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Using lithium as the anode material to achieve high energy density lithium-ion/metal batteries is the
ultimate goal of energy storage technology. A recent development of solid state electrolytes (SSEs) with
high ionic conductivity holds great promise for enabling the practical applications of solid state lithium
metal batteries (SSLMBs), as the high mechanical strength of SSEs can be harnessed to suppress dendrite
growth. However, the application of SSLMBs is hampered by the new multifold problems from the
solid—solid contact to dendrites to deleterious interfacial reactions between lithium and the SSEs. In this
burgeoning field of SSLMBs, it is imperative to understand the fundamental science of these emerging
problems at a very basic level before the application of SSLMBs can be realized. These problems are
inter-related and they arise from the intrinsic physical, chemical, and electro-chemo-mechanical
properties of lithium. We start this review by providing a brief account of the history of lithium, and how
it has evolved from the anode of primary lithium metal batteries to that of liquid electrolyte based
rechargeable batteries and to that of SSE based SSLMBs. We then summarize the literature about the
mechanical properties of bulk lithium, lithium pillars and lithium whiskers. We analyze from an electro-
chemo-mechanical perspective how lithium dendrites penetrate through SSEs and cause short circuits
in SSLMBs. We identify possible strategies to mitigate lithium dendrite propagation through SSEs, and

Received 7th August 2020, summarize our understanding of the lithium reaction with various interfaces, such as Li/Li;LasZr,O1p,
Accepted 23rd November 2020 Li/polyethylene oxide, Li/Na-superionic conductor, and Li/sulfide, with the ultimate goal of developing
DOI: 10.1039/d0ee02525a strategies to mitigate detrimental interfacial reactions and maintain sustainable stable interfaces. We review

briefly characterization tools to address the challenging issues in SSLMBs. We conclude by pointing out the
rsc.li/ees outstanding issues in SSLMBs.

Broader context

Vehicle electrification and large scale grid energy storage require batteries with much better performance than the current technology. Liquid electrolyte based
lithium ion batteries (LIBs) have reached their energy density limit of about 300 W h kg™'; further increasing their energy density causes great safety concerns.
In this context, solid state lithium metal batteries (SSLMBs) using solid state electrolytes (SSEs) pairing with a lithium metal anode promise much higher energy
density and safety than current LIBs. However, SSLMBs have not realized their potential to date. In fact, detrimental lithium dendrite growth in SSLMBs is even
worse than in liquid electrolyte LIBs. Moreover, the solid-solid contact between electrodes causes large interface resistance, exacerbating the performance of
SSLMBs. Lithium dendrite growth and high interface impedance are two major roadblocks in developing SSLMBs. We review lithium mechanics and analyze
from an electro-chemo-mechanical perspective how lithium dendrites penetrate through SSEs and cause short circuits in SSLMBs, and identify possible
strategies to mitigate lithium dendrite growth. We summarize the lithium reaction with various interfaces, with the ultimate goal of developing strategies to
mitigate detrimental interfacial reactions. We review briefly characterization tools to address the challenging issues, and conclude by pointing out the
outstanding issues in SSLMBs.
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1. Introduction

Lithium is the lightest metal in the periodic table with a density
of 0.534 g cm ™, lighter even than water (density 1 g cm ™). It is
a soft, silvery-white alkali metal. It is very reactive with water
and highly flammable, and thus must be stored in mineral oil.
Fig. 1 gives a brief overview of the history and chronology of
lithium and lithium based batteries. In 1817, the Swedish
chemist Johan August Arfwedson isolated lithium salt from
spodumene and petalite crystalline mineral compounds.’?
Pure lithium metal was isolated in 1821 by electrolysis of
lithium oxide, and commercial production of lithium started
in 1923 by electrolysis of lithium chloride.'™ In the mid-1800s
lithium salts were used in the medical field to treat diseases
ranging from gout to asthma to depression. In the early nineties,
lithium chloride was used as a substitute for sodium-rich salt to
treat heart diseases. Lithium salt is useful to treat mental illness.
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For example, Eskalith, Lithobid, Lithonate, and Lithotabs are
important mood-stabilizing drugs in the treatment of bipolar
disorder in humans.

In the modern era, lithium and its compounds have several
industrial applications such as high strength lightweight magne-
sium lithium alloys* and aluminum lithium alloys® for aerospace
applications. Among all the lithium’s applications, the most
important ones are lithium ion batteries (LIBs) and lithium
metal batteries (LMBs). Lithium has the highest specific capacity
(3860 mA h g~ ") and the lowest chemical potential (Li*/Li couple
—3.05 V vs. SHE), making it a promising anode material for
LMBs. In the 1970s a number of primary LMB systems were
developed for military, medical and consumer electronics appli-
cations. The cathode materials include iodine (I,), manganese
dioxide (MnO,), thionyl chloride (SOCL,), sulfur dioxide (SO,),
copper oxide (CuO), carbon monofluoride (CF,), silver vanadium
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Fig. 1 History and chronology of lithium and lithium based batteries.

oxide (Ag,V,044), pyrite (FeS,), copper sulfide (CuS), vanadium
pentoxide (V,0s) and silver chromate (Ag,CrO,4).*”® The research
on Li/CF, batteries is still ongoing with the main focus on
improving their energy density and power density. The Li/CF,
primary battery with fluorinated graphene delivers a high energy
density of 1075 W h kg™' and an excellent power density of
21.46 kW kg™ " at a high current density of 10 A g™, and it has
important military applications.'® The Li/MnO, primary battery
is still widely used in remote controls, meters, flashlights, and
other light emitting devices.

The ever increasing energy storage demand stimulated the
development of rechargeable LMBs. Whittingham was the first
to create a rechargeable LMB using a lithium anode, LiPFg
dissolved in propylene carbonate electrolyte and a TiS, single
crystal cathode.'" The electrochemical reaction occurred via:
xLi + TiS, < Li,TiS,, which involved lithium intercalation and
de-intercalation during the discharge and charge processes,
respectively. The Li/TiS, battery had a cell voltage of 2.5 V and
delivered an energy density of 480 W h kg™*. Exxon attempted
unsuccessfully to commercialize the Li/MoS, (Moli Energy)
battery™'*'® due to the uncontrollable lithium dendrite growth
which caused short circuits and fire hazards. Similarly, the
development of Li/V,0s,"* Li/V;04 (cell operating at 80-120 °C
and based on a polymer electrolyte),">'® and Li/MnO,'®"’
encountered the lithium dendrite problem as well. The recall
of the Molicel™ in 1989 declared the death penalty of LMBs. %

The safety concerns of LMBs prompted researchers to search
for safer battery systems, and the invention of LIBs fulfilled this
requirement. In a LIB, the lithium anode is replaced with lithium
ion intercalation carbonaceous materials. The technology was
based on the early studies of graphite intercalation compounds
(Li,Ce) by chemical and electrochemical procedures.'®™’ In 1981,
Goodenough first proposed to use layered LiCoO, as an intercala-
tion cathode material.*® Yoshino constructed a LIB using a
carbonaceous material synthesized by heat-treatment of petro-
leum coke as the anode material and Goodenough’s LiCoO, as the
cathode material, both of which are intercalation type electrode
materials, and LiClO, dissolved in propylene carbonate as
electrolyte."***° During the operation of a LIB, Li* shuttles back
and forth between the anode and cathode; it is thus called a
“rocking-chair” battery. Yoshino demonstrated that his LIB was
much safer than the LMB; as in an abuse test, the LMB caught fire,
yet the LIB did not. The developments eventually led to the
commercialization of LIBs in 1991, which unveiled a booming
industry of electrochemical energy storage. LIBs are now broadly
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used in portable electronics, appliances, drones, and electrical
vehicles.

The safety improvement of LIBs over LMBs comes at the
expense of energy density; that is, the specific capacity of lithium
(3860 mA h g™ ') is almost ten times higher than that of carbon
(374 mA h g~ ")." As such, for demanding applications such as
grid energy storage and electrical vehicles, the energy density of
the current LIBs cannot meet the ever increasing demand. The
energy density of LIBs using non-aqueous electrolyte has reached
its limit, ~300 W h kg™ "; further increasing the energy density
raises great safety concerns, as organic liquid electrolyte is highly
flammable. Although LIBs ease the safety concerns of LMBs, the
dendrite problem persists, which is considered as the culprit of
most fire accidents. Indeed, numerous fire accidents have taken
place since the unveiling of electrical vehicles. Obviously for
vehicle electrification, safer energy storage systems than the
current LIB technology are urgently required.

SSLMBs using non-flammable SSEs are considered to be
safer than liquid electrolyte-based LIBs. SSEs are thought to have
wider electrochemical stability windows than conventional
liquid electrolyte via careful selection of SSE composition.>'**
Pairing with lithium, SSLMBs are supposed to deliver higher
energy density than LIBs. The breakthrough of SSLMBs started
from the discovery of fast Li" ion conductor Li;¢GeP,S;, (LGPS)
by Kanno’s group.®® They showed that the ionic conductivity of
LGPS reached 12 mS cm ' at room temperature, which is
comparable to or even higher than those of practical organic
liquid electrolytes. The progress in SSEs revives our hope to use
lithium metal as the anode material in a SSLMB to realize both
high energy density and high safety. Based on linear elasticity
theory, Monroe and Newman predicted that if the elastic modulus
of the polymer electrolyte is two times greater than that of lithium,
the dendrite growth can be suppressed.’* The prediction stimu-
lates extensive studies searching for mechanically strong SSEs to
suppress dendrite growth. However, hitherto the research has not
been successful. In fact, experiments show that typical SSEs such
as Li;LazZr,0;, (LLZO) and LGPS failed to suppress dendrite
growth as predicted; in contrast, dendrites grow even more easily
in these SSEs than in liquid electrolyte.

A prevalent explanation regarding the dendrite growth
mechanisms in SSLMBs is the mechanical penetration of lithium
through the SSE. As shown in Fig. 2a, similar to the dendrite
growth in liquid electrolyte based LMBs, a crack or void in the
surface of the SSE is the preferred lithium nucleation site due to
the electric field amplification.®® Porz et al proposed that
defects, particularly surface cracks, are where high electric fields
exist and thus the preferred lithium deposition sites, and the
crack tip has high stress concentration, which leads to crack
propagation and thus lithium deposition.®® The crack and
lithium propagate from one electrode to the other, leading to
the failure of the battery. This hypothesis has received a lot of
experimental support. Ren et al. demonstrated that a symmetric
lithium cell based on LigsLasZr; sTa, 501, (LLZTO) electrolyte
exhibited a short-circuiting phenomenon after polarization at a
high applied direct current with a current density of 0.5 mA cm ™2,
and a scanning electron microscopy (SEM) image of the failed SSE

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Lithium dendrites in LMBs. (a) Illustration of lithium metal electrodeposition in liquid electrolytes and SSEs. Red arrows point out lithium dendrite
growth towards the separator and blue arrows show electric field lines. A defect mediated failure mechanism of lithium penetration in SSEs is emphasized
as opposed to classic ‘dendritic’ growth. (Reproduced with permission.> Copyright the Author(s) 2017. Published by ECS.) (b) A SEM image of the cross-section of
the short-circuited LLZTO SSE pellet in backscattered electron (BSE) mode. (Reproduced with permission.*” Copyright 2015 Elsevier B.V.) (c) SEM image of the
web structure in cycled LLZO after exposure to air. Intergranular lithium filaments are observed. (Reproduced with permission.>® Copyright 2017 Elsevier Ltd.)

showed near-spherical pores which were possible lithium propaga-
tion paths (Fig. 2b).*” The short-circuiting period showed a positive
correlation with the relative density of LLZTO electrolyte pellets.
Others proposed that lithium dendrites grow through grain bound-
aries and interconnected pores (Fig. 2c).*® Cheng et al. observed
that lithium preferentially deposits along the grain boundaries
(intergranularly) of the SSE.*® They found a honeycomb structure
in the crack surface of Lig ,5Al »5La3Zr,0;,, and the diameter of the
honeycomb structure agrees very well with the grain size of the
ceramic electrolyte.

To avoid the grain boundary effect, Swamy et al. investigated
lithium dendrite growth in single crystal LLZO.*® They tested a
Au/LLZO/Li cell with a diameter ratio between Au and lithium
of 0.5, and with some preformed indentation cracks on the surface
of the LLZO under the Au electrode. They discovered that lithium
deposition occurred preferentially along the perimeter of the Au
electrode rather than from the preformed cracks, where the
electric field was the strongest. They concluded that electric field
amplification drives lithium penetration from sites on the SSE
surface with supercritical surface flaws.

The mechanical penetration mechanism or the electric field
enhancement theory is recently challenged by Han et al, who
suggested that the high electronic conductivities of LLZO and Li,S-
P,S; SSEs allow Li" to combine with electrons to deposit lithium
inside these SSEs when the potential reaches the Li-plating
potential.*® They proposed that lithium nucleated from defect sites
such as voids randomly, then grew until all the lithium are
connected to short the battery. This electronic conductivity-
facilitated lithium growth mechanism is different from the
mechanical penetration mechanism: in the former lithium
nucleates randomly at defect sites with no direction preference,
while in the latter lithium penetration is directional from one
electrode to the other and controlled by the electric field.

This journal is © The Royal Society of Chemistry 2021

The lithium dendrite problem in SSLMBs is closely related
to the mechanical and electrochemical properties of lithium,
which have been overlooked in the past due to the fact that
lithium is not considered as a structural material, but has
attracted a lot of attention lately due to its important battery
applications.*™** There are a few review papers dealing with
the electro-chemo-mechanical phenomenon in solid state
batteries;*"**>***> however, hitherto the electro-chemo-mechanics
of lithium has not been systematically reviewed, and filling this gap
is the main purpose of this review. Wang et al provided a
comprehensive review of the interfacial degradation/failure
mechanisms, including the contact and electrochemical stability
of interfaces, of solid state batteries.** Mechanical factors affecting
interfacial contact and lithium deposition are highlighted. Their
review provides important strategies to construct stable elec-
trode/SSE interfaces, such as introducing interlayers to improve
interfacial contact, 3D SSE structures, and plating stress relief to
suppress lithium dendrite formation. However, the electro-
chemo-mechanics of lithium is not emphasized in their review.
Our review thus fills in this gap, emphasizing how the interplay
of the mechanics and electrochemistry of lithium dictates the
dendrite formation, propagation and interfacial stability between
lithium and SSEs.

Zhang et al. provided a detailed review about mechanics-related
material damage, in particular, cracking in active materials such as
cathode materials and de-bonding of active materials with the
electrolyte, which may provide important strategies for mitigat-
ing the detrimental mechanics-related material damage and
alleviating the corresponding performance degradation.*” How-
ever, the electro-chemo-mechanical coupling phenomenon, the
main topic of this review, was not discussed in their paper. In
fact, this is identified as one of the future research directions,
which is “Further understanding on the strong coupling between

Energy Environ. Sci., 2021, 14, 602—642 | 605
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the mechanics and electrochemistry of SSLMBs through both
experimental measurements and theoretical modeling.”

Before discussing the electro-chemo-mechanics of lithium,
it is beneficial to provide a retrospect of the mechanical proper-
ties of lithium to see what we can learn from these past studies
to guide current SSLMB research studies.

2. Mechanical properties of lithium

Recent studies demonstrate that the mechanical properties of
lithium are closely related to its length scale. The yield strength of
lithium increases significantly with decreasing length scale. The
notion that “smaller is stronger” found in conventional metals
such as copper”®*® is valid in lithium as well. We therefore divide
our discussion into three sections according to different length
scales, ie. bulk lithium with grain size above 10 um, micrometer
lithium with the length scale from about 1 to 10 pm, and
nanoscale lithium whiskers with diameters less than 1 um.

2.1. Mechanical properties of bulk lithium (grain size above
10 pm)

The low temperature mechanical properties of lithium were
investigated by several groups.’”* The results showed that the
tensile strength of lithium increases almost linearly with decreas-
ing temperature from 250 to 4.2 K, and it is about 2.7 MPa with an
elongation to failure of 27% at 80 K (Table 1).>' Lithium trans-
forms from a body-centered-cubic (bec) to hexagonal structure
below 72 K without cold work, and from a bcc to faulted face-

Table 1 Mechanical properties of metallic lithium
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centered-cubic (fcc) structure if lithium is cold worked below
110 K.**°*3 Below room temperature, lithium showed strain
hardening, while above room temperature there was no strain
hardening. The room temperature shear modulus was measured
to be 3.7 GPa. Slip was the main deformation mechanism with
the Burgers vector suggested to be 1/2[111] on a (—1—12) plane,
and slip on (—101) and (101) with a different Burgers vector was
also proposed at room temperature. The plastic behavior of
lithium has been found to be similar to the behavior of sodium
and hence atypical for a bcc metal.>”

The temperature dependent elastic and visco-plastic properties
of lithium were measured in tension by Tariq et al,”” and the
elastic modulus at room temperature is 7.8 GPa, which is signifi-
cantly larger than that measured by Schultz.>® The yield stress at
room temperature increases from 0.76 to 1.1 MPa when the strain
rate increases from 2 x 107> to 1.05 s ', respectively. Lithium
exhibits significant work hardening at high strain rates and room
temperature with a very small elastic region. The authors showed
that lithium creeps rapidly at higher temperatures, and lithium in
the focus lens might undergo some combination of visco-plasticity
and creep behavior.>® Lepage et al. investigated the temperature-
dependent stress—strain response of the lithium foil between 198
and 398 K at a strain rate of 3 x 107> s~ .>” As shown in Fig. 33,
strain hardening was observed only at the lowest temperature
(198 K). For the other temperatures (>248 K) strain hardening
was not observed.”’

The elastic and plastic mechanical properties and creep
behavior of bulk lithium were characterized by Masias et al.®
Elastic properties were measured using an acoustic technique

Young’s Shear
modulus modulus Yield stress Temperature Strain rate Deformation
Microstructure E (GPa) G (GPa) o, (MPa)  Ductility (K) 107*s™" Method mechanism Ref.
Bulk grain size >1 mm 0.6 ~50% 300 1.1 Tension 49
Single crystal 3.7 ~0.26- 25% 100-300 4 Tension and 1/2[111] (-1—-12) 51
0.015 tension compression
Single crystal ~0.25-0.05 100-300 2 Tension and bece to 9R (110) 54
compression [1—10] shear
Bulk grain >300 pm 0.4 28% Tension Creep: GB sliding 63
Polycrystal 1.8-2.1 0.48-0.65 8.3-25 Compression 56
Bulk 7.8 atRT, 5 at 0.41-0.76  3-8% 298-348 20-10500 Tension Viscoplasticity and 55
323 K, 4 at creep
348 K
7.8 2.8 0.73-0.81  50% 298 12.1 Acoustic tension Creep: dislocation 58
climb
Pillar 0.98-9.45 21.1 (111) 2.4 (111) 15-105 0.5 Compression pillars 64
4.79 (100) 8.7 (100)
Film 5 and 8 um 8.2 for 8§ um Nanoindentation 61
film
9.8 for 5 um
film
Bulk grain 150 pm 25% at  198-398 0.3 >248 K: power-law 57
RT creep
<248 K: dislocation
glide
Bulk grain 110 £ 20 pm 9.43 0.57-1.26  35% 5-5000 Nanoindentation  Creep by dislocation 60
climb
Whisker 76 to 608 nm 2.7-21 12-244 RT Compression 66
whiskers

RT: room temperature; GB: grain boundary.
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(pulse-echo). The Young’s modulus, shear modulus, and
Poisson’s ratio were determined to be 7.82 GPa, 2.83 GPa,
and 0.381, respectively (Table 1).°® The measured Young’s
modulus agrees very well with those reported by Tariq
et al.>® and Robertson and Montgomery,>® but differs from
that reported by Schultz,’® and they attributed the difference
to the different grain sizes of lithium; namely, polycrystalline
lithium has a lower Young’s modulus value, and single crystal
has a higher value. The grain size effect on the Young’s
modulus value is caused by the anisotropy of the elastic
properties of lithium. The yield strength was determined to
be between 0.73 and 0.81 MPa, which agrees very well with
previous studies.”®> The authors reported that the time-
dependent deformation in tension was significantly different
compared to compression. In tension, power law creep was
observed with a stress exponent of 6.56, suggesting that creep was
controlled by dislocation climb. In compression, time-dependent
deformation was characterized over a range of stresses believed to
be germane to solid state LMBs (0.8-2.4 MPa). At all compressive
stresses, significant barreling and a decrease in strain rate with
increasing time were observed.

