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ABSTRACT: Solid-state electrolytes (SSEs) are widely considered as an
“enabler” to inhibit dendrite growth of lithium-metal anodes for high-energy
and highly safe next-generation batteries. However, recent studies demonstrated
that lithium dendrites form in working SSEs. Theoretically, dendrite inhibition
can be achieved in perfect SSEs without any defects, while dendrite growth is
extensively observed in practical SSEs with poor interface stability, large grain
boundaries, voids, and partial electronic conductivity. In this Review, dendrite
growth behaviors in SSEs, including polymer and inorganic electrolytes, are
comprehensively summarized. The observed dendrite morphology in these SSEs,
possible formation mechanisms, and some solutions are analyzed. Clear
perspectives and some suggestions are also presented for the further development
of SSEs in lithium-metal batteries. This Review intends to shed fresh light on the
understanding of dendrite growth in SSEs and the rational design of the

architecture and materials for SSEs matching the lithium-metal anode.

electronic devices and electric vehicles. Next-generation

intelligent electronic devices and long-range electric
vehicles, however, call for advanced battery systems with higher
energy density and safety as well as a longer lifespan. Compared
to the graphite anode in commercial LIBs, lithium (Li) metal
anode, as the “holy grail” electrode, exhibits an ultrahigh
theoretical specific capacity (3860 mAh g™') and the lowest
electrochemical potential (—3.04 V vs the standard hydrogen
electrode, graphite anode: 372 mAh g~' and 0.1 V)."”
Therefore, a higher energy density can be achieved by the
multiplication of capacity and voltage when the Li-metal anode
is adopted into a practical battery. However, Li-metal batteries
(LMBs) have been long forsaken for use in practical devices
because of uncontrollable dendrite growth during repeated
cycles, leading to reduced Coulombic efficiency, rapid capacity
decay, poor lifespan, and severe safety hazards.’

The advances in electrode and electrolyte innovations
facilitated by nanoscience and nanotechnology currently offer
emerging opportunities to protect the Li-metal anode, such as
composite Li electrode, artificial interfacial film, highly
concentrated electrolyte (including local high-concentration
electrolyte), solid-state electrolyte (SSE), membrane coating,

¢.¥> Among them, a solid-state electrolyte with a high shear
modulus is considered as an effective “enabler” to inhibit
dendrite grow‘ch.(’_9 In materials science, shear modulus, as one

I ithium-ion batteries (LIBs) have revolutionized portable
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of several quantities for measuring the stiffness of materials, is
defined as the ratio of shear stress to the shear strain.
Additionally, the features of nonflammability, nonleakage, and
high-oxidation voltage as well as low reduction voltage render
SSE a promising choice to boost the high-energy-density and
safety performance of cells."”~'* Therefore, SSE is strongly
believed to be the ultimate remedy to solve the dendrite growth
issues for the development of high-energy-density and highly
safe LMBs (Figure 1a).

However, things did not work out the way researchers
predicted. The shear modulus criterion proposed by Monroe
and Newman is intended only for polymer electrolytes and SSE
systems without any inhomogeneities or defects. Dendrites are
extensively observed in the SSE systems at the interface or along
grain boundaries (GBs), voids, and other soft parts of SSEs
(Figure 1b), even at a smaller current and capacity relative to the
nonaqueous liquid electrolytes.">™"” The critical current
density, at which the short-circuit occurs by dendrite piercing,
is 0.05—0.9 mA cm™> for Li;La;Zr,0;, (LLZO) and 0.4—1.0 mA
cm™2 for Li,S—P,Ss, whereas it reaches 3—10 mA cm™ for
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Figure 1. (a) Perfect SSEs without any defects are predicted to
inhibit dendrite growth. (b) Inhomogeneous dendritic deposition is
observed in practical SSEs.
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nonaqueous electrolytes at room temperature.”> Seemingly, if
the testing current density is larger than the critical current
density of the SSE, short circuit induced by dendrite growth
occurs more easily in SSE systems with inhomogeneities and
defects compared to their liquid counterparts, contradicting the
prevailing view that dendrites can be inhibited by SSEs with Li-
ion transference number approaching 1.0 and shear modulus
twice greater than that of Li metal (Figure 2a)."*7*! The detailed

20 unt

Figure 2. (a) Optical micrograph showing Li dendrites growing
along lithium phosphorus oxynitride (LiPON) interface between
two Cu current collectors. (Reprinted from ref 19. Copyright 2019
American Chemical Society.) (b) Scanning electron microscopy
(SEM) image of a dendrite, just after it has crossed the polymer
electrolyte. (Reprinted with permission from ref 37. Copyright 2002
Electrochemical Society.)

