characterization techniques, a limited amount
of Li, identification of “soft short” at an early stage, and thinner electrolyte are sug-
gested for the evaluation of dendrite suppression. (2) Current Li metal protection ap-
proaches are mostly tested at present within coin cells. Itis of practical importance to
test the Li metal stabilization in a larger cell, such as a pouch cell. (3) A stable and
functional artificial interphase layer between SE and Li metal is critical. (4) Computa-
tional simulation plays an increasingly significant role in searching for novel electro-
lyte candidates, assisting the experimenter to obtain deeper understanding and
prediction of performance. A fundamental understanding at multiple scales through
computation, especially with interface layers, can guide improvements in Li metal
anode design and interface stabilization, and eventually lead to the commercial
manufacture of Li metal anodes in ASLBs.

Even though the solid-state electrolyte has not addressed the dendrite issue as suc-
cessfully as expected thus far, all of the studies mentioned herein can lead to deeper
understanding and provide strategies to stabilize the Li metal anode. The combina-
tion of Li metal anode and solid-state electrolyte remains a potential strategy to
achieve a safe, high-performance, and low-cost energy-storage system in the future.
At present, among the various aforementioned strategies, compositing ceramic or
glass electrolyte with polymer hybrid and introducing an artificial interface stabiliza-
tion layer between Li and electrolyte are the mostly common and promising
methods. In the future, the mechanisms of dendrite growth in SEs need to be further
investigated and understood before more practical and scalable strategies can pave
the new paths to address the dendrite issue.
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