View Article Online
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Through bulk tensile testing and nanoindentation of high
purity commercial lithium foil, Fincher et al. found that bulk
lithium exhibits yield strengths between 0.57 and 1.26 MPa for
strain rates from 5 x 10°* to 5 x 10! s (Fig. 3b).®° The
results are consistent with those reported from Tariq et al>®
Fincher et al. also reported that lithium metal exhibits a length-
scale dependency of its hardness at small scales, which
decreased from 43 to 7.5 MPa when the indentation depth
increased from 250 nm to 10 um, respectively. The elastic
modulus was measured to be 9.43 GPa, which is consistent
with the value of 9.8 GPa obtained from indentation on a 5 pm
high purity vapor deposited lithium film by Herbert et al.®'
Fincher et al. showed further that lithium metal demonstrates
significant strain rate sensitivity to deformation from nano to
bulk scales with stress exponent n = 6.9 measured from
nanoindentation and n = 6.55 from bulk tensile testing.°

Wang et al. studied the mechanical behavior of electroplated
mossy lithium at room temperature by flat punch indentation.®>
They found that the Young’s modulus of the mossy lithium with
a porosity of about 62.3% is much smaller (about 2 GPa) than
that (7.8 GPa) of bulk lithium (Fig. 3c). Both the mossy and bulk
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Fig. 3 Mechanical properties of lithium in macro and microscales. (a) Temperature-dependent stress—strain response of the lithium foil was measured
between 198 and 398 K at a strain rate of 3 x 107> s%. (Reproduced with permission.>” Copyright the Author(s) 2019. Published by ECS.) (b) Stress—strain
relationship from uniaxial tension testing of the as-received bulk lithium metal, acquired at nominally constant strain rates. (Reproduced with
permission.®® Copyright 2020 Acta Materialia Inc. Published by Elsevier Ltd.) (c) Young's moduli of the mossy and bulk lithium measured with different
Frmax Values. The Poisson's ratio is assumed to be 0.3. (Reproduced with permission.®? Copyright 2019 Author(s). Published under license by AIP
Publishing.) (d—h) Room temperature uniaxial compression experiments. (d) Engineering stress—strain data for lithium pillars with different diameters.
(e and f) Snapshots of in situ compression of a representative 1 pm-diameter lithium pillar. (g and h) Compressed 4 um-diameter lithium pillars. Arrows
point to slip offsets, likely along a (111) direction. (Reproduced with permission.®* Copyright 2017 National Academy of Sciences.) (i) Engineering stress
versus engineering strain for uniaxial compression of lithium pillars with diameters of ~8 pum at room temperature and 363 K. (Reproduced with
permission.®* Copyright 2017 National Academy of Sciences.)
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lithium show clearly an indentation creep behavior. Despite its
highly porous microstructure, the impression creep velocity of
the mossy lithium is less than one-thirtieth of that of bulk
lithium under the same stress.

In summary, the Young’s modulus, shear modulus and yield
strength of bulk lithium are about 7.8 GPa, 3.7 GPa, and less than
1 MPa at room temperature (Table 1).>>*®® At low temperatures,
lithium exhibits significant strain hardening caused by dislocation
activity. Phase transformation from bcc to hexagonal close-packed
or faulted fcc also occurs in lithium at low temperatures. At room
temperature, lithium does not show strain hardening except for
deformation at high strain rates. Diffusional creep or dislocation
creep is the main deformation mechanism in lithium at room
temperature.

2.2. Mechanical properties of lithium pillars (diameters from
1 to 10 pm)

Xu et al. performed in situ uniaxial compression experiments on
single crystalline lithium pillars with diameters from 980 nm to
9.45 um at room temperature and 363 K in a SEM.** As shown
in Fig. 3d-h, they observed a strong size effect in terms of the
yield strength at room temperature which increased from 15 to
105 MPa as the pillar diameter decreased from 9.45 to 1.39 um,
respectively. The large size effect is explained in terms of
dislocation and multiplication driven plasticity. The authors
also reported a strong crystallographic orientation anisotropy
of the elastic and shear moduli; namely, density functional theory
calculation predicts the elastic moduli E;4y to be 21.1 GPa and
E(100) to be 4.79 GPa, and the average shear moduli G4, to be
~2.4 GPa and G0 to be ~8.7 GPa. The calculated Young’s
modulus is consistent with a previous theoretical calculation®®
and recent acoustic measurement.>® Similar compression experi-
ments were conducted by Zhang et al.,*® showing that the yield
strength of the micron-sized lithium pillars is 39-100 MPa,
which is consistent with that reported by Xu et al.®* It is noted
that large localized shear deformation caused by atomic plane
slip was observed in both Zhang et al’s®® and Xu et al’s®*
experiments, suggesting that dislocation slip is active during
the compression experiments. The micron sized pillars exhibit
much higher yield strength than the bulk lithium. Xu et al. also
showed that the yield strength of lithium decreases significantly
with increasing temperature, attaining 35 MPa at 90 °C for
micron sized lithium, which is about one third of that obtained
at room temperature (Fig. 3i).

2.3. Mechanical properties of nanoscale lithium whiskers

The strong size dependent mechanical properties of lithium
pillars stimulate studies on the mechanical properties of even
smaller lithium structures such as lithium dendrites or whiskers,
whose size is in the nanometer regime, but their mechanical
properties are not investigated due to technical difficulties in
sample fabrication, handling and testing.®’ In this context,
Zhang et al.®® and He et al.®® first grew stable lithium whiskers
using a novel atomic force microscopy-environmental transmis-
sion electron microscopy (AFM-ETEM, Fig. 4a) electrochemical
and mechanical device and then conducted real time mechanical
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property measurements for the in situ grown whiskers. In Zhang
et al’s set up, an arc-discharged CNT was attached to a conducting
AFM tip by electron beam deposition of carbonaceous materials;
this assembly was used as a cathode, the scratched lithium metal
on the top of a sharp tungsten needle was used as an anode, and
the naturally formed Li,CO; on the lithium surface was used as a
SSE (Fig. 4a).°® They achieved in situ growth lithium whiskers with
diameters ranging from 100 nm to 600 nm in a CO, atmosphere
while simultaneously observed the stress generation of the grow-
ing lithium whisker.®® It should be mentioned that dendrites and
whiskers are sometimes used interchangeably in the literature,®”
although distinction can be drawn between the two: namely
dendrites usually refer to tree-like branched structures during
the electrochemical plating of metals,®”*® and whiskers are indi-
vidual hair-like protrusions that grow out of a metal surface under
stress.”””’> Whisker growth usually occurs on the surfaces of low
melting temperature metals such as Sn, In, Zn, Cd, and Sb,”>”*
and whiskers have been observed to grow to several millimeters in
length with diameters of a few microns to tens of microns. Sn
whisker growth is an outstanding problem in microelectronics, in
which the growth of Sn whiskers shorts electronic devices and
causes electrical failure of the devices.”””” The growth mechanism
of Sn whiskers has not been well understood even to date.

In Zhang et al.’s experiments, the mechanical properties of
lithium whiskers were measured via two very different
approaches: the first one was the measurement of the stress
generation of a growing whisker (hereafter referred to as growth
stress) in real time (Fig. 4b), and the second one was the
measurement of the compression yield strength of a whisker
after its growth (Fig. 4c). As shown in Fig. 4b, a lithium ball
nucleated underneath the AFM tip without CNT (261 s) and
then necked down to form a whisker (282, 310 and 365 s). The
whisker growth ceased due to compression imposed by the
AFM cantilever tip under an applied potential. The growth
stress increased from tens of MPa to 130 MPa when the
diameter of the whisker decreased from 590 nm to 120 nm
(Fig. 4d). The growth stress does not represent the yield stress
of the whisker, as when the whisker reached certain length,
mechanical instability caused buckling or bending of the
whisker. Thus the reported maximum growth stress is the
lower bound of the real growth stress. Still the 130 MPa growth
stress is significantly higher than the yield stress of bulk
lithium, which is around 1 MPa. The yield stress increases
from 12.2 MPa to 244 MPa when the diameter of the whisker
decreases from 607 to 76 nm (Fig. 4e), which is much higher
than the growth stress. Both the growth stress and the yield
stress exhibit a strong size effect, which is similar to the size effect
observed in micron sized metal pillars, which is explained in
terms of dislocation starvation or dislocation nucleation mediated
plasticity.*®”>”® The size effect, i.e. smaller is stronger, exists in
lithium across different length scales (Fig. 4f), suggesting that the
mechanical behavior of lithium exhibits similar characteristics to
those of other metals.*®

The surface of the in situ grown lithium whisker was covered
with a thin layer of Li,CO; with a thickness less than 20 nm
(15 nm in Fig. 5a), which played a critical role in the growth of
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Fig. 4 Mechanical properties of lithium whiskers. (a) Schematic and TEM image of the AFM-ETEM set-up used for observation and measurement of
lithium whisker growth. The measured displacement of the cantilever tip is denoted as Ax. (b) In situ AFM-ETEM imaging of lithium whisker growth and
concurrent measurement of the maximum stress generated by lithium whiskers before their collapse. (c) In situ compression testing of the as-grown
lithium whiskers. (d) Plot of the maximum stress a,, versus equivalent diameter for growing lithium whiskers with different growth directions. (e) Yield
stress versus equivalent diameter measured for lithium whiskers with different growth directions. The vertical and horizontal error bars show the standard
deviations of yield stress and equivalent diameter, respectively. (Reproduced with permission.®® Copyright 2020 Springer Nature.) (f) Yield stress versus
diameter plot for lithium metal across different length scales, showing an apparent size effect; that is, smaller is stronger. (Reproduced with permission.*®

Copyright 2020 Materials Research Society.)

the lithium whisker. The Li,CO; layer was formed by chemical or
electrochemical reaction between lithium and CO,. As such,
when no CO, was flown into the transmission electron micro-
scopy (TEM) chamber during lithium deposition, no dendrite
growth was observed due to the lack of Li,CO; confinement,
instead a lithium plate was formed, which was unstable and
crumpled soon after its formation (Fig. 5b).°® When the CO,
pressure was between 10~* and 3 mbar, individual whiskers
grew, and when the CO, pressure was greater than 3 mbar,
bundles of whiskers or dendrites emerged like the eruption of a
volcano (Fig. 5¢).°® The surface Li,CO; layer played another
important role in stabilizing the as-grown lithium whisker under
the electron beam illumination, thus enabling in situ mechanical
property measurements. Similar gas pressure dependent lithium
morphologies were also observed by Yulaev et al.””

It should be noted that the thin surface Li,CO; layer may
have a significant impact on the measured yield strength of
lithium whiskers, since the yield strength of Li,CO; is much
larger than that of lithium. To evaluate the effects of the surface
Li,CO; layer on the measured mechanical properties of lithium

This journal is © The Royal Society of Chemistry 2021

whiskers, Zhang et al. considered the Li/Li,CO; whisker as an
elasto-plastic core-shell cylinder. Based on the rule of mixtures for
composites,”® the Young’s modulus Eyy;co, of the core-shell
cylinder can be estimated as Evjui,co, = (B + ELiZCOSALiZCOJ/
(ALi + Ay co,), where Ep; and Eyi,co, denote the Young’s moduli of
the lithium core and Li,CO; shell, respectively; Ay; and Ay co,
denote the cross-sectional areas of the lithium core and Li,CO;
shell, respectively. For a representative composite Li/Li,CO; whis-
ker, the diameter of the lithium core and the thickness of the
Li,CO; shell are taken as 260 nm and 5 nm based on Zhang et al.’s
work, respectively; the typical values of the Young’s modulus
and Poisson’s ratio of the lithium core are taken as E;; = 6 GPa,
i = 0.3, respectively; and those of the Li,CO; shell as Ey; co, =
21.5 GPa, v,co, = 0.3, respectively. From the above rule-of-
mixture formula, the predicted Young’s modulus of the composite
whisker is 7.28 GPa, which is about 20% more than that of pure
lithium whiskers without surface Li,CO;. Although the yield
strength measurements were influenced by the surface Li,CO; layer,
we believe that the influence of Li,CO; on the in situ measured
growth stress of the lithium whisker is negligible, as the surface
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Fig. 5 Effect of the CO, gas pressure on the growth of lithium whiskers in an AFM-ETEM experiment. (a) Time-lapse TEM images of the as-growing
lithium whisker with a Li,COsz surface layer in scanning transmission electron microscopy-annular dark field (STEM-ADF) mode. (b) Lithium deposition
under no-gas conditions. (c) In situ observations of growth of lithium whiskers at different CO, pressures. TEM images showing no lithium whisker
growth at 10~> mbar; growth of individual lithium whiskers from 10~* to 3 mbar; and bursting of numerous dendrites at 10 mbar of CO, pressure.

(Reproduced with permission.®® Copyright 2020 Springer Nature.)

Li,CO; layer is extremely thin in a growing lithium whisker. There-
fore the yield strength of the lithium whisker is at least 130 MPa.

Citrin et al investigated the mechanical properties of
lithium pillars with diameters from 360 to 759 nm grown in a
commercial LiCoO,/lithium phosphorus oxynitride (LiPON)/Cu
solid-state thin-film cell in situ in a SEM equipped with nano-
mechanical capabilities. They reported an average Young’s
modulus to be 6.76 + 2.88 GPa, with an average yield stress
of 16.0 + 6.82 MPa.”® Their reported yield stress value for the
submicron sized lithium pillar is much smaller than that
reported by Zhang et al.,°® and the reason for this discrepancy
is unclear.

610 | Energy Environ. Sci,, 2021, 14, 602—642

For lithium, room temperature (300 K) corresponds to a
homologous temperature of 0.66Ty, (T, = 180.5 °C = 453.5 K is
the melting temperature of lithium”®), meaning that creep is
the main deformation mechanism for lithium. We summarize
recent results on the creep properties of lithium in the
following.

2.4. Creep of lithium

Creep can be characterized by measuring the strain as a
function of time in constant force or constant-displacement-rate
experiments.”®”® There are two mechanisms of creep: dislocation
creep, which exhibits power-law behaviors; and diffusional creep
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which shows linear-viscous characteristic. The rate of both is
usually limited by diffusion, so both follow Arrhenius’s law,”®
understanding of which mechanism is in operation can generally
refer to the deformation mechanism map,’®”® which shows the
range of stress and temperature dependent deformation mechan-
isms. The creep mechanism is expressed by eqn (1):*®

¢ =Ac"d " exp(—Q./RT) (1)

where ¢ is the steady-state strain rate, A is a constant, ¢ is the
stress, n is the stress exponent, d is the grain size, p is the grain
size exponent, Q. is the activation energy for creep, T'is the absolute
temperature and R is the gas constant (8.31 J mol * K ). For creep
above T/T,, > 0.5 the stress exponent 7 is typically in the range of
1-7.°%78 Different n values suggest different creep mechanisms:
nvalues of ~1 - diffusion; n values between 3 and 7 — a dislocation
mechanism; n = 3 - dislocation glide; and n =~ 5-7 - dislocation
climb.>®”® For n = 1, p can be either 2 for creep controlled by lattice
diffusion or 3 for creep controlled by grain boundary diffusion.
Masias et al. conducted tensile creep experiments at 0.4 MPa at
room temperature for lithium, and they reported a stress exponent
of 6.56,°® which agrees excellently with the value of 6.4 for lithium
at room temperature tested in compression by Sargent and
Ashby.”® This value suggests that the creep of lithium is con-
trolled by dislocation climb, which is mediated by atom
diffusion.>®”® The creep of Na and K was reported to follow a
similar mechanism to lithium.”®

Lepage et al. performed systematic studies on the creep
behavior of lithium.>” From strain-rate temperature dependent
tensile experiments, they observed strain hardening at high
strain rates (>2 x 107> s™') and low temperatures (<198 K),
while at strain rates lower than 3 x 10~® and temperatures
above 248 K no strain hardening was observed. They suggested
that under normal battery operating conditions, the deposited
lithium in LMBs might experience significant creep deformation,
and they provided a deformation mechanism map based on the
lithium deposition height and current density. For example, at a
pressure of 1.2 MPa and at a strain rate of 2 x 107° s, the
minimum height for power-law creep is # = 0.55 um.

Creep is particularly important in governing the lithium
deposition morphologies in SSLMBs, which depends on the stress
condition, current density, temperature, grain size, etc. Under-
standing the creep properties of lithium under battery operational
conditions can have a profound impact in controlling the lithium
morphologies and thus the performance of SSLMBs.

3. Dendrites in SSLMBs

After understanding the mechanics of lithium, a natural ques-
tion is then: how can the lithium mechanics be translated to
the understanding of the lithium dendrite problem in SSLMBs?
A major promise of SSLMBs is perhaps their potential to solve
the dendrite problem in liquid electrolyte based LMBs. Based
on the Monroe and Newman model,** when the shear modulus
of SSE is over two times that of lithium, dendrite growth is
suppressed by the SSE. However, it is now clear that dendrites
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still grow even though the Monroe and Newman criterion is
satisfied. The reason for this discrepancy may be two fold.
Firstly, the Monroe and Newman model is based on linear
elasticity theory; however, lithium experiences large plastic
deformation during propagation.®®®*® Secondly, Monroe and
Newman assume the electrolyte to be perfect, but real electro-
Iytes such as SSEs have a large number of defects such as voids
and cracks. We conducted a survey of the literature to glean a
mechanistic understanding of the origin of dendrite growth and
propagation in SSEs mainly from an electro-chemo-mechanical
perspective.

3.1. Dendrites in inorganic SSEs

One example of the impact of lithium mechanics on SSLMBs is
the lithium deposition induced crack propagation and lithium
infiltration into hard ceramic electrolyte. Porz et al. suggested
that during the charging of LMBs lithium preferentially deposits
in the surface cracks, which causes stress concentration at the
crack tip, leading to crack propagation and the initiation of new
cracks until they go through the entire SSE and short the
SSLMB.?® The stress buildup can easily reach the GPa level in
these cracks, depending on the amount of overpotential
applied.>**>”® Based on the studies of lithium mechanics,
Lepage et al’’ proposed to incorporate plasticity, creep and
viscous flow into the crack propagation model (Fig. 6a and b)
proposed by Porz et al.>® The same is true for dendrite growth in
liquid electrolyte, in which the impacts of plasticity and creep on
the lithium dendrite growth and propagation have not been
considered. For example, without external pressure, mossy den-
dritic lithium grows out of the anode during charge, and most of
the mossy lithium loses electrical or mechanical contact with the
anode, rendering it “dead” lithium upon discharge.’”®"%
“Dead” lithium contributes to the low coulombic efficiency
and degradation of the battery. By contrast, when under stack
pressure in a coin cell, patches or flat films of lithium are plated
on the anode during charge. The mechanical stress has a
profound impact on the morphology of the lithium deposited.
3.1.1. Nucleation and propagation of lithium dendrites in
SSEs. Pre-existing voids and cracks provide initial spaces for
lithium nucleation and infiltration. The initial lithium deposition
preferentially occurs at the triple point where lithium metal,
SSE, and voids/cracks meet due to the current focusing effect,
and then the lithium grows unhindered along these defects.®'
The lithium infiltration induces high stress and further
expands the voids and the cracks. Finally, the elongated
lithium filament continuously infiltrates the propagated
voids/cracks until the short circuit of the battery occurs. The
lithium deposition induced expansion of the pre-existing
voids and cracks during the discharge/charge cycling was
observed by Seitzman et al. via synchrotron-based X-ray tomo-
graphy in a LizPS, (LPS) SSE based SSLMB at a low current
density of 100 uA cm 2.5 They visualized the expansion of a
crack from a width of 11.7 to 26.0 um after 3 discharge/charge
cycles. A similar mechanical crack-opening mechanism for
lithium filament propagation was also observed in LLZO
based SSLMBs via operando optical and SEM imaging.®*
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A good example of lithium propagation along defects is
demonstrated recently by Westover et al., who designed a thin
film battery with a LiCoO, cathode, a LiPON electrolyte, and a
top layer with a copper current collector and an artificial
LiPON-LiPON interface parallel to the cathode.®* Upon electro-
chemical cycling, lithium metal rapidly deposited at the edge of
the Cu current collector and then propagated along the 2D LiPON-
LiPON interface (Fig. 6¢). Their results prove unambiguously that
LiPON can suppress dendrite penetration, even though its
shear modulus (31 GPa)®>®*® is much smaller than that of
LLZO (> 60 GPa),*”"® with dendrites penetrating LLZO easily
but not LiPON. They attributed the dendrite suppression by
LiPON to its homogeneous and pore-free morphology, while
pores and cracks are always present in the LLZO. This result
underscores the importance of structural uniformity and
defect engineering in suppressing lithium dendrite growth.