mechanism for dendrite formation in SSEs is not fully
understood yet.”> Nevertheless, it is clear that there are distinct
mechanism differences for dendrite growth between SSEs and
liquid electrolytes.”>** Hypotheses are proposed to illustrate the
counterintuitive dendrite growth in SSEs, such as small packing
density, low ionic conductivity at the GBs, tiny electronic
conductivity of bulk electrolytes, random surface and bulk
defects formed during SSE preparation, soft parts in the
composite SSEs, and poor solid—solid interfacial contact
between SSEs and Li metal”® The observation of Li-metal
penetration through SSEs indicates that a huge gap exists in
revealing the relations between structural/chemical/mechanical
evolution of SSE interfaces and the electrochemistry of the Li-
metal anode.”®*” Deeply understanding the dendrite growth
behaviors in SSEs is critically significant to realize a dendrite-free
LMB with SSEs.”**’

In this Review, we summarize the dendrite growth behaviors
in the polymer and inorganic SSEs. The observed dendrite
growth in these SSEs, the possible mechanisms, and some
solutions to suppress dendrite growth are analyzed. The clear
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Seemingly, short circuit induced by Li
dendrites is more easily formed in SSE
systems compared to their liquid
counterparts, contradicting the pre-
vailing view of dendrites that can be
inhibited by SSEs with Li-ion trans-
ference number approaching 1.0 and
shear modulus twice greater than that
of Li metal.

perspectives and some suggested directions are also provided for
the further development of SSEs in LMBs.

Polymer Electrolytes. Polymer electrolytes possess intermedi-
ate features between inorganic and nonaqueous electrolytes.*’
For instance, polymer electrolytes exhibit a high mechanical
modulus relative to nonaqueous electrolytes and a superior
flexibility compared with fragile inorganic electrolytes. These
features render polymer electrolytes as potential candidates for
practical applications in electric products.’** The demon-
stration of polymer electrolytes has been well manifested by an
electric vehicle, Autolibs, in which the power source is provided
by an LMB with a polymeric blend electrolyte composed of
poly(ethylene oxide) (PEO)/lithium bis-
(trifluoromethanesulfonyl)imide (LiTESI).'® The polymer
electrolyte in this product has to work at a temperature of
40—70 °C to render a high ionic conductivity and uniform Li
deposition—dissolution morphology.

Polymer electrolytes are actually unable to completely inhibit
the dendrite growth because of their relatively low modulus.”’
For instance, the elastic modulus of a PEO-based electrolyte is
approximately 2—3 orders of magnitude less than that of metallic
Li.”’ Besides, most polymer electrolytes need to be operated at
elevated temperatures to enhance their low room-temperature
ionic conductivity. This further reduces their elastic stiffness and
increases the tendency of dendrite piercing through SSEs.™*

Li dendrite growth from metallic Li anode can easily penetrate
the soft polymer electrolytes because of their relatively low
modulus, leading to cell short circuit and battery failure.”> Even
at a current density as low as SO yA cm™? short-circuiting
behavior occurs in the PEO/LIiTFSI electrolyte after 38 h of
polarizing.36 Dollé and co-workers in situ observed Li polymer
batteries by scanning electron microscopy. A Li morphology
evolution from mossy to dendritic deposition with the increasing
current density was confirmed. The dendrites grew outside the
polymer and pushed away the Li and the polymer, giving rise to a
complete delamination between the electrode and the polymer
electrolyte at specific spots, consequently deteriorating the cell
performance (Figure 2b).*”

Local surface inhomogeneities in SSEs play a critical role in
the dendric Li plating in Li/polymer batteries.*®>® The impurity
particles prelocated at the Li/SSE interface cause the irregular Li
deposition (Figure 3).”” The impurities are rich in oxygen and
electronically insulating, preventing the direct reduction of Li
metal on top of them. Instead, Li nucleation and plating are
localized at the corner of the impurities because of the increasing
local conductivity (Figure 3a). On the other hand, the
inhomogeneous Li deposition leads to the generation of voids
on the top of the impurities (Figure 3b). The Li/electrolyte
interface near the impurities moves upward as the cycling
continues, leaving behind the impurity particles at its original
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Figure 3. Schematic illustrating the mechanism for (a) Li nucleation
and growth at the edge of the impurity particle in a block copolymer
electrolyte and (b) the generation of voids on the top of impurities.
(Reprinted with permission from ref 39. Copyright 2015 Electro-
chemical Society.)

location. The degradation of polymer electrolytes caused by the
side reactions on top of these impurities separates electrolytes
from impurity surface, therefore forming a void between them.
The generated voids near the Li/electrolyte interface will in turn
aggravate the growth of Li dendrites as discussed later.

Zaghib and co-workers conducted the morphological and
chemical analyses of the dendrites in all-solid Li-metal batteries
with polyether-based polymer electrolytes and LiTFSI salts.*
Two morphologies of mossy (Figure 4a) and hollow needles

Figure 4. Dendrite growth in a Li-metal battery with polyether-based
polymer electrolytes. (Reprinted from ref 40. Copyright 2018
American Chemcial Society.) Dendrites observed in situ with (a)
mossy and (b and c) hollow needle morphology.

(Figure 4b, c) were observed. Notably, the dendrites herein are
composed of Li,C,, Li,O, and Li,C,O, rather than pure metallic
Li as universally recognized. The carbide nature of the dendrites
presents greater hardness than that of pure Li, thus showing the
ability to perforate through the polymer electrolyte. However,
this phenomenon is less observed in other literature. These
products may be highly system-dependent and do not
necessarily represent the general composition of all Li dendrites
in SSEs. The mechanism for the formation of hollow needles was
also proposed: consumption of Li,C, in the initially formed
dendrites by oxygen and carbon artifacts and CO, degassing of
the polymer during cycling.

Li dendrite growth from the metallic Li
anode can easily penetrate soft poly-
mer electrolytes because of their
relatively low modulus, leading to cell
short circuit and battery failure.
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Theoretical models have also been presented to evaluate the
susceptibility of Li infiltration through polymer SSEs. A kinetic
model was proposed incorporating the effects of surface tension
and stresses at the interface to derive general criteria for stable Li
deposition at solid—solid interfaces.”’ Two separate stable
deposition regions in the stability diagram are depicted with
different stability mechanisms: pressure-driven in SSEs with a
high molar volume ratio and density-driven stability in SSEs with
alow molar volume ratio. SSEs with a combination of high (low)
molar volume and high (low) shear modulus are required for
stable electrodeposition. However, polymer electrolytes gen-
erally have a high molar volume ratio but lower shear modulus
than the critical value, leading to unstable Li deposition. As a
result, material re-engineering at the working interfaces is
strongly desired for stable Li deposition.

The propensity of dendrite growth during electrodeposition
in polymer- based batteries is strongly related to the applied
current density.”” A cation concentration gradient will be
generated in the vicinity of Li anode surfaces at high current
densities because of poor Li-ion mobility, leading to the
formation of dendric Li deposition. It is critically important to
understand the competition between the dendrite growth
induced by concentration/potential gradient and suppression
rendered by mechanical stress. A phase map was constructed by
Barai et al. to clearly depict the stable deposition regime by
including the shear modulus of the polymer and the applied
current density (Figure 5a).”> The tendency of dendritic
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Figure 5. (a) Phase map depicting the stable Li deposition regime
including the applied current and the shear modulus of polymer
electrolyte. (Reprinted with permission from ref 43. Copyright 2017
Royal Society of Chemistry.) (b) Feature of observed Li protrusions
with respect to the current density (i). (Reprinted from ref 44.
Copyright 2018 American Chemical Society.)

deposition is determined by the actual current density, while
high shear modulus of electrolytes results in operating the cell at
a higher current without the rise of growing dendrites. The roles
of the increased elastic modulus are summarized as follows: (i)
Higher compressive stress results in decreased exchange current
density in the tips relative to that in the valley. (ii) If the
electrolyte has a high shear modulus (Ggectrolyte > 107> Githium)s
the height of the dendritic tips can be largely reduced because of
the plastic deformation of metallic Li. Besides, the yield
strengths of the polymer electrolyte and metallic Li anode
severely affect dendrite propagation as well. The yield strength is
defined as the stress at which a predetermined amount of
permanent deformation occurs. The dendritic tips can be
effectively stabilized by enhancing the electrolyte’s yield
strength, even when the polymer holds an elastic modulus 2
orders of magnitude less than that of metallic Li.