A grain boundary is another site for lithium filament propaga-
tion in inorganic SSEs due to its lower elastic modulus (a “soft”
region) than the bulk region.*®°° The variations of microstruc-
ture and composition in the vicinity of the grain boundary cause
a decrease of modulus in this region. Molecular dynamics
calculation predicts that the shear modulus of the grain boundary
is ~50% as high as that of the bulk region.’® The clear presence
of lithium filaments in the grain boundaries was observed in
both polycrystalline LLZO?® and polycrystalline LPS.*® However,
whether or not filaments entered at grain boundaries could
not be determined. It is possible that grain boundaries could
serve as preferential sites for nucleation and pathways for
propagation.
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Lithium mechanics can also impact surface coating layers
which are broadly used to protect the lithium anode. Creep of
lithium can produce cracks in the coating, which results in the
dysfunction of the surface coating. Lithium deposition induced
cracks and fracture in the Cu film current collector were indeed
observed by SEM.**°'"** When studying the effect of current
density on electrochemical lithium deposition/dissolution
at the LiPON/Cu interfaces in a Li/LiPON/Li; 3Al, 3Ti; 7(POy4)3
(LATP)/LiPON/Cu cell, it was found that the lithium nucleation
rate and the saturation density of lithium nuclei increased
with increasing current density. When the current density
was smaller than 300 pA cm™?, lithium islands continued to
separately grow under a Cu film to the critical sizes to produce
small cracks in the Cu film, resulting in isolated lithium rod
growth from the cracks. As shown in the top view of the Cu
coated LiPON surface, the pressure reached 400 MPa at the
nucleation stage in the deposited lithium, thus causing fracture
of the Cu film current collector (with a thickness from 30 to
90 nm) and the growth of lithium whiskers from the crack
(Fig. 6d). The deposited lithium between the Cu film current
collector and the LLZO SSE can even penetrate the Cu film and
form whisker-like lithium.?® These observations provide unam-
biguous evidence that lithium deposition can generate very
high stress. The formation of blisters and cracks was apparently
attributed to the non-uniform lithium deposition underneath
the Cu film originating from the large lithium nucleation
barrier on the Cu film, highlighting the importance of reducing
the lithium nucleation energy to minimize the lithium deposi-
tion induced stress.

a Li anode
Solid
electrolyte

Li filament

Viscous flow

Crack opening

e Decreasing lithium metal penetration susceptibility

Copper current collector

Li Reservoir

> Directly starting Li penetration > Delayed Li penetration

Gold current collector

Li Reservoir Li Reservoir

» No Li penetration

Fig. 6 Lithium deposition and propagation in inorganic SSEs. (a) Schematic of a lithium filament in a SSE matrix. In ceramic SSEs, lithium can penetrate
surface flaws, forming a filament. (b) Stress accumulates at the tip of the lithium filament as a function of current density, while there is viscous flow with a
boundary layer away from the tip. (Reproduced with permission.>” Copyright the Author(s) 2019. Published by ECS.) (c) Optical micrographs of the Cu
current collectors and tree-like lithium dendrites. (Reproduced with permission.®* Copyright 2019 American Chemical Society.) (d) A top-view SEM
image showing the blister formation and cracking in the Cu film coated on a LiPON surface due to lithium deposition induced stress. (Reproduced with
permission.®? Copyright 2015 The Electrochemical Society.) (e) Schematic showing the plating behavior at an apparent (geometrical) current density of
100 pA cm2 using a copper current collector (left) and a gold current collector (middle), and plating below a pre-existing dense lithium layer (right).
(Reproduced with permission.®® Copyright 2019 Elsevier Inc.)

612 | Energy Environ. Sci,, 2021, 14, 602—642 This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ee02525a

Published on 23 November 2020. Downloaded by Georgia Institute of Technology on 3/31/2021 9:52:24 PM.

Review

The lithium deposition induced fracture of the Cu film
should be ascribed to the non-uniform lithium deposition
and the lithium deposition induced internal stress. As shown in
Fig. 6e,”® during plating using a lithiophobic copper thin-film
electrode, the lithium nucleation energy is high, leading to
whisker- and dendrite-like deposition. While during plating using
a lithiophilic gold current collector, Li,Au alloy forms, leading to
more uniform lithium deposition, and lithium penetration was
delayed. Plating on the pre-existing lithium does not show any
indication for lithium penetration, and stable plating can be
achieved due to the low nucleation energy. Yan et al. explored
the nucleation pattern of lithium on various metal substrates and
unravelled a substrate-dependent growth phenomenon that
enables selective deposition of lithium metal.** With the aid of
binary phase diagrams, they found that no or small nucleation
barriers are present for metals exhibiting a definite solubility
in lithium, whereas appreciable nucleation barriers exist for
metals with negligible solubility. Low nucleation barriers
facilitate uniform lithium deposition, while high nucleation
barriers should be responsible for non-uniform lithium
deposition and dendritic lithium growth.

The fracture of the Cu film current collector indicates that
large mechanical stress much higher than the yield strength of
bulk lithium is produced during lithium deposition, suggesting
that pure mechanical property studies on lithium may not be
translated directly to the lithium mechanics in SSLMBs. As in
all previous mechanical property characterization, particularly
the creep experiments, the applied load was usually very low
less than a MPa. The yield strength of the bulk lithium is less
than 1 MPa. However, the stress generation during lithium
deposition can be a few orders of magnitude higher than the
stress applied in the mechanical test of bulk lithium. Further-
more, the lithium deposition is not a pure mechanical process,
it is an electrochemical and mechanical coupling process. The
study of the mechanical behavior of lithium in SSLMBs needs to be
investigated from an electro-chemo-mechanical perspective.*!*>**
More importantly, the lithium stripping/deposition takes place in a
confined volume, usually with nanometer feature size and under
the so-called stack pressure, and the lithium surface is usually
covered with a solid electrolyte interphase (SEI) layer, all of which
may alter the lithium mechanics significantly.

In summary, voids, cracks and grain boundaries are the
preferred lithium nucleation sites due to electrical focusing effects
on these sites. High lithium nucleation barriers lead to inhomoge-
neous nucleation and large mechanical stress in the medium. The
lithium deposition induced stress can break the Cu film current
collector, leading to dendrite nucleation and propagation. Control-
ling the defects and uniformity of the SSE and appropriate design
of the current collector to reduce the lithium nucleation barriers are
essential in optimizing the lithium deposition morphologies.

3.1.2. Overpotential driven lithium deposition induced
stress. The stress (¢) generation due to lithium deposition in
a surface crack in a SSE under an overpotential A¢ can be
calculated using the following equation:*®

0Vm = FA¢ (2)

This journal is © The Royal Society of Chemistry 2021
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where F is Faraday’s constant (F = 9.65 x 10* C mol™ ') and V,, is
the molar volume of lithium metal (V,,, = 13 ecm® mol ). Eqn (2)
relates the electrochemical work (right side of the equation) to
the mechanical work (left side of the equation), thus forming
the basis for predicting mechanical failure. For example, an
overpotential of A¢ = 100 mV corresponds to a mechanical
stress ¢ = 750 MPa, which can easily cause cracks and their
propagation in a SSE (Fig. 6a and b),?%4979:95:96

The large stress generated by the overpotential-driven
lithium deposition causes lithium metal to creep. At room tem-
perature, the homologous temperature for lithium is 7/7T;, = 0.66,
so lithium should exhibit a large creep strain rate ¢(T,0) (where ¢ is
the deviatoric shear stress) by dislocation power-law creep or
diffusional creep mechanisms, according to the deformation
mechanism map of metals.”®”® Creep imparts an effective viscos-
ity 1 = a/¢(T,0), so lithium may behave like an “incompressible
fluid”, transferring large mechanical stress generated by the over-
potential (according to (eqn (2)) to media such as SSE, similar to
the fluid in a hydraulic system. Consequently, flaws such as pores
and microcracks are detrimental, as lithium can easily infiltrate
into these free spaces. A more quantitative estimation of how the
critical fracture stress of SSE is related to the flaw size is discussed
in the following.

The fracture stress o¢ of a ceramic SSE can be calculated
using the following equation:®*°7~%°

of = ch(nac)71/2 (3)

where Kic is the fracture toughness of the SSE, and a. is the
critical flaw size such as the pore or grain size. As an example,
let’s consider the LLZO SSE reported by Ren et al.®’ From
Fig. 2b, the typical pore size is about 5 um, and the fracture
toughness Kic of LLZO is about 1 MPa.”® Plugging these values into
eqn (3) yields ¢ = 250 MPa. According eqn (2), an overpotential of
only 33 mV produces such a critical stress to cause fracture of
the SSE. From eqn (3) and Fig. 7a, it is seen that as the flaw size
decreases, the critical fracture stress increases dramatically,
suggesting that reducing the flaw size such as the pore size of
the SSE can suppress the crack propagation and thus dendrite
penetration.

Sulfide SSEs such as Li,S-P,Ss, LGPS, and LPS have been widely
reported to have a high room temperature ion conductivity
(>10"* S cm ") and are considered as the most potential SSE
candidates for a new class of LMBs.**'%*'%! However, short circuits
of sulfide based LMBs has frequently been reported,**'*** which
possibly originates from their weaker mechanical properties than
oxide-based SSEs such as garnet LLZO and perovskite Lij 33Lag s7-
TiO; (LLTO).¥"'%%1%” Kim et al. showed that lithium can more
easily penetrate pelletized argyrodite LigPSsCl (LPS-Cl) SSEs at high
stacking pressures than at low stacking pressures.'®* The fracture
toughness of LPS-Cl is 0.23 MPa m*“2,'* and according to eqn (3),
the fracture stress g¢ = 130 MPa for a flaw size of 1 um, and 58 MPa
for a flaw size of 5 pm.

More recent experiments indicate that the stress generated
by lithium deposition can easily reach a few hundred MPa.
The high stress can be relieved through Coble creep along inter-
faces. Using in situ TEM, Chen et al. investigated the deposition
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and stripping of metallic lithium or sodium held within a large
number of parallel hollow tubules made of an ionic-electronic
conductor (MIEC).”® They showed that these alkali metals, as single
crystals, can grow out of and retract inside the tubules via mainly
diffusional Coble creep along the MIEC/metal phase boundary
(Fig. 7b). Lithium was seen to surpass obstacles such as closed
cap bamboo compartments inside the hollow tubules, indicat-
ing that the lithium morphology change was not displacive/
convective, but diffusive. Their observations provide direct
evidence that dislocation power-law creep is not the dominant
creep mechanism. They showed that the diffusion coefficient
of the interface between lithium and the MIEC and the surface of
lithium pinterface ~ psurface ~ 5 1077 ¢m? s~ is about an order of
magnitude higher than the bulk diffusivity D)™ ~ 107% ecm? s

In brief, the overpotential driven lithium deposition can
generate a few hundred to GPa level stress in media such as SSEs.
Under such large stress, lithium behaves as an “incompressible
fluid”, transferring large stress into media such as SSEs, causing
fracture of the SSEs and failure of SSLMBs.
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Fig. 7 (a) Inverse square root dependence of the lithium plating over-
potential and crack-extension stress (ogmax) ON defect size in the glassy
sulfide and LLZTO SSEs. Vertical lines correspond to the large-flaw
population of the indicated experimental samples. (Reproduced with
permission.*® Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.) (b) Schematic process of creep-enabled lithium deposition/
stripping in a MIEC tubular matrix, where Coble creep dominates via
interfacial diffusion along the MIEC/Lipcc incoherent interface. (Repro-
duced with permission.”® Copyright 2020 Springer Nature.)

614 | Energy Environ. Sci., 2021, 14, 602—642

View Article Online

Review

3.2. Dendrites in polyethylene oxide (PEO)

In contrast to inorganic SSEs such as LLZO, which generally
have high Young’s moduli from tens to a few hundred GPa,*’
the Young’s moduli and tensile strengths of PEO polymer SSEs,
which are widely used in polymer SSLMBs, are usually less than
100 MPa and 1 MPa, respectively;'°*™'* however, a PEO SSE can
sustain a large plastic elongation of up to 500%, indicating its
large deformability (Fig. 8a-d).'® This phenomenon is mainly
attributed to the disentanglement of polymer chains during tensile
deformation that, consequently, reduces the degree of tortuosity in
the path of ion transport. As such, the ionic conductivity of PEO
increases with strain. It is known that lithium deposition induced
stress can easily reach a few hundred to GPa level; therefore,
dendrite penetration through PEO electrolyte is expected given
the low Young’s modulus of PEO. More studies were devoted
towards improving the mechanical strength of PEO electrolytes
via strategies such as using inorganic fillers, composite polymers,
and multilayered structures. As shown in Table 2, the mechanical
properties of these engineered PEO-derived electrolytes were gen-
erally improved as compared to pure PEO electrolytes, % %1157118

Theoretical studies have been performed to understand the
mechanisms of dendrite penetration through PEO electrolyte. As
shown in Fig. 8e, Barai and coworkers analyzed the propensity of
growth of dendritic protrusion by constructing an appropriate
computational procedure,"* and they demonstrated that increasing
the elastic modulus of PEO leads to the prevention of dendritic
protrusions through the reduction of the exchange current
density and the dendritic protrusion height. The resulting
enhancement of yield strength can stabilize the dendritic
protrusions, even with a shear modulus of the PEO two orders
of magnitude smaller than that of lithium (Fig. 8f)."'® Monroe
and Newman modeled a parallel-electrode lithium/polymer cell
in a galvanostatic charging state; they revealed that the dendrite
growth can be significantly slowed down by lowering the
current density, and by limiting the interelectrode distance in
a certain range, the cell failure can be postponed, but this
advantage decreases as the distance increases."°

Experimental observations of the dendrite growth induced short
circuit in PEO are challenging due to the buried interface.'*"'**
There are a few reports about in situ observations of dendrites in
PEO by home-made optical microscopy. Rosso et al. and Brissot
et al. performed in situ optical microscopy observations of the
dendritic lithium deposition in PEO in a symmetrical Li/PEO/Li cell
(Fig. 8¢g).""""** Their experimental set-up allowed them to measure
simultaneously the variation of the cell potential, the evolution of
the dendrites, and the variation of the ionic concentration in the
electrolyte around the dendrites. They demonstrated that the current
density played a significantly role in the dendrite growth due to the
existence of local current inhomogeneities.""'** In another study,
Liu et al studied the dendrite suppression effect of ionic liquid
(N-methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide)
additive in a PEO/LiTFSI electrolyte system using a digital optical
microscope (Keyence VHX-100).">* They found that the addition of
ionic liquid could increase the onset time of dendrite growth and
simultaneously reduce the interfacial resistance; they attributed
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Fig. 8 Lithium dendrites in PEO SSEs. (a—d) Tensile stress—strain behavior of a solid PEO electrolyte film: (a) at three different strain rates of 0.5, 3.5 and
35 mm min %, exhibiting up to 450% elongation, (b) magnified curves below 20% strain, (c) stress—strain hysteresis effect and (d) photo images of a PEO
sample subjected to tensile deformation. (Reproduced with permission.}°® Copyright 2016, Springer Nature.) (e) Schematic diagram of the computational
domains used for solving the mechanics, concentration and potential problems. (Left) Lithium and electrolyte meshes used to determine the stress
evolution around the dendritic protrusion. (Right) Computational domains on which the concentration and potential distributions were calculated.
(Reproduced with permission.**® Copyright the Owner Societies 2017.) (f) Ratio of the current at the peak to that at the valley plotted with respect to the
shear modulus of the electrolyte phase (black circles). (Reproduced with permission.**® Copyright the Owner Societies 2017.) (g) Dendritic growth in PEO
electrolyte. The inter-electrode distance is 1.2 mm. (Reproduced with permission.****23 Copyright 2006 Elsevier Ltd. Copyright 1999 Elsevier Science S.A.)
(h) X-ray tomograms of the yz plane in a symmetric Li/PS—PEO/Li cell with the polystyrene-block-PEO copolymer SSE showing the growth of a lithium
globule. The dark gray phase is lithium metal and the light gray phase is the polymer electrolyte. The small, light gray spot at the base of the globule is an
impurity particle that was initially present in the lithium foil. (Reproduced with permission.}?> Copyright the Author(s) 2016. Published by ECS.) (i) An X-ray
tomogram showing a globule puncturing a polystyrene-block-poly(ethylene oxide) (SEO) electrolyte membrane. The dark gray phase is lithium metal and
the light gray phase is the polymer electrolyte. (Reproduced with permission.}?> Copyright the Author(s) 2016. Published by ECS.)
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Table 2 Mechanical properties of PEO based SSEs
Components Young’s modulus E  Shear modulus G (GPa) Tensile strength os (MPa) Elongation %  Strain rate Ref.
PEO/LiClO, 0.99 509 0.5 mm min~* 109

1.02 457 3.5 mm min '

1.54 278 35 mm min '
PEO/PDMS/LiCIO, 1.0 MPa 263
PEO/ANF/LiPFq 5.0 + 0.05 GPa 1.8 4+ 0.06 170 £ 5 110
PEO/SiO,/LiTFSI ~0.43 GPa 0.2% s~ ! 115
PEO/PVDF-HFP/LiPFq 44.3 £+ 10.6 MPa 15.0 £ 1.5 ~479 £+ 136% 116
PEO/sisal whiskers/LiTFSI 72 MPa 117
PEO/PEO-h-PE/LiClO, 114.21 MPa 7.29 MPa 1142.53% 118
PEO/LiClO, ~5.1 MPa ~0.32 MPa ~417%

PDMS: polydimethylsiloxane; ANF: aramid nanofibers; PEO-b-PE: poly(ethylene oxide)-block-polyethylene.

the suppression of the lithium dendrite formation to the low
interlayer resistance between lithium and the composite polymer
electrolyte (CPE).

Rosso et al. and Brissot et al. directly observed dendrite
growth from the lithium electrode, which then propagated
towards the counter electrode until penetration, by optical
microscopy.''"'** They found that the onset of dendritic
growth was hardly visible on the potential evolution. The
evolution of the potential with time was only slightly affected
by the growth of the dendrite; in fact, the short-circuit was only
clearly visible when the dendrite had reached the counter
electrode. Then a marked decrease in the potential was observed
in the cyclic voltammetry (CV) curve,"*"'** followed by an erratic
evolution and a clear short-circuit. The nucleation and growth of
a lithium globule in a symmetric Li/PS-PEO/Li cell with the
polystyrene-block-PEO copolymer SSE were observed by Harry
et al. via an X-ray tomography technique (Fig. 8h), and the
lithium globule penetrated the polymer SSE (Fig. 8i).">

To mitigate dendrite growth in PEO electrolyte, Tung et al.
synthesized a membrane comprised of Kevlar-derived aramid
nanofibers assembled in a layer-by-layer manner infiltrated with
PEO. The ultimate tensile strength, Young’s modulus and shear
modulus were ¢ =170 + 5 MPa, E = 5.0 £+ 0.05 GPaand G =1.8 +
0.06 GPa,''° respectively, which are much higher than those of bare
PEO electrolyte (¢ ~ 1 MPa, E < 100 MPa, G < 10 MPa)."**'"
Most importantly, the pore size of the composite electrolyte was
only 20 nm. The combined mechanical strength with small pore
size effectively prevented copper dendrite growth at a current
density of 10.3 mA cm ™2, In a lithium symmetrical cell using the
composite electrolyte, it lasted 2500 cycles at a current density of
0.25 mA cm 2 It is interesting to note the shear modulus of the
Kevlar nanofibers and PEO composite is actually smaller than that
of lithium, a violation of the Monroe and Newman criterion,* yet it
still suppressed lithium dendrite growth. They attributed this to
the small pore size of the composite electrolyte (20 nm), which is
much smaller than the diameter of typical lithium dendrites
(a few hundred nm); as such, the dendrites were suppressed at
the lithium and electrolyte interface.