Maslyn et al. experimentally obtained the current density at
which the nonplanar electrodeposition initiates in symmetric
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Li—polymer—Li cells using the synchrotron X-ray tomography
technique (Figure 5b).** The experimentally observed onset
current density for nonuniform Li growth is around 20 times
lower than the theoretical prediction values reported by Barai et
al.*® This is mainly induced by the presence of impurities in the
current Li electrode, which act as the nucleation sites for the
inhomogeneous Li deposition. The feature of deposited Li metal
depends on the applied current density. Stable Li deposition
without any dendrites can be achieved at a low current density
below 0.04 mA cm™ (yellow area). Globular protrusions are
observed with increased current densities ( green area, 0.08 <i <
0.32 mA cm™?). Both globular and dendritic deposits are
achieved (blue area) at a high current density of 0.64 mA cm ™.

PEO-based polymer is one of the most frequently adopted
polymer electrolytes because of its outstanding compatibility
with lithium salts, high ionic conductivity, and good electro-
chemical stability.”> The addition of inorganic fillers, organic
compounds with low molecular weight, and cross-linked
electrolytes is developed to improve the Li dendrite growth
resistance in the PEO-based polymer electrolyte.** ™ Some
novel polymer electrolg‘(es,47 interface coating,*” single-ion solid
polymer electrolytes,” etc. are also proposed. As the polymer
electrolytes especially at a high temperature indicate features
similar to those of the nonaqueous electrolyte, some strategies to
inhibit dendrite growth in the nonaqueous electrolytes can be
implemented in the polymer electrolyte systems.

Inorganic Electrolytes. Inorganic SSEs with a high mechanical
strength and compactness are expected to inhibit the Li dendrite
penetration through them.”' Unfortunately, contrary to the
general understanding, recent reports have indicated that Li
dendrites form easily in inorganic SSEs.>* Even worse, short
circuit initiates at a much lower current or cycling capacitz in
inorganic SSEs relative to liquid or polymer electrolytes.”*
The faster dendrite formation in inorganic SSEs is aggravated by
two factors: (i) increased electric driving force due to the larger
curvature at dendrite tips because it extends in the limited spaces
in the SSEs (such as GBs, defects, voids, etc.)** and (ii) less
dendrite consumption resulting from the good chemical
compatibility and unity transference number of ceramic SSEs.>

On the basis of the kinetic model proposed by Ahmad and
Viswanathan, the SSEs for stable Li deposition require a
combination of high (low) molar volume and high (low) shear
modulus.*' However, typical inorganic SSEs usually have a low
molar volume ratio but a higher shear modulus than the critical
one, which do not satisfy the criteria and result in unstable Li
deposition. GBs in inorganic SSEs are confirmed as the
preferential sites for Li dendrite growth considering their
softening elastic property and low ionic conductivity compared
to the bulk.>**° Chiang and colleagues suggested an electro-
chemomechanical model of Li filled in the preexisted defects to
explain the observed Li infiltration through the single crystals.””
In addition, the partial electronic conductivity of SSEs was
considered as the origin for Li nucleation within the SSEs.">>*>’
Furthermore, the high chemical stability and ionic transference
number of inorganic SSEs result in less consumption of Li
dendrites during cycling.”® Therefore, dendrites are gravely
aggravated and short circuit the cells at low capacities.”® These
results can present novel insights into SSE designs in high-
energy-density and safe battery systems. In the following section,
the forming scenarios of dendrite growth induced by poor
wettability and unstable electrode/electrolyte interface, grain
boundary, void, and electronic conductivity of SSEs are
introduced comprehensively.
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Dendrite growth in inorganic SSEs can
be induced by poor wettability and
unstable electrode/electrolyte inter-
face, grain boundaries, voids, and the
electronic conductivity of SSEs.

Many ceramic electrolytes, such as LLZO, have surface
contaminants, including LiOH, Li,CO;, etc.’”°" The Li-ion
diffusion rate in these contaminants is much slower compared to
that in ceramic electrolytes. Li ions are forced to diffuse away
from areas containing impurities and centralize on the confined
contact points at the Li/SSE interface. Therefore, the focusing
current at these points leads to inhomogeneous distribution and
deposition of Li, which eventually exacerbates the penetration of
metallic dendrites into the SSEs (Figure 6a).”° In this case,

a Poor wetting b ; ;

( ) at LUSE interface ( ) Soft grain boundaries
Initial stages

of Li plating

Current
focusing

Li accommodation
at grain boundaries

3

Final structure

Li penetrates SE
at contact points

Li penetrates SE along
grain boundaries

Figure 6. Potential microstructural contributions to dendritic Li
deposition in SSEs. (Reprinted from ref 55. Copyright 2018
American Chemical Society.) (a) The presence of surface
contaminants leads to the current focusing in SSEs. (b) Li
preferentially accumulates in the softer regions close to the
electrode/GB junction.

cleaning the surface of SSEs” and coating with lithiophlic
materials on SSE surface® are demonstrated to be effective in
delaying the onset of Li infiltration even at a higher current
density.

The GB is another site in inorganic SSEs for Li dendrite
propagation. Significant softening in elastic properties near the
GBs is proposed as the origin for dendrite growth in these sites
(Figure 6b).>° The variations in atomic structure and density in
the vicinity of the GB plane lead to the decrease in the elastic
modulus in this area.”> Molecular dynamics simulations reveal
that the shear modulus at GBs can be as high as 50% lower than
that in the bulk regions. This inhomogeneous elastic property
leads to deposited Li atom accumulation in softer regions near
electrode/GB junctions during Li plating.26’64 Consequently,
locally stronger electric fields will be generated in the resulting Li
protrusions, becoming the “hot spots” for the subsequent Li
deposition. Consequently, the counterintuitive observation that
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soft Li metal penetrates ostensibly stiff inorganic SSEs could be
rationalized by the existing GB “soft spots”.

Another driving force for Li dendrite growing along the GBs is
the gap in the ionic conductivity between bulk and GB regions in
SSEs. The bottleneck for achieving a high ionic conductivity in
SSEs frequently lies in the significantly lower GB conductivity
compared to the bulk (Figure 7a).****~% Molecular dynamics

T(C Y
(a)1 ,600400 200 0 0 (b)"
. o Buk -
R | e O Grain boundary
B10%f LLTO® ® :
>
S10° o °\
© ] o Qc!h})ﬁ‘ |
éw"r LISICON o % 1
S5 ) o Se
010 r o o 1
PP oe L]
S107F ° e 1
:
10 : .
1000/T (1/K)
(c) .
Li metal
Li metal Li metal

Figure 7. (a) Ionic conductivities at bulk and grain-boundary
regions with respect to temperature in Lij3,Lag 5, TiO, 4, (LLTO)
and Li,,,,Zn,;_,GeO, (LISICON, «x = 0.55). (Reprinted from ref 56.
Copyright 2016 American Chemical Society.) (b) SEM image
showing web-structure Li-metal plating along the GBs in the bulk
LLZO.%* Schematic of Li metal (c) transgranular and (d)
intergranular plating in polycrystalline LLZO SSEs. (Reprinted
with permission from ref 64. Copyright 2017 Elsevier.)

simulations predict that Li-ion mobility through the GBs is
largely reduced, and Li-ion migration activation energy for all
GBs is consistently higher relative to the bulk SSEs.”>** Ma et al.
experimentally unraveled the atomic-scale reason for the low GB
conductivity in (LisLa,/;_,)TiO;. A severe structural and
chemical deviation is discovered at the GBs consisting of a Ti—O
binary phase with a thickness of 2—3 unit cells. Such a structure
is not favorable for Li* storage and transport, leading to the high
GB resistance. This results in Li dendrites 7preferentially
propagating along the GBs (Figure 7b—d).*”" Processing
SSEs to achieve a high fraction of low energy and compact
boundaries can efficiently modify the GB conductivity and
regulate dendrite growth behaviors. For example, modifying the
SSEs by element doping,'””"”* carbon posttreatment,””
sintering,74 and hot-pressing,75 as well as directly modifying
the GBs with Li,CO;/LiOH % and additional Li,77 can improve
the GB conductivity and the critical current density of SSEs.
Preexisting voids and cracks in inorganic SSEs or near the Li/
SSE interface are also suspicious spots for the formation of Li
dendrites. In an all-solid-state LMB with inorganic SSEs, a crack
or void in the SSE near the Li-metal electrode can be easily
penetrated by Li deposition because of the electric field
amplification, inevitably forming dendrites in these sites.”®”?
Further insertion of Li into the cracks accompanies the
generation of pressure in SSEs (Figure 8)." The pressure in
the cracks increases very rapidly, reaching up to 1 GPa within
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Propagation along
pre-existing defect

Propagation of Li dendrite

Figure 8. Schematic of Li growth at the preexisting interfacial defects
(Griffith flaw: a crack that propagates when the reduction in
potential energy that occurs due to crack growth is greater than or
equal to the increase in surface energy due to the creation of new
free surfaces) in SSEs and propagation of lithium along the
preexisted defects. Blue arrows represent the electric field lines, and
red arrows show the undesired Li-metal growth into the bulk.
(Reprinted with permission from ref 1. Copyright 2017 Electro-
chemical Society.)