In summary, most research studies have been focused on
constructing hybrid PEO SSEs with high moduli to inhibit dendrite
growth according to the theory of Monroe and Newman.** How-
ever, dendrites can grow and penetrate both pure and reinforced
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PEO electrolytes with elastic moduli lower or much higher than
that of lithium,"”®'*” implying that the SSE modulus (Young’s
modulus or shear modulus) may not be the only mechanical
factor limiting dendrite growth. Several other mechanical para-
meters such as yield stress, tensile strength, and the strain of
elongation at break of PEO-derived SSEs should also be consid-
ered in suppressing dendrite penetration. Moreover, dendrite
growth in PEO SSEs is also determined by many other factors
such as the current density,"”® the mechanical strength of the
supporting structure for PEO,"'® and the pore size of the sup-
porting structure.®® The mechanical strength of the PEO is not
the only controlling element. It is the electro-chemo-mechanics
that dictates the dendrite growth and penetration in PEO-based
SSEs; for example, enhancing the ionic conductivity can suppress
lithium dendrite growth even with a low modulus of 0.1 MPa via
the cross-linked polyethylene/PEO electrolytes.*

3.3. Electro-chemo-mechanics of “dead” lithium in SSLMBs

Another serious problem for the applications of LMBs is the
formation of inactive or ‘“dead” lithium during plating/stripping
cycling. “Dead” lithium consists of diverse lithium compounds
within the SEI, such as LiF, Li,CO;, Li,O, ROCO,Li, and inactive
metallic lithium which is electrically isolated. The formation
mechanism and quantification of “dead” lithium have been
investigated in liquid organic electrolyte based LMBs."?* ">
The “dead” lithium in the SEI is accumulated with increased
plating/stripping cycling due to the continuous reaction between
the newly deposited lithium and the electrolyte. The metallic
“dead” lithium is often caused by the preferred stripping from
the root rather than the tip of the lithium dendrite."**'** The
formation of “dead” lithium often causes the capacity loss and
volume expansion of the lithium anode, which deteriorate the
performance of LMBs. Fang et al distinguished the inactive
lithium in the SEI and the inactive metallic lithium by combining
water titration and gas chromatography.*' The content of inactive
metallic lithium was determined by the reaction of 2Li + 2H,0 —
2LiOH + H,. For comparison, few studies about “dead” lithium in
SSLMBs were reported possibly due to the buried interfaces,
making in situ characterization difficult. Wang et al. investigated
Li/garnet interfaces via neutron depth profiling (NDP) and found
the formation of “dead” lithium in SSLMBs, and then suggested a
promising strategy to decrease the “dead” lithium."** Strategies
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such as 3D host structures, high stack pressure and improved
wettability between the lithium anode and SSEs, reducing the
interfacial resistance, thus rendering uniform lithium deposi-
tion/stripping, may be adopted. In summary, “dead” lithium in
SSLMBs is an unexplored research area; more research studies
are required in this area.

4. Interfaces in SSLMBs

Another major roadblock in SSLMBs is the high interfacial
resistance that originated from the poor solid-solid contact and
the deleterious chemical or electrochemical Li/SSE interfacial
reactions."**"** Thermodynamically most SSEs are not stable with
lithium, and they are chemically reduced to form detrimental
interfacial reaction products upon contacting lithium.**?%"”
High interfacial resistance reduces the critical current density
(CCD) and the lifetime of SSLMBs. Great endeavors have been
devoted towards reducing the interfacial resistance and improving
the interfacial stability, which include applying an external pres-
sure to improve the physical contact between lithium and the
SSEs, interlayer coating to modify the wettability of the Li/SSE
interface and prevent detrimental interfacial reactions, and inter-
face modification. These strategies aim to improve the physical
contact and/or the chemical and electrochemical compatibility
between lithium and the SSEs. A detailed account is provided in
the following.

4.1. Stack pressure

It has been shown that the application of mechanical pressure
is beneficial to the cycle life and plating morphology of lithium
metal cells.?""*¥7'*> The benefit of applied pressure is thus to
confine lithium growth and plastically deformed lithium to main-
tain a more planar, low surface area morphology. During lithium
stripping, the stack pressure may mitigate void formation in the
lithium anode by pressure induced creep of lithium.

4.1.1. Stack pressure in LLZO based SSLMBs. Krauskopf
et al. showed that mechanical pressure has a very strong effect
on the interface kinetics in LMBs because of the plastic deforma-
tion of lithium."*® They investigated the interfacial resistance
changes with different external pressures in a Li/LLZO/Li
symmetric cell, and they found that the Li/LLZO interfacial
resistance became very small and decreased virtually to 0 Q cm?
at a high external pressure of 400 MPa."*® They interpreted this
observation by the concept of constriction resistance and showed
that the contact geometry in combination with the ionic transport
in the SSE dominated the interfacial contributions for a clean
interface in equilibrium. Constriction resistances are electrical
contact resistances that are caused by insufficient contact between
electrical conductors and the resulting current line bundling near
discrete contact spots. This theory originally describes the contact
resistance of monometallic contact surfaces by separate contact
spots that increase their contact area because of plastic deforma-
tion under an applied force. The distribution of these spots is
defined by the small-scale surface roughness as schematically
shown in Fig. 9a. The constriction resistance can be calculated
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through eqn (4), which is determined by the applied force N and
the Vickers hardness H and the electrical resistivity p or conduc-
tivity ¢ of the contacted materials.

p [n-H 1 [T Hyj
R.. =2. = . 4
) N 2 o+ N ()

Fig. 9b shows the theoretically estimated and the experimentally
determined interfacial resistances, which agree very well with
each other. The authors showed that by increasing the pressure
to 400 MPa in an isostatic press setup, no interfacial resistance
contributions were observed anymore, proving that the interface
is not intrinsically highly resistive and that very high pressures
are necessary at room temperature to obtain intimate and
complete contact between lithium and the SSE. They showed
further that the contact resistance increase during charge was
caused by pore formation in the lithium anode, and applying
external pressure might erase the pore due to the creep of
lithium, thus reducing the contact resistance. As shown in
Fig. 9c, if the local current density does not exceed the vacancy
diffusion limit in the metal, the interface remains structurally
stable (left in Fig. 9c). When the externally applied local current
density exceeds the diffusion limit, vacancies supersaturate and
accumulate to form pores near the interface, which will grow and
lead to increasing contact loss (middle in Fig. 9c). Adatom
diffusion of the metal pore surface may cause a second, higher
diffusion limit. For comparison, when external pressure is
applied, pores will be annihilated because of the plastic defor-
mation of the lithium metal and contact loss is restricted (right
in Fig. 9¢)."*® Kasemchainan et al. confirmed that higher stack-
ing pressure tends to suppress void formation, thus permitting
higher current density during cycling.®* They found that creep
rather than lithium diffusion dominates the lithium transport to
the interface. Therefore, the external pressure should be higher
than the yield stress of lithium to achieve its plastic deformation
via creep to replenish lithium to the voids formed during lithium
stripping. Based on eqn (1), the strain rate of lithium is propor-
tional to the exponent of stress during the creep of lithium. The
higher external pressure would provide more driving force to
replenish lithium to the voids, leading to a higher CCD on
lithium stripping.

A CCD on stripping is identified that results in dendrite
formation on plating and cell failure.** When the stripping
current density removes lithium from the interface faster than
it can be replenished, voids form in lithium at the interface and
accumulate on cycling, increasing the local current density at
the interface and ultimately leading to dendrite formation on
plating, short circuit and cell death. The CCD increases with
increasing stack pressure on stripping, indicating lithium creep
as the dominant mechanism for transporting lithium to the
Li/LPS-Cl interface. Similar results were reported in the sodium/
Na-p”-alumina interface.*® They suggested that considerable
pressure might be required to achieve even moderate power
densities in solid-state cells. It is interesting to note that the
LLZO SSE appears to be able to sustain a high stack pressure of
400 MPa without fracture, as the fracture stress of LLZO is about
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250 MPa for a flaw size of about 5 pm. The reason for the high
fracture resistance of LLZO is unclear and warrants further
investigation.

Wang et al. utilized stack pressure to correlate mechanics
with the electrochemical behavior of Li/LLZO/Li symmetric
cells during galvanostatic cycling.'*® They demonstrated that
significant polarization occurs at a current-dependent “‘critical
stack pressure”. The polarization is attributed to the increased
interfacial resistance caused by voids present at the interface during
lithium stripping. The authors suggested that at low pressures the
lithium stripping rate exceeds the rate of replenishing via lithium
creep at the interface, inducing the formation of voids and ultimately
increasing resistance. These results are consistent with those
reported by Krauskopf et al.**®

In short, stack pressure renders intimate contact between
lithium and LLZO due to the creep of lithium, thus reducing the
contact resistance dramatically. Under high external pressure, creep
rather than lithium diffusion is the dominant mechanism trans-
porting lithium to the interfaces. As room temperature corresponds
to a homologous temperature of 0.66T}, for lithium,”® high pressure
and high temperature promote creep of lithium dramatically under

618 | Energy Environ. Sci,, 2021, 14, 602—642

normal battery operation conditions. Stack pressure is particularly
important in the lithium stripping process, as the high stack
pressure facilitates the creep of lithium, so that the replenishment
overwhelms the removal of lithium during stripping, thus avoiding
the formation of voids at the Li/SSE interface, which is the rate
limiting factor for the lithium anode. Results of a kinetic model
proposed by Krauskopf et al. showed that the interface remains
morphologically stable only when the anodic current density does
not exceed a critical value of approximately 100 pA cm ™2, which is
not high enough for practical cell setups employing a planar
geometry."*® They highlighted that future research on lithium metal
anodes on SSEs needs to focus on the transport within and the
morphological instability of the metal electrode. Obviously CCD for
stripping corresponding to the removal of lithium was determined
by the external pressures before the SSE fractured, since the
pressure dominates the creep induced lithium transport.

4.1.2. Stack pressure in sulfide based SSLMBs. Doux et al.
studied systematically stack pressure influence on the performance
of SSLMBs using LPS-Cl electrolyte."*> They showed that the
stacking pressure impacts dramatically the short circuit and
longevity of SSLMBs. Namely, at 75 MPa stack pressure, the

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ee02525a

Published on 23 November 2020. Downloaded by Georgia Institute of Technology on 3/31/2021 9:52:24 PM.

Review

Cell fabrication

Plating start

Plating end

View Article Online

Energy & Environmental Science

Free Energy vs Decomposed Fraction

b

Before pressing 26 MPa > 1000h: No short-circuit

Contact increase

Release back to 5 MPa

~ 48h: Plating short-circuit

Cell Impedance ()

75 MPa

short-circuit

Pressure (MPa)

: Mechanically induced

9
G'=G°+ Gstrain
Grps N G0,
¢o D
e
s 1 ~Z
\*0)0 ¢ s« |Gp+
LGp ’Q"?zo. Gfracture
BER'S e
26,
D GD
X xpin (1 —xp)LGPS + xpD

Fig. 10 Effect of the stack pressure on the shorting behavior of SSLMBs. (a) During cell fabrication, the contact between the electrolyte and lithium metal
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LMB cell already shorted before cycling began due to lithium
creeps through pores in the SSE (Fig. 10a-f). At 25 MPa, the cell
cycled for 48 hours before failure. At 5 MPa, the cell cycled for
more than 1000 h before short circuit failure. The authors
attributed the longer cycle lifetime at lower stacking pressure
to the creep properties of lithium, which is unable to creep into
the pores of the SSE at low pressure. They showed further that
the impedance of a lithium metal symmetric cell depended
strongly on the pressure applied to improve the contact between
the electrolyte and the lithium. If a pressure of only 1 MPa was
used, the cell impedance exceeded 500 Q, which decreased to
~110 Q at 5 MPa, 50 Q at 10 MPa, 40 Q at 15 MPa, 35 Q at
20 MPa, and 32 Q at 25 MPa. The result is in accord with that
reported by Krauskopf et al.'*® However, in a Li/LLZO/Li sym-
metric cell, a pressure as high as 400 MPa was required to reduce
the Li/LLZO interfacial resistance to virtually 0 Q. It appears that
the stack pressure requirement for reducing the interfacial
resistance is very different between garnet type SSEs and sulfide
type SSEs, with the latter requiring much lower stack pressure
than the former. The reason for the difference may be two fold.
Firstly, sulfide electrolytes are much softer than LLZO; thus an
intimate contact may be easier to establish in the former than in
the latter. Secondly, lithium may exhibit better wettability with
sulfide SSEs than with LLZO.

In addition to reducing the interfacial resistance, the electro-
chemically stable window of sulfide SSEs can be extended via the
mechano-electrochemical effect by external stack pressure or core-
shell confinement design, which efficiently improves the interfacial
stability between the lithium anode and sulfide electrolytes.'**'%
As shown in Fig. 10g, since LGPS tends to expand upon decom-
position, the Gibbs strain (Gsuain) increases and acts as the
mechanical stress to restrict the expansion of LGPS.'*” At some
fracture point, denoted x; the Gibbs energy of the system

This journal is © The Royal Society of Chemistry 2021

exceeds the energy needed to fracture the mechanical constraints
(the blue dashed line). The highlighted gray path is the sug-
gested ground state for a mechanically constrained LGPS system.
For this reason, the region xp < x; is metastable. It is theore-
tically predicted that the stable electrochemical window of the
LGPS SSE could be extended from 1.7-2.1 V to 1.2-3.9 V when the
constraint’s effective compressibility increases from 0 to 20 GPa.""’
A stability window of 0.7-3.1 V and a quasi-stability window of
up to 5 V for Li;Si;Py_xS1, sulfide electrolytes with a high Si
composition in the shell are achieved which are much larger
than the previously predicted one of 1.7-2.1 V. The mechanical
confinement of the amorphous shell on the crystalline core plays
an important role in the voltage stability of Li;joSij+xPs xSi2
sulfide electrolytes."*® A mechanical constriction for the LGPS
via a graphite layer under 100 MPa external pressure made the Li/
LGPS/Li cell operate at an ultrahigh current density of 10 mA em >
without short-circuit and lithium dendrite formation."*®

In summary, mechanical pressure reduces the interfacial
resistance, extends the electrochemical stability window and
increases the CCD of sulfide SSEs. The pressure required to
achieve a low interfacial resistance is much smaller in the
Li/sulfide interfaces than the Li/LLZO interfaces, possibly due
to the softer sulfide electrolyte rendering intimate contact
between lithium and sulfide at lower pressures. In fact, if the
pressure is too high, lithium may creep to short the cell directly
in sulfide based SSLMBs. The electrochemically stable window
of the LGPS SSE can be extended from 1.7-2.1 V to 1.2-3.9 V
when the constraint’s effective compressibility increases from
0 to 20 GPa. The correlations between the external pressure and
the CCD of both stripping and plating need further investigations
by considering the interplay of mechanics and electrochemistry/
chemistry to control the interfacial stability of sulfide based
SSLMBs.
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4.2. Chemo-mechanics of the Li/LLZO interface—the
wettability

A major issue with the Li/LLZO interface is the interface
wettability.'*>**>'%° The wettability between lithium and LLZO is
a critical factor in determining the interfacial resistance; namely, a
fully wetted Li/LLZO interface leads to a very low interfacial
resistance; in contrast, a poorly wetted Li/LLZO interface causes
very high contact resistance. A review of the Li/LLZO interfacial
wettability provides vital information regarding how to improve
the wettability between lithium and LLZO, thus improving the
battery performance. Moreover, the wettability between lithium
and LLZO is indeed related to the lithium mechanics, as the
wettability or the adhesion strength between lithium and LLZO is
determined by the interplay between the surface tension of
lithium metal and the interfacial bonding strength and interac-
tions, which are closely related to the chemo-mechanics of lithium
and LLZO. Indeed, Wang et al. correlated the interface resistance
with the interfacial adhesion of the Li/LLZO interface,">" and they
found that when the tensile adhesion strength was 1.1 kPa, the
interfacial resistance was 330 kQ cm® By contrast, when the
tensile adhesion strength reached 8 MPa, the interfacial resistance
decreased to 7 Q cm®. Apparently lithium mechanics plays a vital
role in the wettability of the interfaces and in turn the interfacial
resistances. Therefore it is critical to improve the wettability
between lithium and LLZO so as to boost the battery performance.

There are conflicting reports regarding the wettability of the
LLZO surface to lithium. One of the complications arises from
the surface conditions of LLZO, i.e. whether or not it is covered
with a surface Li,CO; layer. When LLZO is exposed to air, it reacts
with moisture and CO, to form Li,CO3, which is lithiophobic.
Although many reports claim that the surface of LLZO was cleaned
up by mechanical polishing, or physical or chemical treatment
before assembling a cell, complete removal of Li,CO; is not
trivial.'**"*® The consensus appears to be that a clean LLZO
surface without any Li,CO; contamination is lithiophilic, while
that with Li,CO; is lithiophobic.

Sharafi et al. experimentally measured the contact angles
between the molten lithium and LLZO with and without the
Li,CO; surface, which were 142° and 95°, respectively (Fig. 11a-d).">
The interfacial adhesion energies were calculated to be 0.1 and
0.67 J m™? for the Li/Li,CO; and Li/LLZO interfaces, respectively,
and the calculated wetting angles were 142° and 95° for the
former and the latter, respectively (Fig. 11e and f).">* The larger
wetting angle obtained by calculation than by experiments was
attributed to the incomplete removal of Li,CO; in the experi-
ments. The higher interfacial adhesion energy of the Li/LLZO
interface than that of the Li/Li,CO; interface indicates a stronger
interfacial interaction in the former than in the latter. There are
also reports that wettability is controlled by the lithium metal, not
LLZO; as such, by alloying lithium with carbon or by removing the
surface Li,O layer in lithium, the Li/LLZO interface becomes
lithiophilic, regardless of the surface species on LLZO.">

In short, enormous efforts have been devoted towards
modifying either the LLZO surface or the lithium surface to
obtain a lithiophilic interface so as to reduce the Li/LLZO
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interfacial resistance (Table 3). Strategies such as physical
treatment (mechanical polishing, frictional rubbing, heat treat-
ment), chemical treatment (carbon reduction, acid treatment,
viscosity tuning) and interlayer deposition were adopted, which
are summarized in the following. The artificial interlayer also
plays an important role as a stable “SEI film” on garnet LLZO-
based electrolytes during plating/stripping cycles, improving
the power density and long-term cycling stability of cells. A brief
overview of these techniques is provided in the following.

4.2.1. Artificial interlayers. Luo et al. changed the chemical
properties of garnet LiggsLa, oCag1Zr;75Nbg 2501, (LLCZN)
from lithiophobic to lithiophilic through an ultrathin coating
of amorphous Si with a thickness of 10 nm deposited by
plasma-enhanced chemical vapor deposition (PECVD)."** The
wettability transition was due to the reaction between lithium
and Si and the in situ formation of lithiated Si. As a result, a
Li/Si-LLCZN/Li symmetric cell exhibited much smaller impe-
dance and excellent stability upon plating/stripping cycles
compared to cells using bare garnet SSE. Coatings of Au,'*
Ag,'® Sn,"” and Ge'*® have similar effects to that of Si, which is
essentially caused by the reaction of lithium with these elements
to form lithiophilic alloy phases, thus reducing the interfacial
resistances. Dipping LLZO into a molten Li-Sn alloy also has a
similar effect to the coating of Sn onto the surface of LLZO.">

Huo et al. used magnetron sputtering to deposit a 24 nm thick
Cu;N film on the surface of LLZTO, which was then subjected to
reaction with molten lithium to form a Cu/Li;N MIEC layer.'®® The
Li/MIEC/LLZTO interfacial resistance was much lower (38.4 Q cm?)
than that of the Li/LLZTO interface (1138.5 Q cm®). The CCD under
which the cell failed reached a record value of 1.2 mA cm™> for the
Li/MIEC/LLZTO/Li cell, thanks to the reduced interfacial resis-
tance. Because the Cu nanoparticles dispersed in the CuzN matrix
are excellent electronic conductors, the MIEC layer renders a
uniform electric field distribution, thus preventing lithium den-
drite formation effectively. Coatings of MoS,,"** Li;N,'®* and
Zn0"'® produced similar effects to that of CuzN.

The interfacial resistance was reduced by using atomic layer
deposition (ALD) of a thin layer of Al,0; 5-6 nm in thickness on
the surface of the LLCZN SSE.">* Experimental and computational
results revealed that the oxide coating enabled wetting of metallic
lithium in contact with the garnet electrolyte surface and the
lithiated-alumina interface allowed effective lithium ion transport
between the lithium metal anode and garnet electrolyte.

Zhang et al. coated the LLZTO surface with Na, then lithium
disk was attached to the Na-coated LLZTO and heated at 230 °C
for 30 min, where a eutectic Na-Li intermediate layer was
formed between lithium and LLZTO.'®* They showed that Li-
Na alloy exhibits better wettability with LLZTO than either
lithium or Na with LLZTO. Symmetric lithium cells with a Li-
Na interlayer showed a resistance of 38 Q cm? at 60 °C, which is
significantly lower than that of symmetric lithium cells without
an interlayer (1144 Q cm?). Fu et al. reported that melt-casting
lithium doped with 0.5 wt% Na on the surface of a LLZTO SSE
can reduce the Li/LLZTO interfacial resistance due to the
transfer of Li,CO; from the grain boundaries of the LLZTO to
the surface of lithium."*
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Fig. 11 Lithium wetting on LLZO SSEs. (a—d) Contact angle measurements of molten lithium on (a) Li,COs, (b) dry polished-LLZO, (c) wet polished-
LLZO, and (d) wet polished-LLZO after heat treatment at 500 °C. (Reproduced with permission.*>? Copyright 2017 American Chemical Society.) (e and f)
Calculated works of adhesion (W,q), contact angles (0), and atomic structures for the (e) Li/Li,COs and (f) Li/LLZO interfaces. (Reproduced with
permission.*> Copyright 2017 American Chemical Society.) (g) Schematic illustration of the Li/LLZTO interface before and after rapid acid treatment.
(Reproduced with permission.’®® Copyright 2019 Published by Elsevier Ltd.) (h—k) First-principles calculations of different interfaces: Li/LLZO (h),
Li/LLZTO (i), Li/Li,COs (j), and Li/Li>O (k). (Reproduced with permission.’** Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)

4.2.2. Chemical and physical treatments. Chemical treatments
including carbon reduction, acid treatment and heat treatment are
widely used to improve the lithium wetting on the LLZO.

Li et al. introduced a simple method to remove Li,CO; and
the protons in the garnet framework by reacting garnet with
carbon at 700 °C, in which carbon reacts with Li,CO; on garnet
via Li,CO;3; + C — Li,O + 2CO to remove all the Li,CO; from the
garnet.'® Consequently, the surface of the garnet turned from
lithiophobic to lithiophilic, and the Li/LLZTO-C interfacial
resistance changed from 1210 to 28 Q cm®.

Huo et al introduced a rapid acid treatment method to
remove the surface Li,CO; layer on LLZTO, and turned the
original lithiophobic surface to lithiophilic (Fig. 11g)."*° As such,
the interfacial resistance decreased from 940 to 28 Q cm”. The
removal of Li,CO; was based on the following chemical reaction:
Li,CO;3 + 2HCl — 2LiCl + CO, + H,0. They reported that it took
only 30 s to remove all the Li,CO; from the LLZTO surface, and
longer acid treatment deteriorates the ionic conductivity of the
SSE, which could be attributed to acid corrosion to the porous
SSE that weakened the Li" migration across grain boundaries.

The surface structure of LLZTO can be modified by heat
treatment."®” The rationale is that with increasing heat-treatment

This journal is © The Royal Society of Chemistry 2021

temperature some Li,CO; on the LLZTO surface was removed due
to the thermal decomposition of Li,COj;, leading to a thinner
insulating layer, which then resulted in lower interfacial resis-
tance. The interfacial resistance reached a minimum at 700 °C,
which is close to the Li,CO; decomposition temperature. The
interfacial resistance increased for cells with LLZTO heat-treated
at 800 °C, which is the temperature when LLZTO starts to
decompose. A similar heat treatment effect was observed in
LLZO."*®

It was reported by the same group that by combining wet
polishing and heat treatment of LLZO, a clean LLZO surface
with virtually no Li,CO; was obtained.'”® Remarkably, such
careful control of surface chemistry reduced the interfacial
resistance to 2 Q cm?, lower than that of liquid electrolytes,
without the need for interlayer coatings. The origin of ultra-low
resistance was associated with interfacial chemistry, lithium
wettability, and electrochemical phenomena. The Li/LLZO
interface without Li,CO; exhibits much better adhesion and
wettability than the Li/Li,CO; interface. From this study, it can
be concluded that the high interfacial resistance between
lithium and LLZO SSEs presented in the vast amount of
previous studies originates mainly from the surface species
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Table 3 Wetting properties of lithium with LLZO derived SSEs
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Surface W/WO Li,CO;3,

Stable current density

SSE modification Wettability Cell configuration Rinterface (Q cm?) (mA cm™*)/lifetime (h) Ref.
LLCZN (LLZO doped No LPHO Li/SSE/Li 925 — 154
with Ca, Nb) Si interlayer LPHI Li/Si-coated SSE/Li 127 0.2/30
LLCZN No LPHO Li/SSE/Li 1710 — 169
Al,O; interlayer LPHI Li/ALD Al,O5-coated SSE/Li 34 0.2/90
LLZTO No LPHO Li/LLZTO/Li 1138.5 0.1/8 160
Cu;N + Li — Cu + LizN MIEC layer LPHI Li/LLZTO/MIEC/Li 38.4 0.1/1000
Li/LLZTO/LCO 3354.7 —
Li/LLZTO/MIEC/LCO 1029.2 —
LLZTO Thin layer Au LPHI Li/LLZTO/Li 1500 0.5/~0.04 155
Li/Au/LLZTO/Au/Li 190 0.5/22.5, 0.25/150
LLZTO No LPHO Li/LLZTO/Li 572 at 60 °C 0.05/8 at 60 °C 164
Na interlayer LPHI Li/Na/LLZTO/Na/Li 54 at RT, 19 at 60 °C 0.1/3000 (60 °C),
0.1/600 (RT)
Li/Na/LLZTO/LFP — —
Li/Na/LLZTO/FeF; + IL — —
LLZTO Yes LPHO Li/LLZTO/Li 1210 at RT, 725 at 0.05/~7 165
65 °C
LLZTO-C Carbon treatment LPHI Li/LLZTO-C/Li 28 at RT, 9 at 65 °C  0.4/150
Li/PEO/LLZTO-C/PEO/Li — 1/100 at 65 °C
Li/LLZTO-C/LFP + PEO 92 at 65 °C 0.1/40 cycle at 65 °C
LLZTO Yes LPHO Li/LLZTO-air/Li 940 0.1/5 166
Rapid acid treatment LPHI Li/LLZTO-RAT/Li 26 0.2/700
Li/LLZTO-air/LFP — —
Li/LLZTO-RAT/LFP 3513.4 —
Li/LLZTO-RAT/LCO 1978.2 —
LLZTO No LPHI Lig/LLZTO/Lig — 0.1/70 153
No LPHI Lix/LLZTO/Lig 6.95 13.3/80
Rubbing LLZTO in LPHI Lig/LLZTO/Lig 492.6 0.1/50
molten Li
LLZTO No LPHO Li/LLZTO/Li 381 0.3/3 173
Li-C composite LPHI Li-C/LLZTO/Li-C 11 0.3/250 174
175
LALZWO Pencil drawing graphite, 1 um Li/LALZWO/Li 675 0.05/20 176
Li/C-LALZWO-C/Li 52.5 0.3/100
Li/C-LALZWO-C/NMC532 — —
LLCZNO CueSn; interlayer Li/LLCZNO/Li 1489 0.1/38 157
Li/Sn-LLCZNO/Li 168 0.25/300
Li/CusSnsLLCZNO/Li 236 0.25/300
Li/LLCZNO/LCO 1081 at 100th cycle —
Li/Sn-LLCZNO/LCO 767 at 100th cycle —
Li/CueSnsLLCZNO/LCO 356 at 100th cycle —
LLZTO MosS, interlayer Li/LLZTO/Li 62 0.2/25 161
Li/M0S,-LLZTO-MoS,/Li 14 0.2/40
LLZTO Yes LPHO Li/LLZTO/Li 1256 at 60 °C 0.2/30 at 60 °C 162
Li;N interlayer LPHI Li/LizN-LLZTO-Li3N/Li 90 at 60 °C 0.2/150 at 60 °C
Li/Li;N-LLZTO-Li;N/LFP 71 at 60 °C —
LLCZNO Ag interlayer, 100, 300, 500 nm Li/LLCZNO/Li 1534 0.1/72 156
Li/Ag-LLCZNO/Li 66 0.2/100
Li/Ag-LLCZNO/LMO — —
LLCZNO Ge interlayer 20 nm, e-beam Li/LLCZNO/Li 925 158
evaporation Li/Ge-LLCZNO-Ge/Li 115
Li/Ge-LLCZNO-Gel/LFP —
LLCZNO Yes LPHO Li/LLCZNO/Li 1900 — 163
ALD ZnO 30 nm LPHI Li/ZnO-LLCZNO-ZnO/Li 450 0.1/50
LLZO Polishing & heat treatment Li/LLZO/Li From 200 to 1 0.2/200 152
LLZTO PEO-LIiTFSI & temperature Li/PEO-LiTFSI-LLZTO- 10800 0.03/1.7 167
PEO-LiTFSI/Li 180 after heat 0.03/7
treatment
LLZAO LLZAO-SG: 20-40 pm Li/LLZO-SG/Li 37 178
LLZAO-LG: 100-200 pm Li/LLZO-LG/Li 130
LLZO Temperature Li/LLZO/Li 5822 168
Li/LLZO/Li, heating to 514

175 °C cooling to RT

2.7 for 175 °C treated

cell

Lig: Li foil; Lig: rubbing LLZTO in molten Li; W/WO: with/without; RT: room temperature; Rierace: interfacial resistance; LPHO: lithiophobic; LPHI: lithiophilic.
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such as Li,CO; and LiOH. Therefore, it is a prerequisite to
obtain a clean SSE surface in order to achieve a low interfacial
resistance.

4.2.3. Rubbing LLZTO in molten lithium. Zheng et al
argued that it is the Li,O layer on the surface of lithium rather
than Li,CO; on the surface of SSE that dictates the resistance of
the Li/SSE interface.'® They reported very different results from
the literature: namely regardless of with/without Li,CO; on the
LLZTO surface, the SSE is always lithiophilic. They showed that
by rubbing a LLZTO pellet covered with a 3 nm thick Li,CO;
surface layer into a molten lithium sphere, a near intimate
contact between lithium and LLZTO was obtained. They suggested
that by rubbing the LLZTO pellet in the molten lithium back and
forth, the Li,O layer on the surface of the lithium metal was
broken, enabling fresh lithium to contact with the LLZTO surface,
thus forming a lithiophilic Li/LLZTO interface with low impe-
dance. First-principles calculations (Fig. 11h-k) showed that the
interface formation energies of Li/LLZO, Li/LLZTO, Li/Li,COj3, and
Li/Li,O are —2.52, —6.14, —0.63, and 0.23 ] m >, respectively,
suggesting that the order of wettability with lithium is LLZTO >
LLZO > Li,CO; > Li,O. In this context, the previous studies using
interlayers (AL O3, Si, Au, C) to modify the garnet surface and
decrease the Li/LLZO interfacial resistance'>>'*>'%'71 were inter-
preted as using the interlayer to break the surface Li,O layer on the
lithium metal to obtain a lithiophilic Li/LLZTO interface with a
low interfacial resistance, which reached as low as 6.95 Q cm?'">
The low interfacial resistance led to a record high current density
of 13.3 mA cm™? in a Li/LLZTO/Li symmetric cell, which is even
higher than the typical current density in liquid electrolyte based
LIBs. However, this record high current density was obtained in a
limited capacity measurement, which differs from the widely used
time-constant measurement; therefore, the validity of their data
needs further verification.

4.2.4. Li-C composites. Duan et al. prepared a Li-C com-
posite by mixing graphite powder into molten lithium, and they
showed that the Li-C composite exhibited intimate contact
with LLZTO."”* They showed that the LLZTO surface without
Li,CO; was lithiophobic, which contradicts with other
reports.'>*1%>1%¢ The improved Li-C/LLZTO interface contact
may be attributed to the following three factors: (1) the viscosity
of Li-C is 33 times higher than that of lithium, which decreased
the surface tension of molten lithium; (2) the Li-C composite
and LLZTO show favorable reaction with a small reaction energy
of —20 to —100 meV per atom, suggesting a minor interfacial
reaction, which facilitates the wettability; and (3) the surface
Li,CO; layer might still exist even after polishing the LLZTO
pellet, and previous computation studies indicate a low binding
energy between lithium and Li,CO;, rendering a poor contact
between lithium and Li,CO;. Using a similar approach, repla-
cing the graphite powder with g-C3N,"’* or BN nanosheets,'””
a Li-C3N; or Li-BN composite renders good wettability
between lithium and LLZTO. One additional advantage of
Li-C3N, or Li-BN over Li-C is that the former may form a
fast lithium ion conductor, i.e. Li;N, at the interface, which
further improves the interface ion conductivity.

This journal is © The Royal Society of Chemistry 2021
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Pencil drawing graphite on LisoAly,LasZry ;5Wo 25012
(LALZWO) generates similar results to a Li-C composite."”®
A graphite layer with a thickness of about 1 pm was coated on
both surfaces of LALZWO pellets by pencil painting. Then, the
coated pellets were sandwiched between two pieces of lithium
metal (the thickness was 1 mm) to assemble the symmetric
cells. After that, all cells were heated at 210 °C for 30 min under
an Ar atmosphere so that LiCs was formed at the interface.
The Li/SSE interface with a graphite layer exhibited lithiophilic
characteristics.

4.2.5. Abietic resin coating. Wang et al. reported a novel
technique of converting a lithiophobic interface into a lithio-
philic one through a simple abietic resin acid coating.'”” The
surface of Cu foil is lithiophobic; however, after coating abietic
resin acid, the Cu surface became lithiophilic. The authors
attributed the change to the formation of Li-O and Li-C bonds
which are the main driving forces for the improved wettability
of molten lithium. Molten lithium reacted with molten abietic
resin acid to form a mixture of LiOH, Li,O/-COOLi, LiCs, Li,C,,
carboxy, methyl, and methylene groups at the Li/Cu interface.
The effect of abietic resin acid coating is extended to organic
coatings with -COOH, -OH, -SO;H, -NH,, -NH-, -Si-O, -F, -Cl,
-Br, and -I groups, or element additives including Mg, In, Ca,
Sr, Ba, Sc, Y, Rh, Ir, Pd, Pt, Au, Cd, Hg, Ga, T], Ge, Pb, As, Sb, Bi,
S, Se, and Te.'”” The formation of Li-O, Li-N, Li-F, Li-Cl, Li-Br
and Li-I bonds derived from the O, N, F, Cl, Br, and
I-containing organic groups contributed to the improved wett-
ability between molten lithium and the organic coating. When
the inorganic alloying elements were introduced into lithium,
the surface tension of molten lithium decreased, and the liquid
metals could easily spread onto the substrates. Intrinsically, the
mechanisms of the improved wettability of molten lithium by
the chemical strategy are ascribed to the negative free energies
for the reactions between molten lithium and lithiophilic sub-
stances and the newly formed bonds favoring better wettability.

4.2.6. Size effect on the interfacial resistance. Cheng et al.
reported that LLZO with smaller grain size exhibited smaller
interfacial resistance.'”® They synthesized Al-substituted LLZO
(LLZAO) with different grain sizes: i.e. LLZAO-SG samples with
10-20 um grain sizes and LLZAO-LG samples with 100-200 um
grain sizes. The interfacial resistances of the Li/LLZAO-SG and Li/
LLZAO-LG samples were 37 and 130 Q cm?, respectively, and the
CCDs were 0.134 and 0.09 mA cm 2, respectively. The authors
concluded that the better performance observed for the small-
grained samples was attributed to the larger relative amount of
surface layer grain boundaries, rather than grain orientation and
grain boundary misorientation effects. They suggested that LLZO
SSEs should have small grains and multiple grain boundaries to
ensure the good performance of SSLMBs. However, the physics
and chemistry behind this grain size dependent interfacial resis-
tance are unclear. In fact, grain boundaries hinder ion conduc-
tion;"”*'# thus more grain boundaries should deteriorate rather
than improve the performance of SSLMBs.

A similar grain size effect was observed in Na-p”-alumina
(composition: 8.85 wt% Na,0; 0.75 wt% Li,O; balance Al,0;)."®"
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The CCDs were 240 and 700 mA cm™> for samples with grain
sizes of 5.2 and 1.1 pum, respectively. Na dendrite induced
breakdown was initiated at lower average current densities for
larger grain size electrolyte. The fracture strengths of the SSEs
decreased significantly with increasing grain size. Therefore, a
connection between the CCD and fracture strength of the SSE
was established: that is, the higher the fracture strength of SSE,
the higher the CCD, suggesting that the electrochemical failure
and mechanical failure were inter-related. Although the
mechanical failure and electromechanical failure are not
equivalent, it should be stressed that the mechanical properties
strongly affect the electrical ones.™®"

In summary, physical treatment such as mechanical polish-
ing, frictional rubbing, and heat treatment; and chemical
treatment including carbon reduction, acid treatment, and
interlayer and abietic resin acid coating can improve the
wettability of lithium with LLZO and reduce the interfacial
resistance and thus improve the CCD. The principle of these
treatments is to either reduce the surface tension of lithium or
change the LLZO surface from lithiophobic to lithiophilic.
Reducing the grain size of the SSE improves not only its
mechanical properties but also the CCD.

4.3. Stability of Li/Na-superionic conductor (NASICON) and
Li/sulfide interfaces

Theoretical calculation indicates that the chemical/electroche-
mical stability windows of NASICON and sulfide SSEs with
lithium are much narrower than that of LLZO. Therefore, the
issues in the Li/NASICON and Li/sulfide interfaces arise mainly
from the deleterious interfacial reactions rather than from the
wettability to lithium. Interfacial reactions usually cause large
volume changes of the interfaces, and cyclic volume expansion
and shrinkage lead to the formation of a large number of cracks
even fracture of the SSEs, causing mechanical failure of the
cells.'® Furthermore, interfacial reactions may generate insu-
lating interphases at the interfaces, which increase the inter-
facial resistance and in turn the polarization, and eventually
lead to the failure of the cell.!”® In this context, our overviews of
the interfacial stability of NASICON and sulfide SSEs focus
mainly on the chemical/electrochemical reactions of SSEs with
lithium, electro-chemo-mechanically interfacial degradation
mechanisms and mitigation strategies.