seconds even at normal charging rates. The high pressure will in
turn promote the propagation of cracks and release the pressure
in the crack. However, the high pressure will be rebuilt rapidly in
the longer crack, resulting in further crack extension. This
process repeats until the crack reaches the cathode, finally short-
circuiting the battery.*’

Voids formed in Li metal near the electrolyte/electrode
interface during cell operation are also propagation sites for Li
dendrites. When Li metal is stripped above the critical current at
which Li removal rate exceeds that at which the Li can be
replenished, voids form in the Li anode near the interface. In
addition, the stripping process first occurs to the Li-metal anode
when it matches a Li-free cathode, such as sulfur and oxygen. In
this case, voids form on the Li metal close to the interface
initially and accumulate in the following cycles.*' Li plating
initiates at the interface where Li metal contacts the SSEs to
obtain Li ions and electrons simultaneously and then grows
unhindered along the voids. Therefore, Li deposition preferen-
tially occurs at the triple point where Li metal, SSE, and voids
meet.”” Irreversible pulverization of Li metal resulting from
extended and interconnected cracks after long cycles further
exacerbates the propagation of dendrites.*” Additionally, voids
near the interface deteriorate the interfacial contact between
SSE and Li metal and elevate the local plating current density,
leadin§ to the formation of dendrites in the pregenerated
voids.”

It is important to reveal the relation between Li dendrite
propagation and microstructure evolution of SSEs. Pylypenko
and co-workers in operando detected the Li dendrite growth in
the voids and the void evolution during repeated cycles in a
symmetric Li/B-Li;PS,/Li cell by synchrotron-based X-ray
tomography (Figure 9).** The expansion of voids as the cycling
proceeds can be observed throughout the whole cell. This
extension in void width resembles crack propagation caused by

https://dx.doi.org/10.1021/acsenergylett.9b02660
ACS Energy Lett. 2020, 5, 833—-843


https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02660?fig=fig8&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.9b02660?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Review

(a) (e)

(b) ®
1 Cycle

() (9)
2 Cycles

(d) (h)
3 Cycles

Figure 9. Synchrotron-based X-ray tomography monitoring void
expansion and Li evolution in a symmetric cell with f-Li;PS, SSEs
cycled at 100 A cm™? at early stages of cycling. (Reprinted with
permission from ref 84. Copyright 2018 Electrochemical Society.)

interactions between Li metal and voids in the f-LiyPS,
electrolyte. As a result, the void expansion can be assigned to
the dendrite growth into the SSE bulk region. The continued
dendrite growth after the void space is occupied will destroy the
grains of f-Li;PS,, further promoting Li dendrite propagation
within the SSE and deteriorating the cell performance.
Therefore, SSEs with connected pore regions aggravate dendrite
growth and short circuit the cell at a lower critical current density
relative to the samples with less interconnected pores.*
Densifying SSEs and homogeneous Li metal/SSE interfaces
with less voids and cracks are necessary to prevent dendrite
growth in inorganic SSE systems.*® Element dopin?g,w’88
interstitial filler,”” and synthesis condition optimization’>*>"°
are effective strategies to densify SSEs (relative density > 99%)
and mitigate the dendrite growth.

Electronic conductivity is also a vital factor to affect the Li
dendrite growth in SSEs.””” The electronic conductivity of
SSEs may give rise to Li-metal growth directly within the bulk of
SSEs, especially within the intrinsic GB/pores of the SSE, rather
than uniaxial growth from the Li/SSE interface to SSE.*” Qi and
colleagues investigated the Li dendrite formation and growth
inside SSEs through a multiscale modeling by integrating density
functional theory calculations and phase field simulations.>””*
The lower band gap at surfaces (pores and cracks) compared to
that in the bulk facilitates electron transport from Li metal to the
surface. The trapped excess electrons on the surfaces allow
isolated Li nucleation and accelerated Li dendrite growth.