4.3.1. Lithium reactions with NASICON and sulfide SSEs

4.3.1.1. Theoretical prediction of interfacial reactions. To
investigate the chemical/electrochemical interfacial stability
between the lithium anode and SSEs, Zhu et al.*®® and Richards
et al.™®” performed first principles calculations to predict the
thermodynamics of the reactions between the SSEs and
lithium. The results demonstrate that almost all the Li/SSE
interfaces are thermodynamically unstable, because they can be
reduced by the highly reactive lithium with a low redox
potential (Fig. 12a). The predicted high reduction potentials
of 1.75 and 2.16 V for perovskite LLTO and NASICON-type
LATP, respectively, are in accord with the reduction potentials
of 1.7 and 2.4 V in CV measurements.'**"®> Lower reduction
potentials of 0.69 and 0.05 V versus Li*/Li for LIPON and LLZO,
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respectively, indicate their higher interfacial stability with the
lithium anode than LLTO and LATP. It should be noted that the
experimentally measured stability windows are much wider
than that predicted by theory. For example, the LLZO SSE can
be stable with lithium over 5 V, and this significantly large
stability window is explained in terms of kinetic stability."**'%°
The formation of stable interphases may act as passivated SEIs
to prevent further reaction of lithium with LLZO, similar to the
role of SEIs in liquid electrolytes.®””"®”'°" A similar extended
stability window for kinetic reasons was reported in NASICON-
type and sulfide SSEs."”

4.3.1.2. Experiments probing interfacial reactions. It was
recently found that SSLMBs with NASICON and sulfide SSEs
failed due to increasing polarization.'”®'%> As reported by Wu
et al., short circuiting was observed in LLZO based SSLMBs
after several cycles (Fig. 12b) due to lithium dendrite penetra-
tion. In contrast, LATP based SSLMBs terminated after the
continuously increasing polarization for 60 h without short
circuit, suggesting an internal disconnection of the cell
(Fig. 12¢)."° Increasing internal resistance caused by the
thickening interphase layer due to the continuously chemical
or electrochemical reactions between the lithium anode and
the SSEs is suggested to be the culprit for the cell failure.
Similar failure mechanisms were also observed in SSLMBs with
perovskite LLTO and sulfide SSEs besides NASICON-type
SSES‘182,1937195

Considering the reactive and conductive natures of the
in situ formed interphase layers between lithium and SSEs,
the Li/SSE interfaces can be distinguished into three types
(Fig. 12d-f):'®* thermodynamically stable interfaces (Fig. 12d),
thermodynamically unstable interfaces (Fig. 12e), and the last
containing kinetically unstable ones and stable ones (Fig. 12f).
Few prevalent SSEs exhibit thermodynamic stability because
the reduction potentials of most SSEs are higher than 0 V vs.
Li'/Li. Based on the composition phase diagram, non-metal
elements sulfur, phosphorus, nitrogen, oxygen and halides in
the SSEs are finally reduced to Li,S, LizP, Li;N, Li,O and lithium
halides, respectively, which are stable for contacting with the
lithium anode. First principles calculations™*®**”'®* indicate
that the reduction potential is 0 V for these lithium compounds.
Computations and experiments suggest that the in situ for-
mation of these stable lithium compounds can efficiently passi-
vate and protect the lithium anode, acting as the SEI layer to
stabilize the lithium anode, similar to the SEI layer on the
lithium anode in liquid electrolyte.’®” These stable SEI passiva-
tion layers in the SSLMBs exhibit high ionic conductivity but
electronic insulation, which prevent further reaction between
lithium and the SSEs (Fig. 12f)."®> For example, the final pro-
ducts Li,S and Li;P for LPS*"'%* endow these sulfide SSEs with
kinetically interfacial stability with lithium anodes. LiPON and
anti-perovskite LizOCl SSEs also show similar kinetically inter-
facial stability with the lithium anode due to the formation of a
stable SEI passivation layer of the Liz;P, Li,O, LizN or LiCl
phase.l%fl%
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By contrast, the elements germanium and titanium in LLTO, and LAGP,*** MCI layers were also formed in the Li/SSE
LATP, Li;,,Al,Ge,_(PO,); (LAGP) and LGPS are reduced to the interfaces,'®® as revealed by in situ and ex situ XPS. Due to the
corresponding metals or lithium alloys, which causes the continuous reactions and unstable interfaces, interfacial engi-
continuous thickening of the unstable interphase layers neering on the lithium anode such as incorporating artificial
between the lithium anode and the SSEs due to the mixed SEIs or protective layers is required when these unstable SSEs
conductive characteristics of the interphase layer.'*® Due to the were used in SSLMBs to obtain kinetically stable interfaces and
mixed conductivity for both ions and electrons of this mixed to improve the cycle performance of the batteries.
conducting interphase (MCI) layer,"*® the interfacial reactions Among all the SSEs examined, garnet LLZO shows the lowest
proceed continuously in the SSEs, causing interfacial instability ~reduction potential of 0.05 V.'*®'8%2%* The low reduction
(Fig. 12¢)."® Indeed, Li,S, Li;P and Li-Ge alloy were detected in  potential and small decomposition energy suggest that LLZO
the interphase layer when LGPS contacted with the lithium may be kinetically stabilized to lithium metal, which is sup-
anode.'* The formation of the interphase layer in the Li/LGPS ported by the experimental results showing no reduction at 0 V
interface dramatically increases the interfacial resistance.’®* Li-Sn  in the CV experiment>*® of a Li/LLZO/Li cell. However, reaction
and Li-Si alloys formed in the Li/Li;oSnP,S;, and Li/Li;SiP,S;,  of garnet LLZO with lithium metal was observed at elevated
interfaces cause similar interfacial instability to the Li/LGPS temperatures. Cracks were present in LLZO when it was
interface.?° immersed in molten lithium, while no cracks were observed

Similarly, due to the reduction of Ti*" and Ge*' to Ti** and  in the pristine sample.*** Below 0.05 V, LLZO was lithiated and
Ge®" and even metallic Ti and Li-Ge alloys in perovskite type reduced to Li,O, Zr;O, and La,O;, and Zr;O even further
SSEs such as LLTO'®* and NASICON type SSEs such as LATP reduced to Zr metal below 0.004 V.'*® The chemical reaction
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Fig. 12 Interfacial stability of Li/SSEs. (a) Electrochemical stability ranges of various electrolyte materials grouped by anion, with the corresponding
binaries for comparison. The high-voltage stability of these materials is determined primarily by the anion. (Reproduced with permission.**” Copyright
2016 American Chemical Society.) (b and c¢) Cyclic performance of (b) Li/LLZO/Li and (c) Li/LATP/Li symmetric cells at room temperature with a
0.1 mA cm™2 current density. Inset: Digital photographs of (b) the surface and cross section of the cycled LLZO and (c) the surface of the cycled LATP.
(Reproduced with permission.”® Copyright the Royal Society of Chemistry 2018.) (d—f) Three types of interfaces between lithium metal and the SSE.
(d) Non-reactive and thermodynamically stable interface; (e) reactive and unstable MCI; and (f) reactive and metastable SEl. (Reproduced with
permission.'®2 Copyright 2015 Elsevier B.V.) (g) Sequential photographs of the contact between a sintered LAGP pellet and melted lithium metal at
200 °C in a glovebox (H,O and O, levels of <0.1 ppm). The time is expressed as minutes : seconds. (Reproduced with permission.**> Copyright 2017
American Chemical Society.)
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between lithium and LLZO was investigated via in situ TEM by
Ma et al.>®® They found that once the LLZO was brought into
contact with the Li-metal electrode, a tetragonal-like LLZO
interphase with a thickness of 5 unit cells formed and inhibited
further chemical reaction between lithium and LLZO.>*
Tao et al. also conducted an in situ TEM study on the Li/LLZO
interfacial reaction but drew a different conclusion.>® They
observed that during lithium plating into the Li/LLZO interface,
LLZO remained unchanged, revealing the superior stability of
LLZO to lithium.>%>7

4.3.1.3. Lithium reactions with SSEs at high temperatures and
thermal runaway. The highly reactive metallic lithium can even
trigger the thermal runaway of SSLMBs at high temperatures where
lithium contacts with LATP, LAGP and LLTO.'*>?°® Chen et al.
suggested that oxygen generation from SSEs at elevated tempera-
tures was responsible for the thermal runaway of SSEs with the
highly reactive lithium. By comparing the onset temperature and
the heat-generation rate of different material systems, the thermal
stability versus lithium of the four SSEs was identified to follow the
order of LAGP < LATP < LLTO < LLZO. Chung and Kang
observed that the chemically formed interphase between molten
lithium and LAGP above 200 °C induces a rigorous chemical
reaction, leading to a thermal runaway (Fig. 12g)."*> The thermal
runaway indicates potential safety issues in SSLMBs induced by
rigorous chemical reactions between metallic lithium and oxygen
released from SSEs at increased temperatures. These results
suggest that the notion that SSLMBs are safer than liquid electro-
lyte based lithium-ion or metal batteries is questionable.

In summary, the thermodynamic stability windows of most
SSEs are narrow, but the experimentally observed stability windows
are much wider than that predicted by theory. The discrepancy is
explained in terms of kinetic stability; namely, interfacial reactions
may generate stable interphases which act as SEIs to prevent
further reactions between lithium and the SSEs. However, if the
interphases are unstable, the kinetic stability fails. Lithium reacts
with SSEs at high temperatures violently, causing thermal runaway.

4.3.2. Failure mechanisms of Li/NASICON and Li/sulfide
interfaces in terms of electro-chemo-mechanics

4.3.2.1. Failure mechanisms of Li/NASICON interfaces. If the
interphases formed at the Li/SSE interface are unstable and
MIEC in nature, the interfacial reaction is sustainable, leading
to the continuous thickening of the interphases and an
increase of the interfacial mechanical stress, causing cracks
and fracture of the SSEs, which in turn increase the interfacial
resistance and polarization, leading to eventually failure
of SSLMBs. As reported by Hartmann et al., after only 1 h in
contact with lithium metal, the total resistance of the symmetric
LAGP and Li,;4,_Al,Ta,Ge,_,_(PO,); (LATGP) cells increased to
about 21 and 81 kQ cm?, respectively, and then quickly increased
to ~72 kQ cm” after 42 h and ~200 kQ cm” after 90 h (Fig. 13a),
respectively.'® The continuous increase of resistance was
ascribed to the thickening of the MCI induced by the reduction
of Ti*" (Fig. 13b), which increased the interfacial stress and
induced cracks, fracture and even detachment of the SSE.**°
The resistance of the symmetric LAGP cell even continuously
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increased for 50 days due to the continuous reaction between
lithium and LAGP.'**

Unstable interphase formation causes large volume change
at the interface, and thus induces mechanical failure of the
SSE, which triggers the dysfunction of SSLMBs. Local volume
expansion induced stress is the main factor in causing the
mechanical failure. When the NASICON-type SSE contacted
with lithium, the chemical reactions occurred and a new MCI
formed (Fig. 13c), which nucleated and grew inhomogeneously
at the interface (Fig. 13d). The interphase pervaded into both
lithium and LAGP layers with a glacier-like morphology
(Fig. 13e). The interphase consisted of many particles with sizes
similar to those of LAGP particles. However, the particles in the
interphase were rougher and more rounded than the LAGP
particles (Fig. 13f). The newly formed non-uniform interphases
induced inhomogeneous volume expansion which increased
local internal stress in the interphase layer and the electrolyte,
triggering the nucleation of cracks and fracture of the SSE
(Fig. 13g-i). In situ X-ray computed tomography (CT) visualized
the continuous formation of cracks with the continuous lithium
deposition in a LAGP based SSLMB and confirmed that the
volume expansion induced fracture of the LAGP SSE was the
primary factor causing the resistance increase rather than
the resistance of the interphase itself (Fig. 13g-i).>*° The reaction
of lithium with LAGP caused amorphization and volume
expansion of the interphase, which induced mechanical stress
and fracture of the SSE along with a massive increase in inter-
facial resistance. Similar amorphization, volume expansion and
fracture were observed in LATP SSE.*"’

Local reactivity heterogeneity between lithium and the SSE
due to the non-uniform chemistry of the SSE surface including
compositions and grain boundaries is another factor in gen-
erating mechanical instability of the Li/SSE interface. Wu et al.
found that the reactions between LATP and lithium efficiently
terminated the continuous lithium dendrite propagation, which
was considered as a key factor in preventing the formation of
lithium dendrites, but the reaction region expanded and even-
tually blocked the Li" ion transport, and finally the cell termi-
nated by substantially increased resistance.'”® He et al. also
investigated the failure mechanism of a LAGP based SSLMB
and found that the chemical reactions between LAGP and
molten lithium started from the grain boundaries, and then
resulted in a change in the grain size of LAGP from 1 um to
100 nm.””" The composition of the grains changed with the
degree of reaction for one refined particle and some grains lost
their contact with LAGP after a heavy reaction due to the fast
reaction along the grain boundaries. Finally, some of Ge** near
the grain boundaries and surfaces were reduced to Ge® and even
formed the Li-Ge alloy.>**

In summary, the Li/NASICON interface is chemically/elec-
trochemically unstable due to the mismatch of chemical
potential between lithium and NASICON, leading to interfacial
reactions and the interphase formation. The formation of
interphases causes volume expansion and mechanical stress
at the interface, which trigger cracking and fracture of the
NASICON SSE, and eventually failure of SSLMBs.
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4.3.2.2. Failure mechanisms of Li/sulfide interfaces. Volume
expansion induced cracks accompanied by a continuous
increase of interfacial resistances were also observed in SSLMBs
with LGPS, Li;(SiP,S;, and Li;,SnP,S;, SSEs,>'"?!? similar to
SSLMBs with LATP and LAGP SSEs. Similar to the Li/NASICON
interface, chemical reactions between lithium and the sulfide
SSEs cause volume expansion due to the formation of inter-
phases. The non-uniform reactions form inhomogeneous inter-
phases and volume expansion, which induce local stress and
cracks in the sulfide SSEs. The increased interphase layer with
poor ionic conductivity and the formation of cracks increase
the interfacial resistance of the Li/SSE interfaces. A continuous
increase in impedance over time at open circuit and the
formation of surface cracks were observed when LGPS con-
tacted with lithium.*'*> The increase of the Li/LGPS interfacial
resistance was faster than that of the Li/Li,P3S;4 (LPS) interface.
The thickness increase rate of the interphase layer in the Li/
LGPS interface was 10 times faster than that of the Li/LPS
interface. The faster interfacial reaction kinetics for the Li/LGPS
interface was ascribed to the formation of Li-Ge alloy or a

ixed < onducting;
nterphase

View Article Online

Energy & Environmental Science

metallic Ge phase in the interphase layer with a higher electro-
nic conductivity."** Han et al. investigated the effect of electro-
nic conductivity on the interfacial stability of Li/LGPS and Li/
LLZO interfaces.>**?* They found that the stable electroche-
mical window became narrower when conductive carbon was
added into these SSEs,”***'* confirming the detrimental effect
of electronic conductivity on the Li/SSE interfacial stability.***

By contrast, due to the formation of electronically insulating
but thermodynamically stable interphases such as Li,S, LizP
and lithium halides, ceramic LPS,*"*" argyrodite-type LPS-C1*'
and halides doped sulfide glass SSEs'®>*'® are kinetically stable
with the lithium anode. However, these kinetically stable
interfaces suffer from a similar lithium dendrite penetration
problem to the Li/LLZO interface. For instance, the electroche-
mically deposited lithium metal in LPS propagated in a cellular
manner, along pore channels, grain boundaries, or both, and
then caused the short circuit of the battery.>® The void for-
mation in the Li/LPS-Cl interface in the stripping process was
considered as a dominant factor in the formation of lithium
dendrites during the plating process.®* The accumulated voids

L = Ty S

Fig. 13 Mechanical and electrochemical stability between lithium and inorganic SSEs. (a) Impedance spectra of (top) LATGP and (bottom) LAGP samples
with lithium electrodes at room temperature (approximately 20 °C) in an Ar-filled glovebox. (Reproduced with permission.**® Copyright 2013 American
Chemical Society.) (b) Schematic for the degradation of LATP when it contacts with lithium and the formation of a MCI. (Reproduced with permission.**°
Copyright 2013 American Chemical Society.) (c) Cross-sectional SEM image of a Li/LAGP interphase layer formed after detaching a Li metal foil.
(Reproduced with permission.**? Copyright 2017 American Chemical Society.) (d) SEM image and (e) and (f) cross-sectional SEM images of the Li/LAGP
interface after detaching lithium metal foil with the nucleation of the interphase. (Reproduced with permission.1%? Copyright 2017 American Chemical
Society.) (g) Schematic for the mechanical degradation of LAGP during the charge—discharge process. (Reproduced with permission.2°® Copyright 2019
American Chemical Society.) (h and i) Low-magnification cross-sectional SEM images of LAGP cycled until failure at (h) 0.1 mA cm ™2 and (i) 0.5 mA cm 2.
(Reproduced with permission.2°° Copyright 2019 American Chemical Society.)
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during the stripping/plating cycles caused poor contact
between Li and the SSE and increased the local current density,
and the so-called current focusing “hot spots” induced den-
drite formation when the apparent average current density was
still lower than the CCD. The formation and expansion of voids
as well as the lithium propagation during the plating/stripping
cycle were visualized by Seitzman et al. using synchrotron-
based X-ray tomography in a LPS based SSLMB.*>

In summary, there are two distinct failure mechanisms in
NASICON and sulfide SSE based SSLMBs: one is the unstable
interphase formation which thickens continuously due to their
MIEC nature and increases the interfacial impedance, and the
other is the volume changes that arise from the interphase
formation, causing cracks and fracture of the SSEs and
mechanical failure of the SSLMBs.

4.3.3. Strategies for stabilization of Li/NASICON and Li/
sulfide interfaces. Many efforts have been devoted towards
engineering the interfaces between lithium and SSEs to
improve the interfacial stability and the cycle performance of
SSLMBs via the introduction of polymer or inorganic inter-
layers, and in situ construction of stable SEI layers and metallic
buffer/protective layers.

4.3.3.1. Polymer protective layers. Wang et al. coated a thin
PEO (LiTFSI) layer on the surface of lithium to avoid direct
contact between lithium and LAGP SSE.*"” The reduction
potential for Li" efficiently decreased after the PEO (LiTFSI)
layer modification, and lithium dendrite growth was efficiently
suppressed. Interface engineering by adding a LiCl containing
thin thermosetting polymer, P(AA-co-MA)Li, layer, was con-
ducted on the surface of a bare LAGP pellet before contacting
with lithium to improve the stability of the interface.>* Zhou
et al. reported a polymer/LATP/polymer electrolyte based on
cross-linked poly(ethylene glycol) methyl ether acrylate and
achieved dendrite-free lithium deposition.”'® Jin et al. intro-
duced a multifunctional nanoparticle-reinforced CPE layer in
the LATP/Li interface to not only avoid side reaction but also
reduce interfacial resistance.”'® Zhang et al. coated a PEO-
based solid polymer electrolyte (SPE) of PEO-75% Li,S-24%
P,S5-1% P,05 (LPOS) on a LAGP pellet to prevent the direct
contact between lithium and LAGP.**° The sticky PEO thin layer
was used as an interfacial adhesive to link the compact LATP
ceramic electrolyte and the lithium anode, and the interfacial
resistance decreased from 2478 to 242 Q em>**' A wetted
polypropylene (PP) layer was introduced into the interface
between LAGP and lithium, which successfully prevented the
undesirable reactions.””* The interfacial resistance of the
SSLMB decreased from 421 to 51 Q ecm? after the introduction
of the PP layer. A disparate-polymer protected LATP SSE, in
which the anti-oxidative polyacrylonitrile (PAN) and the anti-
reductive PEO were introduced into the SSE/cathode and SSE/
anode interfaces to improve both their interfacial stabilities,
respectively (Fig. 14a and b). The CV curve (Fig. 14c) exhibited a
wide electrochemical window of the protected SSE, indicating
the improvements of the interfacial stability of the Li/LATP
interface.*”?
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4.3.3.2. Artificial inorganic SEI layers. Artificial SEI films are
widely used to improve the interfacial stability of Li/NASICON
interfaces. In comparison with bare LATP, the ALD Al,O;-
coated LATP exhibits a more stable cycling behavior with
smaller voltage hysteresis for 600 h and a smaller interfacial
resistance (Fig. 14d and e). Characterization via high-resolution
TEM and electron energy loss spectroscopy (EELS) indicated
that lithium penetration and Ti*" reduction are significantly
limited due to the Al,O5-coating layer.>** Bai et al. doped ZnO
via a surface coating method by magnetron sputtering to
improve the stability of the LATP electrolyte to the attack of
the lithium metal anode and to avoid the growth of lithium
dendrites.””® Wang et al. introduced a LiPON layer with a
thickness of 500 nm between lithium and a LAGP-PEO compo-
site SSE to provide a uniform Li" flux and suppress the lithium
dendrites.*?® Jadhav et al. reported a LiPON thin film deposited
on B,0j3-added lithium aluminum germanium phosphate (B-
LAGP) by the RF-sputtering technique to mitigate the reaction
between lithium and B-LAGP.**

Artificial SEI films on the lithium anode are also efficient
strategies to improve the interfacial compatibility between the
lithium anode and sulfide SSEs.”’>**® As reported by Sang
et al.,”*® the lithiated Al,O; (LiAlO,) interlayer functions to decrease
the potential between lithium and LPS and suppress the LPS
decomposition. However, Wang et al found that the LiAlO
protective layer only offered finite interfacial stability due to the
high stiffness of the LiAlO,, which could not accommodate the
lithium plating/stripping induced large stress/strain.>*> For this
reason, they constructed an inorganic-organic hybrid interlayer
(alucone) via molecular layer deposition (MLD) to improve the Li/
LGPS interfacial stability. Davis et al. directly deposited a 20 nm
Al,O; layer on LGPS to investigate the impact of the Al,O; artificial
SEI on the interfacial stability between lithium and LGPS.>'” They
also found finite interfacial stability and the Al,O; artificial SEI just
delayed the cell degradation; a lithium dendrite was observed when
the crack was present in the lithiated Al,O; artificial SEI layer.

4.3.3.3. In situ construction of stable SEIs. Since the reduction
of Ti*" and Ge*' to form Ti® and Ge® is the main reason for the
formation of the MCI layer, substituting the Ti**/Ge*" with
another element to in situ form a stable SEI is another strategy
to obtain a stable interface between the lithium anode and
NASION type SSE. Li et al. substituted Ti**/Ge*" with Zr*" to
obtain a LiZr,(PO,); electrolyte, which reacted with a metallic
lithium anode to form a Li*-conducting SEI layer containing Li;P
and LigZrOg in situ.>*° The SEI passivation layer exhibited good
wettability with both lithium and the LiZr,(PO,); electrolyte, and
thus improved the interfacial compatibility. Liu et al. reported
using a plastic superconductive layer to protect the reaction
between lithium and LAGP by in situ modifying the succinoni-
trile (SN)-based plastic interlayer with LLZAO nanowires (1-SN),
which stabilized the interface, improved the interfacial stability
and suppressed the lithium dendrites.**'

Although sulfide SSEs have a limited thermodynamic electro-
chemical stability window around 1.7-2.1 V, the Li/sulfide SSE
interface is kinetically stable due to the formation of interphases
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with high ionic conductivity and low electronic conductivity.****"'%3  jodide-based phase, Li,P,Sgl, formed by the reaction of Lil
The in situ formation of interphases by tuning the composition with LPS at 200 °C, exhibited remarkable compatibility with
of the SSE is considered as an efficient strategy to stabilize the Li/ ~ the metallic lithium anode.?*® The Li/Li,P,Sgl/Li cell with the
sulfide SSE interface. Fan et al. introduced a LiF-rich thin film iodide-based Li,P,SgI SSE could be cycled 800 times, indicat-
in situ to suppress the lithium dendrite growth and block the ing the excellent lithium plating/stripping cycle life.

side reaction between lithium and LPS SSE (Fig. 14f).>*> The CCD

was increased from 0.7 mA cm ™2 to 2.0 mA cm ™ * (Fig. 14g and 4.3.3.4. Metallic buffer layers. Thin metallic layers, such as
h), and the coulombic efficiency of the lithium plating/deposi- Ge, Al and Cr,***>*® are successfully used as the protective
tion increased from 88% of the pristine LPS to more than 98% layers. An amorphous Ge thin film was sputtered on a LAGP
for the LiF-coated LPS. Zhang et al. constructed an in situ formed surface, which not only suppressed the reduction reaction of
LiH,PO, protective layer to circumvent the chemical instability ~Ge*" with lithium, but also produced an intimate contact
between lithium and LGPS SSE.>** The Li/sulfide SSE interfacial between lithium and the LAGP SSE (Fig. 14i-k).>*® Before Ge
stability as well as lithium dendrite suppression can be achieved film coating, Ge*" in the LAGP pellet would be reduced to Ge**
by the incorporation of Lil into the electrolyte to in situ form a and Ge® upon contacting with lithium; after sputtering the Ge
stable SEI film due to the high ionic conductivity and electronic ~ film between LAGP and the lithium anode, Ge*" was protected
insulation of Lil.'®>*** A high CCD of 3.9 mA cm™ > was achieved and remained stable after cycling (Fig. 14i and j). The cycle
by using a 30 mol% Lil containing Li,S-P,S; glass SSE.">> Anew performance of a Li/Ge/LAGP/Ge/Li symmetric cell was better
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Fig. 14 Strategies for stabilization of Li/NASICON and Li/sulfide interfaces. (a and b) Illustrations of the solid full battery with (a) pristine LATP and (b)
disparate-polymer protected SSE, in which anti-oxidative polyacrylonitrile (PAN) and anti-reductive PEO were introduced into the SSE/cathode and
SSE/anode interfaces, respectively. (Reproduced with permission.?2* Copyright 2019 American Chemical Society.) (c) Cyclic voltammetry curve of the
disparate-polymer protected SSE at 60 °C. (Reproduced with permission.??*> Copyright 2019 American Chemical Society.) (d and e) Cycling behavior of
the Li/LATP/Li symmetrical cell without (d) and with (e) Al,Os interlayer coatings at a current density of 0.01 mA cm~2. (Reproduced with permission.?2*
Copyright 2018 American Chemical Society.) (f) Schematic illustration of the pretreated processes for the formation of a LiF-rich SEI layer between the
lithium metal and the LPS SSEs. (Reproduced with permission.?*> Copyright 2018 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science.) (g and h) Galvanostatic lithium plating/stripping profiles in the Li/LPS/Li cell (g) and the Li/LiFSI@LPS/Li cell
(h) at step-increased current densities. (Reproduced with permission.>*> Copyright 2018 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science.) (i and j) Schematic diagrams of the amorphous Ge film coating between LAGP SSE and lithium metal to
improve the Li/LAGP interfacial stability. (Reproduced with permission.>*¢ Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.) (k) Cycling
performance of the Li/Ge/LAGP/Ge/Li and Li/LAGP/Li symmetric cells at a current density of 0.1 mA cm~2. (Reproduced with permission.?*® Copyright
2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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than that of a Li/LAGP/Li cell (Fig. 14k). A Li-Al alloy layer
formed when the Al foil was assembled on the lithium-boron
alloy anode, which reduced the side reaction between the
lithium alloy anode and the NASICON SSE.>*” Cortes et al.
investigated the reasons for the protective effect of a fine Cr
metallic coating layer on the LAGP via sputtering.>*® They
claimed that uniform metallic layers improved the initial
physical contacts between lithium and LAGP. Moreover, the
lithiated alloy interphase converted the lithium plating/strip-
ping into the conversion reaction, promoting the reversible
electrochemistry during the charge/discharge process.

A Au thin buffer layer was inserted into the Li/LPS interface
by Kato et al. to prevent void formation after the initial lithium
dissolution and increase the sites for lithium deposition, which
efficiently reduced the interfacial resistance and enhanced the
interfacial stability.’ Li-In alloy electrodes have been widely
used as the stable anodes in SSLMBs due to their high inter-
facial stability with sulfide SSEs than the pure lithium
anode.*>*! Nagao et al. reported that inserting a Li-In alloy
thin layer at the interface between the lithium electrode and the
sulfide SSE brought about a good cyclability and a high rate
capability in SSLMBs because of the formation and retention of
intimate contacts at the interface.**°

In summary, the introduction of interlayers can form a
stable SEI, improve the wettability, alleviate the deleterious
interfacial reactions between lithium and NASICON or sulfide
SSEs, thus improving the performance of SSLMBs. However,
some of the introduced interlayers can only delay the interface
degradation but cannot prevent it, as these interlayers suffer
from similar chemical/electrochemical and electro-chemo-
mechanical degradation to the SSEs. Therefore, carefully choos-
ing the appropriate interlayers and controlling SEIs are critical to
optimizing the performance of the Li/NASICON and Li/sulfide
interfaces.

4.4. Electro-chemo-mechanics of Li/PEO interfaces

The electro-chemo-mechanics of Li/PEO interfaces plays impor-
tant roles in the lithium dendrite suppression, interfacial
resistance and cycling life of PEO based SSLMBs. From a pure
mechanical perspective, the Monroe and Newman criterion*
suggests that when the elastic modulus of the PEO is two times
greater than that of lithium, dendrite growth is suppressed
(a detailed discussion on this topic is presented in Section 3.2).
However, lithium dendrites and cell failures were still observed
when reinforced PEO SSEs'**"*” or stiff inorganic SSEs">® with
elastic moduli far greater than two times that of lithium were
used in SSLMBs. Therefore, the Li/PEO interface stability and
dendrite suppression are dictated by the electrochemical/
chemical and mechanical coupling effects, meaning that in
addition to the mechanical suppression strategy, chemical/
electrochemical properties such as the high ionic conductivity,
high lithium ion transference number, low resistance and low
reactivity with lithium are also critical to the Li/PEO interface
stability. Inorganic fillers, copolymer based PEO electrolytes
and multilayer-structured PEO based composite electrolytes
have been used to efficiently improve both the mechanical
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and electrochemical/chemical stability of the Li/PEO interfaces,
which are reviewed in this section.

Interfaces with low resistance and fast ion transfer are also
required to achieve the electrochemical stability of Li/PEO
interfaces. However, as lithium metal is an active alkali metal,
the as-received metallic lithium is inevitably composed of
Li,COj3, LiOH and Li,O in the surface layer,*** which form the
initial passivation film. Lithium also reacts with PEO to form a
passivation layer between lithium and PEO****® and the
reaction is suggested to be similar to that in liquid
electrolyte.>*® The reaction between lithium and liquid electro-
Iyte forms a passivation layer on the surface of lithium called a
SEI, which has been studied extensively;®”3%187:188:190,250 | oy
ever, the passivation layer in the Li/PEO interface was less well
characterized; thus the reaction mechanisms between lithium
and PEO are not well understood. Nevertheless, it is well
recognized that lithium reacts not only with the salts in PEO
but also with the backbones of PEO itself, forming a passivation
layer between lithium and PEO, whose structure and composi-
tion are not well understood. For example, Fauteux proposed
that LiF was formed in the passivation layer due to the reaction
between lithium and the F-containing salt in the PEO electro-
lyte complexed with lithium triflate (LiSO;CF;) salt.>>" How-
ever, Vincent et al. argued that lithium sulfite and CF; radicals
were the reaction products in the passivation layer due to the
weaker C-S bonds as compared to the C-F bonds.>** Xu et al.
suggested that LiOH was formed in the passivation layer and
the LiOH amount was determined by the water content in the
polymer SSE.>*> Metallic lithium can even be directly dissolved
in PEO, which was detected by the "Li NMR technique in a
recent study by Galluzzo et al.>>® Therefore, more fundamental
understanding of the nature of the SEI in the Li/PEO interface
and interface engineering is required to obtain a stable Li/PEO
interface with both enhanced mechanical properties and high
ionic conductivity.

4.4.1. Inorganic fillers for improving the stability of Li/PEO
interfaces. Inorganic additives have been widely used to
improve both the mechanical and electrochemical stability of
Li/PEO interfaces. Kalnaus et al. calculated the effective
Young’s modulus of PEO electrolyte with additives to identify
appropriate composite structures that could block lithium
dendrites.>®* Both inert fillers such as Al,0;,>°° TiO,,>>® and
$i0,'"**° and Li" conductive particles LLZO*” and LATP**®
were used as the inorganic fillers to improve the mechanical
properties and ionic conductivity of PEO electrolytes. Lin et al.
introduced a stiff mesoporous SiO, aerogel backbone into
a polymer-based electrolyte to achieve a high modulus of
~0.43 GPa and a high ionic conductivity of 0.6 mS cm 2,
which efficiently suppressed lithium dendrites."'®> Zhang et al.
dispersed LLZO nanoparticles into isolated PEO to obtain
reinforced CPEs with high ionic conductivity, which suppressed
lithium dendrites due to their enhanced mechanical properties
and high ionic conductivity.>®” They also found that nanoscale
LLZO particle filled PEO electrolytes exhibited higher ionic
conductivity than microscale particle filled electrolytes because
of their higher specific surface area and percolation effect.>””
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Borghini et al. studied the electrochemical properties of PEO
based electrolytes, with and without the addition of dispersed
v-LiAlO, powder as a filler. The results clearly indicated that the use
of the y-LiAlO, ceramic filler combined with the Li[(CF;SO,),N] salt
greatly reduced the crystallization rate and enhanced the
lithium/electrolyte interface stability.>*® Li et al reported the
effect of various ceramic fillers with PEO electrolyte. They found
that the interfacial resistance largely depended on the properties
of the added fillers. Specifically, a small amount of ferroelectric
BaTiO; added into PEO improved the interface stability and
lithium ion conductivity regardless of the lithium salt species."**
Shin et al studied the size effect of nano silica and micro
v-LiAlO, fillers on the electrochemical and interfacial properties
of PEO-LIN(SO,CF,CF;), electrolyte using linear sweep voltam-
metry, alternating current impedance and galvanostatic strip-
ping/deposition on symmetric non-blocking cells. They found
that the presence of silica caused high interfacial resistances
during storage under open circuit at 90 °C. Meanwhile, they
observed a negative effect in that the silica containing polymer
electrolytes showed the highest initial overpotential and an
unstable behavior of the interface. These results suggest that
the addition of nano silica into PEO electrolyte has a detrimental
effect on the electrochemical and interfacial stability. By compar-
ing the electrochemical properties of PEO with micro y-LiAlO,,
they claimed that the favorable effect of inert fillers was only
observed in polymer electrolytes most likely due to the presence
of residual solvents or moisture trapped on the surface particles
that were released into the polymer electrolyte,”*® which is not
consistent with other reports.***2>°

4.4.2. Structure modification of PEO for the electro-chemo-
mechanics of Li/PEO interfaces. Structure modifications such
as copolymerization®®"*? and blending"'®*** have been widely
used to improve the mechanical properties of the substrate for
PEO based SSEs. Chintapalli et al. utilized the SEO mixed with
LiTFSI salt as the polymer electrolyte to harness the advantage
of both the polystyrene block which provides mechanical stiff-
ness and the PEO block that solvates and transports ions
derived from LiTFSI. Wu et al. constructed a double network
gel electrolyte blending polyvinylidene difluoride-hexafluoro-
propylene (PVDF-HFP) and PEO to integrate high ionic con-
ductivity and high mechanical toughness."'® The obtained
electrolyte has a high modulus of 44.3 MPa and a high fracture
energy of 69.5 k] m~? as well as a high conductivity of 0.81 mS cm ™"
at 30 °C. Transparent flexible lithium ion conducting solid polymer
electrolyte polydimethylsiloxane (PDMS), PEO and LiClO, exhib-
ited high mechanical robustness and flexibility (Young’s modulus
~1 MPa) with an ionic conductivity of ~0.03 mS cm ™. The high
mechanical properties and ionic conductivity enabled SSLMBs
with these SSEs to exhibit high battery performances.”*

4.4.3. Effect of the salt species on the formation of interlayers
between lithium and PEO. While coupling PEO with different
lithium salts, the ionic species play an important role in the
interlayer formation in the Li/PEO interface. Ismail et al. studied
lithium metal electrodes before and after contact with PEO
electrolyte containing LiN(SO,CF;), (LiTFSI) or LiBF,.**> They
found that due to the adsorption of TFSI anions and/or the
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formation of polymeric forms of the anion, a thin and stable
interface with less resistance seemed to be established. While in
contact with the LiBF, containing PEO, a thick interfacial layer
composed of LiF was formed.*** Granvalet-Mancin et al. investi-
gated the formation of a passivation layer between lithium metal
and PEO electrolytes with lithium triflate (LiSO;CF;) salt via
attenuated total reflection FTIR spectroscopy, AFM and electro-
chemical impedance spectroscopy.”** They found that the first
reaction for the formation of a passivation layer was the formation
of the CF; radical, which quickly extracted a hydrogen from the
polymer backbone, and somewhat later lithium broke the C-O
bonds in the polymer backbone resulting in the formation of
Li-O-R type compounds.”** They suggested that many of the end
groups resulting from these reactions were of the form CH;-CH,-.
The formation of a passivation layer was found to increase the
interfacial resistance, which is detrimental to Li/PEO interfaces;
thus its formation should be mitigated. By introducing self-
assembled molecular layers (semicrystalline wax from Petrolite
Specialty Polymers, denoted as H-(CH,);,~(CH,-CH,-O-);,—H) on
the polymer electrolyte surface, the above passivation reactions
were prevented. Fauteux studied the formation of a passivation
layer in the Li/PEO interface at elevated temperatures, and eval-
uated the reaction between lithium and PEO with four lithium
salts (LiCF3SO;, LiAsFe, LiClO,, and Lil).>*° For the LiCF;S0; and
LiAsFg salts, a LiF based SEI was formed as the passivation layer
as a result of the reaction between lithium metal and the
F-containing groups in the lithium salt. Li,O and LiOH were
formed in the passivation film for all four PEO electrolytes with
different lithium salts, which might be attributed to the reaction
between the trace amount of water in the electrolytes and the
lithium anode. The results showed that the passivation layer
formation occurred under open circuit conditions, implying
chemical reaction between the lithium anode and PEO electrolyte.
The nature of the salt in PEO and the chemical potential of the
ionic species influence the kinetics of the passivation layer
formation and growth.>*

4.4.4. Effect of solvent on the electro-chemo-mechanics of
Li/PEO interfaces. Solvents including organic carbonates,
ethers and ionic liquids have been widely used as plasticizers
to obtain gel polymer electrolytes (GPEs), which exhibit com-
parable ionic conductivity to liquid electrolyte. However, GPEs
generally suffer from poor mechanical properties and low electro-
chemical stability due to the introduction of organic solvents.
Incorporating inorganic additives, polymer blending,*** construct-
ing multilayered structures®® and grafting branched structures®*®
have been used to improve the mechanical properties and electro-
chemical stability of GPEs. The Young’s modulus increased from
0 for LiTFSI-SN to a maximum ~ 1.0 MPa by tuning the ratios of
the blended SN, polyactylonitrile and PEO.”** A sandwich struc-
ture polymer/polymer-ceramic/polymer gel electrolyte composed
of PVDF/LLTO-PEO/PVDF was constructed to suppress lithium
dendrites by combining the advantages of inorganic and gel-type
polymer electrolytes.”®> Chusid et al. reported in situ FTIR studies
of lithium interactions with two polymer electrolytes: one was a
PVDF-HFP with cyclic alkyl carbonates as plasticizers, suitable for
ambient temperatures; and the other was a solvent free polymer,
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a derivative of PEO with a branched structure: poly[ethyleneoxide-
2-(2-methoxyethoxy)ethyl glycidyl ether], suitable for elevated
temperatures.®®® They found that the surface chemistry of lithium
electrodes in contact with the former was dominated by alkyl
carbonate solvent reduction to ROCO,Li surface species. In the
latter, the surface reactions of lithium electrodes were dominated
by salt and trace water reduction, with the surface species being
Li,S,04, Li,NSO,CFs3, etc. The polymer itself seemed to be stable
with lithium even at 60 °C.