Han et al. compared the formation behaviors of Li dendrites in
three representative SSEs (LLZO, LiyPS,, and LiPON) and
found that ionic conductivity is also a possible reason for
dendrite growth in the SSE."> By comparing the relative density,
shear modulus, interfacial resistance, and ionic conductivity of
LLZO and LiPON, they predicted that LLZO should exhibit
dendrite inhibition ability similar to that of LiPON. In fact,
dendrites grow severely in LLZO than in LiPON. Therefore,
some other parameters determine the tendency of dendrite
growth. Instead, the critical current density of SSEs correlates
well with their electronic conductivities. The LLZO and Li,S—
P,Ss present electronic conductivities several orders of
magnitude higher relative to that of LIPON, whereas the former
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two SSEs exhibit much lower critical current densities compared
to LiPON. This is because the high electronic conductivity
renders it easier for Li" to receive electrons and directly generate
Li dendrites within the SSEs. Consequently, the high electronic
conductivity could potentially be the cause of Li dendrite
propagation in these SSEs. Additionally, the homogeneous and
pore-free morphology of LIPON also contributes to its dendrite
suppression capability."” This work provides another direction
in regulating Li-metal growth and indicates the need to lower the
electronic conductivity of SSEs to alleviate dendrite formation.

Unlike ceramic SSEs (such as LLZO, Li;OX (X = Cl, Br),
LiBH,, etc.), another category of SSEs (including Li,P;S;
(LPS), LijgGeP,S;, (LGPS), LijsAly,Ge,4(PO,); (LAGP),
etc.) is not stable against the Li-metal anode.”*™° (Electro)-
chemical reactions occur between the Li-metal anode and these
electrolytes, and the formed solid electrolyte interphase (SEI)
will definitely transform the interfaces and affect the dendrite
growth behaviors in SSEs.”””” LAGP is chemically and
electrochemically active toward Li.”® The chemically formed
interphase between Li metal and LAGP before electrochemical
reactions exhibits a mixed ionic and electronic conductivity with
the electronic conductivity dominating.” This interface strongly
affects the electrical properties, mechanical integrity, and
thermal stability of SSEs. Two possible electrochemical reaction
pathways occur at this mixed-conducting interphase (Figure
10).”” In pathway 1, LAGP is electrochemically reduced at the

Li Pathway 2

Figure 10. Schematic illustrating possible reaction pathways and
nonuniform evolution at Li/LAGP interphase with a mixed-
conducting interphase. (Reprinted from ref 97. Copyright 2019
American Chemical Society.)

LAGP/interphase boundary by obtaining Li ions with electrons
traversing the mixed-conducting interphase. Nonuniform Li
deposition is accelerated through pathway 1 because of the
decrease in the Li* transport distance (d; compared to d,) and
thereby lowering the local ion conduction resistance. This
shortened ion transport length will be amplified at higher
currents because of the overall higher overpotential, resulting in
a severely inhomogeneous plating morphology. Li deposition
also occurs at the Li/LAGP interface as illustrated in pathway 2
(Figure 10). This reduction pathway will not cause the
electrochemical formed interphase. The two pathways are in
competition in this system depending on the operating current
density.”” The desired Li/electrolyte interphase needs to
combine the features of high ionic conductivities, low electronic
conductivities, and high chemical stability to suppress the
formation of Li dendrites and realize stable and safe solid-state
batteries.
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In short, the growth of Li dendrites in SSEs proceeds in two
steps: dendrite nucleation and its subsequent propagation inside
SSEs. The nucleation sites can be at the Li/electrolyte interface
or inside the bulk SSEs depending on the surface chemistry and
electronic conductivity of SSEs as well as the operating current
density/capacity.” Upon nucleation, Li dendrites tend to expand
along the defects inside the SSEs, such as GBs, voids, cracks, etc.
The dendrite growth in SSEs follows different paths in different
SSE systems and current densities/capacities. Once dendrites
grow into a large diameter, they give rise to the concentrated
mechanical stress between Li metal and SSEs, crack propagation,
and even degradation of SSEs. In addition, some very thin and
tiny dendrites grow and short circuit the batteries before they
can be detected. In this case, the main driving force should be the
enhanced local electrical field caused by the larger curvature at
dendrite tips in the limited space of defects in SSEs.

Summary and Outlook. SSEs are receiving great research
interest because of their nonflammability, nonleakage features,
and high-oxidation voltage as well as low reduction voltage,
which are promising for rendering highly safe and high-energy-
density batteries. Their high mechanical modulus compared to
that of nonaqueous electrolytes has the potential to inhibit the
dendrite growth of metallic Li as well. However, when SSEs
match Li metal or other intercalation anodes even at moderate
conditions, dendrite growth is observed between the interface of
SSEs and anode, or inside the SSEs.

Li dendrites form in polymer SSEs because of their relatively
low modulus and surface impurities. Applied current density and
pressure also affect the propensity for dendrite growth. In
inorganic SSEs, dendrite growth can be contributed by the poor
wettability and unstable electrode/electrolyte interface, grain
boundary, void, and electronic conductivity of SSEs. Theoret-
ically, if SSEs are perfect without any defect, dendrites cannot
grow through SSEs, especially the rigid ceramics. However, it is
nearly impossible to obtain a perfect electrolyte. To realize the
large-scale application of fragile ceramic electrolytes, hybridizing
of flexible polymer and rigid ceramic electrolytes is regarded as a
promising route to obtain practical SSEs, where hard and soft
components contribute in the composite SSEs synergetically.46
Apparently, dendrite growth easily occurs in the soft part of the
composite SSE. Therefore, for future research on SSEs matching
Li-metal anode, many more efforts are required to concentrate
on the interfacial and bulk features of SSEs. Some suggested
directions are presented herein.

(1) Detailed mechanisms of dendrite evolution in SSEs.
Fundamental questions on the mechanisms depicting the
dynamic processes of Li nucleation, propagation, interface
migration, and crack evolution in SSE system still remain open.
For example, how do the surface chemistry and interfacial
properties of SSEs affect the dynamic processes of Li dendrite
growth? What is the influence of electric potential distribution at
the dendrite tips and distribution of electronic and ionic
transport channels in SSEs on the dendrite growth? These
remaining questions require further in-depth investigation.

(2) Facile characterization techniques. Powerful and facile
characterization methods to track the detailed and in-depth
interfacial evolution information on SSEs are lacking,'* Because
of the solid feature of SSEs, it is very difficult to in situ/operando
characterize the states of working SSEs. Currently, the
frequently applied tool to track the dendritic Li deposition in
liquid electrolytes is optical and electron microscopy; however,
it cannot provide in-depth information on dendrite growth in
SSEs.'”! Elaborate neutron measurements,">>>"%> X-ray micro-
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tomography techniques,””***>'%* and time-of-flight secondary-

ion mass spectrometry” are always adopted to characterize
SSEs. The operando or in situ microscopy and spectroscopy
measurement techniques with higher spatial—temporal distri-
bution and multidimensional resolution are required to obtain
more detailed information on the working states, including the
morphology and chemistry of interfaces in SSEs.**

(3) Simulation methods. Interfacial stability between Li-metal
anodes and SSEs has been comprehensively investigated by ab
initio molecular dynamics simulations.'” Machine-learning
techniques have also been proposed to computationally screen
SSEs with simultaneous dendrite-suppression capability and
high ionic conductivity.'* Rarely are research works conducted
on the dendrite growth near the interface between SSEs and Li-
metal electrodes and inside the SSEs. Besides molecular
dynamics simulations®>®® and density functional theory
calculations,”” phase field simulations are also required to
collaboratively predict dendrite growth in SSEs.”

(4) Polymer/ceramic composite electrolytes. Recent research
contributions on dendrite growth are mostly conducted in
single-polymer or ceramic systems, while fewer are conducted
on the basis of the polymer/ceramic composite SSE, which is a
quite promising electrolyte system for future practical
applications.'”® Information on structure and component
distribution, ionic conduction paths, and Li deposition behavior
is required for the design of an advanced composite SSE.

(5) Implantation of dendrite-suppression strategies from the
protection of Li-metal anodes. Dendrite growth in the Li-metal
electrodes has been probed deeply. If Li deposits uniformly on
the anode side regulated by the Li-metal anode itself, short
circuit by dendrite permeation will be largely relieved in SSEs.
Li-metal host and nonaqueous electrolyte wetting are promising
methods to regulate Li deposition behaviors. Combinations of
these strategies are helpful to realize dendrite-free deposition
behavior in SSE systems.

Li-metal anode working with SSEs will be one of the ultimate
solutions for the high-energy-density and highly safe battery
systems. Future research efforts in this field need to be
intelligently focused to achieve dendrite-free Li deposition at
the Li/SSE interface and inside SSEs. Exploiting facile tools to
probe the structure and morphology evolution of the interfaces
and SSEs at different time and space scales helps reveal the
relations between SSE features, evolution of morphology
dynamics, and electrochemical performance of the Li-metal
anode. We hope that this Review can shed new light on the deep
understanding of Li dendrite growth in SSE systems. It will also
help in the rational design of the architectures and materials for
SSEs matching Li-metal anodes to open a new chapter in energy
storage systems.
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