4.4.5. Artificial interlayers. In order to minimize the reaction
between lithium and PEO electrolyte, interlayers are introduced to
enhance interfacial stability. Brown et al. positioned a diblock
copolymer (PE-b-PEO) having a general chemical formula of
H-(CH,)3,~(0-CH,CH,);o-OH at the PEO electrolyte surface. The
PE-b-PEO interlayer robustly adhered to the lithium, which
resulted in an interfacial resistance three orders of magnitude
lower than that of standard PEO.**” Mason et al. investigated the
self-assembled monolayer H-(CH,);,~(CH,-CH,-0),o-H modified
Li/PEO interface; they found that samples with the monolayer
developed interfacial passivation more slowly than the
untreated PEO in contact with lithium. They asserted that the
monolayer could be used to deter the formation of an inter-
facial barrier film.>®®

4.4.6. Interface stability between lithium and
poly(propylene carbonate) (PPC) electrolyte. Wang et al
studied the degradation of PPC induced by a chemical reaction
with lithium or the trace LiOH on the surface.>*® Initially frag-
mentation of the polymer PPC into lithium carbonate (I) and a
polymeric primary radical or PPC fragmentation terminated with
the hydroxy group occurred. The existence of LiOH accelerated the
production of the intermediate (I). Then the intermediate (I)
produced lithium alkoxide (II) by decarboxylation along with the
generation of a lithium carbon dioxide radical. Next intermediate
II tended to fragment into lithium alkoxide (III) and small
molecule PC when there was no presence of cellulose in the
system. The evolution from II to III generated a PC infiltrated
interface. Furthermore, the authors used cellulose as a scaffold to
restrain electrolyte and lithium reaction in the interface region,
thus preventing further reaction of lithium with internal PPC. The
interfacial reaction caused swelling of PPC, leading to a better
physical contact between lithium and the polymer electrolyte, thus
decreasing the interfacial resistance. The authors demonstrated
that the cycling of a symmetrical Li/Li cell using bare PPC based
SSE was inferior to that of a cell using cellulose confined PPC.
They suggested that the in situ self-wetting process provides a new
pathway for improving the interfacial compatibility and ionic
conductivity of solid state batteries.

In summary, the electro-chemo-mechanics determines the
chemical/electrochemical stability, interfacial stress and impe-
dance of the Li/PEO interfaces. Introducing organic fillers or
non-ion conducting nanoparticles enhances both the mechan-
ical and ionic properties of the PEO SSEs, thus improving the
dendrite suppression capability and reducing the interfacial
impedance. Introducing interlayers, different salts and solvents
in the PEO electrolyte can alter the structure and composition
of the SEI in the Li/PEO interfaces, thus impacting the
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performance of the SSLMBs. The nature of the SEI in the Li/
PEO interfaces is not well understood and calls for further
investigations.

4.5. Characterization tools for lithium dendrites and
interfacial evolutions

To suppress dendrite growth and optimize Li/SSE interfaces, it
is critical to develop state-of-the-art characterization tools to under-
stand the genesis of lithium dendrite growth and deleterious
interphase formation. Unfortunately, the lithium dendrite growth
and the interphase formation are buried in the Li/SSE interfaces or
in the bulky SSEs, rendering them difficult to directly characterize.
Another practical challenge that constrains the dendrite and inter-
face characterization arises from the extreme reactivity of lithium
metal and the SSEs with oxygen, moisture, and organic species,*”®
making sample preparation and transfer extremely difficult. Never-
theless, many achievements have been made in the in situ and
operando technologies for the characterization of the lithium
stripping/plating process and Li/SSE interface evolutions, although
more efforts should be devoted to these areas in future studies.*”*

In situ environmental transmission electron microscopy (ETEM)
is an emerging technique to study the nucleation and propagation
of lithium/sodium dendrites, and quantify the mechanical proper-
ties such as the yield strength and Young’s modulus of lithium and
sodium dendrites.®**®**”* In a gaseous ambient such as CO,, the
surfaces of the freshly grown lithium or sodium dendrites are
covered with thin layers of Li,CO; or Na,CO; with thicknesses
generally less than about 20 nm, respectively, mimicking the
formation of SEI layers on the lithium surface in liquid electrolyte
based LIBs. The surface Li,CO; or Na,CO; layers protect the
lithium or sodium dendrites from electron beam damage, thus
enabling in situ dendrite growth and mechanical property char-
acterization, which are not possible in a conventional high vacuum
TEM. With an appropriate setup, it is even possible to investigate
the electro-chemo-mechanics of lithium by in situ ETEM. Zhang
et al.®® and He et al.*® developed an in situ AFM-ETEM platform to
observe lithium dendrite growth and its stress generation (Fig. 4a).
They found that lithium dendrites (whiskers) exhibit much higher
yield strength than bulk lithium. Zhang et al. were able to measure
the mechanical stress generation of a growing lithium dendrite
under different applied voltages, and they found that the stress
generated by a growing lithium dendrite can reach 130 MPa.

Cryogenic TEM is an emerging technique to image beam
sensitive alkali metals such as lithium (Fig. 15a). HRTEM
images of lithium dendrites®”*”> and SEIs,>’>*’® and EELS
mapping of SEIs*’® have been realized. There is no doubt that
this technique can be extended to the studies of lithium
dendrites and interfaces in SSLMBs.

In situ SEM imaging has been widely used for the investiga-
tion of the lithium dendrite nucleation and growth in polymer
based SSLMBs'!!:112:123277:278 anq gulfide glass SSE based
SSLMBs.'® These observations are usually restricted to the
Li/SSE surface; information regarding the buried interface is still
missing. Broadly used in the lithium dendrite investigations of
liquid electrolyte based LIBs,>”® in situ optical microscopy
has been making great strides in characterizing the dendrite
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Fig. 15 Advanced characterization for lithium dendrites and Li/SSE interfaces. Schematics of (a) cryo-TEM measurement for lithium dendrites and SEI
films (Reproduced with permission.2”* Copyright 2017 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science), (b) Operando optical microscopy for lithium deposition (Reproduced with permission.®* Copyright 2020 The Author(s). Published by Elsevier
Inc.), (c) In situ XPS measurements for Li/SSE interfaces (Reproduced with permission.*®2 Copyright 2015 Elsevier B.V.), (d) In situ X-ray CT for lithium
deposition and Li/SSE interfacial evolution (Reproduced with permission.?®® Copyright 2019 American Chemical Society) and (e) NDP for lithium
distribution (Reproduced with permission.*® Copyright 2019 Springer Nature).

growth and the lithium penetration mechanisms in SSEs
recently,’9%143:212:280.281 gazvak et al. probed the coupled
electro-chemo-mechanics of Li/LLZO interfaces by operando opti-
cal microscopy (Fig. 15b).%* Quantitative analysis of synchronized
electrochemistry with operando video microscopy revealed new
insights into the nature of lithium propagation in SSEs. The
authors observed lithium dendrite propagation from one electrode

This journal is © The Royal Society of Chemistry 2021

to the other, which is perhaps the clearest evidence so far that
dendrites indeed penetrated through LLZO and caused a short
circuit. They suggested that a singular mechanism is insufficient
to describe the complexity of lithium propagation pathways.
Krauskopf et al. probed again by operando optical microscopy that
lithium deposition can generate large stress, breaking up the
copper film current collector.”® Similar phenomena have been
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reported by Motoyama et al.®* and Citrin et al*’ in LiPON SSE.
They showed that surface flaws like surface ledges and grain
boundaries are preferable locations for lithium nucleation. Good
and maintained contact with a pre-existing reservoir of lithium
metal or an alloy layer with fast lithium-diffusion properties on the
anode side is suggested to be highly beneficial for the assembly of
SSLMBs with a planar anode geometry employing crystalline
inorganic SSE separators. SSLMBs without a (thin) lithium-metal
reservoir in the as-assembled state will have greater issues with
short circuiting.

The advantages of operando optical microscopy and SEM are
at least two fold: firstly, they provide a global overview of the
dendrite growth and interface evolution; and secondly, because
the samples are large, these techniques permit electrochemistry
and microstructural evolution correlations. The disadvantage is
that their resolution is limited, as the detailed structures and
compositions of the nucleation sites and the interfacial reaction
products are not available. In this context, in situ TEM comple-
ments the cons of operando optical microscopy and SEM; how-
ever, in situ TEM lacks the big picture, and the electrochemistry
is usually missing or not sufficient due to the small sample size
in the restricted space in the TEM sample holders. Therefore a
combination of operando optical microscopy, SEM and in situ
TEM can cover the cross-length scale from the nanometer to
millimeter range, providing a full picture of the lithium dendrite
and interface problems in SSLMBs.

In situ XPS is an efficient technology to detect the composi-
tion and phase evolutions of the interface between lithium and
SSEs as well as the in situ formed SEI (Fig. 15¢)."**'°* Combined
with AC impedance measurements, the in situ XPS revealed
effectively the failure mechanism and stability of the Li/SSE
interfaces. Synchrotron or in situ X-ray CT offers a powerful
technique to image the lithium dendrite formation and propa-
gation as well as the failure mechanisms of SSEs in SSLMBs
(Fig. 15d).*#*?%3 Operando X-ray imaging was used to visualize
the lithium dendrite growth.>®* The in situ CT imaging techni-
que is not destructive and provides three-dimensional images
of the interphases between the lithium anode and SSEs during
the charge/discharge process. The cracks and pores and their
evolutions can be clearly observed via this technique.?*?%
In situ Auger electron spectroscopy/microscopy (AES/AEM) tech-
niques under ultrahigh vacuum combined with in situ SEM
were used by Kim et al. to investigate the lithium stripping and
plating in sulfide SSE based SSLMBs.'”* They found that
lithium migration to the lithium metal anode was strongly
dependent on the pressure applied to the sample during the
charge/discharge cycles. At the sample position under exces-
sively high local pressure, a large amount of lithium metal
migrated to the anode, and irreversible growth of lithium metal
was observed.

Due to the sensitivity of neutrons to light elements such as Li, B,
and Na, NDP, as a non-destructive neutron analytical technique,
has been widely used to detect the Li distribution and transport in
SSLMBs. Han et al. investigated the dynamic evolution of the
lithium concentration profiles in the LLZO, LPS, and LiPON
SSEs (Fig. 15€).* Based on this advanced characterization, they
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suggested that high electronic conductivity is probably the root
cause for the dendrite formation in SSEs.*® Wang et al. used the
in situ NDP to reveal the interfacial behavior of garnet SSE in
contact with metallic Li during the plating and stripping
processes.'** They found that a 3D mixed electron-ion conductive
framework was preferred as a Li metal host to decrease the amount
of “dead” Li and overcome the large volume change. Li et al. found
a similar phenomenon in the investigation of the Li/LLZTO inter-
face via in situ NDP measurement.”®® The NDP technique was also
used in the investigations of the lithium plating and stripping
processes in liquid electrolyte based LMBs.>****” 7Li NMR is a very
powerful technique to study not only the chemical environment
changes of lithium or lithium ions but also microstructural
changes such as the formation of lithium dendrites or mossy
lithium, and chemo-mechanical fracture of Li/SSE interfaces.>38*%
7Li NMR chemical shift imaging and electron microscopy were
used by Marbella et al. to track lithium microstructural growth in
the garnet-type SSE Lig sLasZry sTag s045.2%° They followed the early
stages of lithium microstructural growth during galvanostatic
cycling, from the formation of lithium on the electrode surface
to dendritic lithium connecting both electrodes in symmetrical
cells, via this technique, and correlated these changes with altera-
tions observed in the voltage profiles during cycling and impe-
dance measurements. The advantage of NMR over SEM and TEM
is that the former can provide quantitative information but the
latter can only provide qualitative information.

5. Challenges and perspectives

The mechanical properties of lithium depend strongly on the
length scale. Submicron sized lithium whiskers possess
mechanical strength over 100 times higher than that of bulk
lithium, twenty times higher than that of lithium spheres with
diameters of a few microns to tens of microns, two times higher
than that of lithium pillars with diameters ranging from 1 to
10 pm. The length scale of lithium dendrites in SSLMBs is
usually in the range of a few hundred nanometers to less than
10 pm. Therefore the electro-chemo-mechanical properties of
lithium dendrites need to be considered in the context of this
strong size effect. Due to the size effect of lithium, controlling
the morphology of the deposited lithium would be an efficient
strategy to suppress lithium penetration into the SSEs. Uniform
lithium deposition avoiding the formation of local nanosized
lithium via interface engineering is critical to reduce the
interfacial stress and suppress lithium dendrites. Artificial
interlayers, pre-deposited lithium, surface modifications of
lithium deposition substrates and so on are considered as the
valid techniques to achieve uniform lithium deposition.
Furthermore, the dendrites in SSLMBs are usually covered
with a surface SEI layer, and this surface layer has a strong
influence on the mechanical properties of the dendrites. But
quantitative investigations on the surface SEI layer effect on the
mechanical properties of dendrites are lacking. Moreover,
currently there is virtually no mechanical property investigation
on thin films of Li,0, Li,CO;, and LiOH with thicknesses of a
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few tens of nanometers, a length scale related to the SEI layer
thickness.

The overpotential driven lithium dendrite growth and pro-
pagation can generate large stress in media such as SSEs;
namely, a 100 mV overpotential can generate 750 MPa stress,
which is much higher than the mechanical strengths of lithium
whiskers and bulk lithium. This overpotential driven lithium
growth generated stress is essential to the propagation of
lithium in SSEs. In this case, lithium behaves as an incompres-
sible fluid which flows like a viscous liquid.”® It should be
noted that most lithium creep experiments are conducted
under very low stress, say close to the yield strength of bulk
lithium, which is about 1 MPa; however, the flowing behavior of
lithium in SSLMBs is usually driven under much higher stress
of a few hundred MPa. Whether the experimental results
obtained from the creep property measurements of lithium
under low stress can be extrapolated to understand the flowing
behavior of lithium under high stress is unknown. Further-
more, conventional creep experiments are conducted in tensile
mode, but the propagation of lithium in SSEs is driven by
compressive stress. It is questionable whether the tensile
properties of lithium can be translated to the understanding
of the compressive properties is uncertain and this warrants
further investigations.

Regardless of the SSEs used, lithium dendrites tend to
penetrate the SSEs at high current density or under high
overpotential. In the case of LLZO, the CCD has increased to
1 mA cm2.3310%152:291.292 However, further increasing the CCD
is hampered by the lack of fundamental understanding of the
dendrite nucleation and propagation mechanisms; under-
standing and circumventing this grand challenge is critical to
the development of SSLMBs for real applications.

Significant progress has been made towards understanding of the
dendrite nucleation and propagation mechanisms,*?% 083,138,282
but many unanswered questions remain. For example, where
is the initial nucleation site of a dendrite? How does a
dendrite propagate in the SSE? Cheng et al. observed lithium
propagation along grain boundaries.*® Porz et al. suggested
that lithium propagates along cracks driven by the
overpotential.*® They later found that lithium can penetrate
even single crystal LLZO, indicating that another propagation
mechanism is operating. Han et al. suggested that lithium
nucleates randomly inside the SSEs where the electronic
conductivity is high, and then grows until the randomly
nucleated lithium connects each other, forming a current
path, thus causing a short circuit.’® Song et al. suggested that
the grain boundaries in LLCZN have higher electronic con-
ductivity than the bulk; thus grain boundaries are the pre-
ferred nucleation sites for lithium, which then grows until
they form a conducting network, thus causing a short circuit
of SSLMBs.>?* Apparently we are still far away from a thorough
understanding of the lithium nucleation and propagation
mechanisms in SSEs. Ideal SSEs with suitable mechanical
properties, homogeneous composition, high ionic conductiv-
ity and perfect electronic insulation would be the perpetually
right pursuit for the development of SSLMBs.

This journal is © The Royal Society of Chemistry 2021
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Another critical issue in SSLMBs is the interface.
tical modeling indicates that most SSEs are thermodynamically
unstable towards lithium, as such interfacial reaction takes
place at the Li/SSE interfaces, forming interphases. The for-
mation of chemo-mechanics of the interphase has profound
effects on the SSEs. Firstly, the formation of interphases causes
large volume changes that generate large stress at the interface,
which may fracture the SSE directly and cause the mechanical
failure of SSLMBs. Secondly, the interphase may be electroni-
cally insulating and ionically conducting, or MIEC, and in the
latter case, the interphase formation is sustainable, causing
rapid electro-chemo-mechanical degradation of the SSEs.
Applying a Li-alloying interlayer can delay the interfacial degra-
dation due to the alloying reaction between lithium and the
interlayer; however, the integrity of the interlayer degrades as
well during battery cycling due to electro-chemo-mechanical
stress. Most of the alloying interlayer experiences large volume
changes, which introduce additional stress to the interface;
consequently, stress induced mechanical degradation, such as
fracture, void formation and pulverization, is expected. For
example, voids and pulverization were directly observed by
in situ TEM in Ge and Al nanowire electrodes during cycling.
Therefore, one needs to be very careful in choosing the appro-
priate interlayers with long cycle lifetimes to boost the perfor-
mance of SSLMBs.

In the same principle of using alloying interlayers to prevent
the direct contact between lithium and SSEs, thus mitigating
deleterious interfacial reaction, lithium alloy electrodes may be
more stable in contact with SSEs due to their higher potentials
compared to the Li/Li" redox couple. Alloy electrodes may
face the same challenges as alloying interlayers: such as
void formation and pulverization of the electrode after long
cycles. Nevertheless, the interfacial reaction mechanisms
and degradation mechanisms of alloy electrodes have not been
well understood to date. Better interface engineering coupling
the mechanics, chemistry and electrochemistry of lithium
and SSEs or completely concept breakthroughs of Li/SSE inter-
face science may provide a new perspective to obtain stable
interfaces.

Combining SSEs such as LLZO with polymer electrolytes
is another strategy to improve the physical contact between
lithium and the electrolyte. The so-called ‘‘ceramic-in-
polymer” or “polymer-in-ceramic” electrolyte combines the
advantage of the high ionic conductivity of the LLZO ceramic
with the flexibility of the polymer, and thus may enable large
scale SSLMB manufacture.?** However, the mixed electro-
lytes bring new problems; for example, the interface between
the ceramic and the polymer may have huge impedance due
to the presence of a space charge layer. The ion conduction
mechanisms in the mixed SSEs are not well understood.
Furthermore, the lithium dendrite penetration mechanism
in the mixed SSEs and the interfacial reaction between
lithium and the mixed SSEs are not explored.

With regard to the lithium anode, the dynamic morphological
evolution of lithium deposition and stripping during cycling is
unclear. What are the structural and morphological characteristics
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of the “hot spots” where lithium dendrites grow? How does
“dead” lithium form in SSLMBs? These are unexplored areas in
SSLMBs. Answering these questions may provide critical science to
enable the lithium anode in SSLMBs.

“Dead” lithium consists of diverse lithium compounds
within SEIs, such as LiF, Li,CO3, Li,O, ROCO,Li, and unreac-
tive metallic lithium which is electrically isolated. The for-
mation mechanism and quantification of ‘“dead” lithium
have been investigated in liquid organic electrolyte based
LMBs."?113229% The “dead” lithium in the SEI increases
continuously with increased plating/stripping cycles due to
the continuous formation and accumulation of SEIs. The
metallic ‘““dead” lithium was often derived from the pre-
ferred stripping from the root rather than the tip of the
lithium dendrite."** In contrast to the large amount of work
published on ‘“dead” lithium in liquid electrolyte based
LMBs, few research studies about “dead’’ lithium in SSLMBs
were reported, possibly due to the buried interfaces in
SSLMBs, rendering in situ observation difficult. The for-
mation of ‘“dead” lithium often causes the capacity loss
and volume expansion of the lithium anode, which deterio-
rate the performance of LMBs. Strategies such as using
suitable external stack pressure and improved wettability,
reducing the interfacial resistance, thus rendering uniform
lithium deposition/stripping, may be adopted. ‘Dead”
lithium in SSLMBs remains an unexplored area, and more
research work is needed in this area.

Finally, emerging characterization tools such as cryo-
electron microscopy and ETEM are advancing rapidly in the
characterization of lithium dendrites and SEIs. Cryo-electron
microscopy and ETEM have great potential in probing the
challenging issues in SSLMBs such as dendrites, SEIs, ‘“dead”
lithium and interface reactions, and facilitating the develop-
ment of SSLMBs.
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