Downloaded viaUNIV OF CALIFORNIA SAN DIEGO on July 1, 2020 at 19:26:55 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CHEMICAL
REVIEWS

pubs.acs.org/CR

Interfaces and Interphases in All-Solid-State Batteries with Inorganic
Solid Electrolytes

Abhik Banerjé¢e, Xuefeng Warig, Chengcheng Fang, Erik A. Wu, and Ying Shirléy Meng

Cite This:https://dx.doi.org/10.1021/acs.chemrev.0c00101 I: I Read Online

ACC ESB [l Metrics & More | Article Recommendations

ABSTRACT: All-solid-state batteries (ASSBs) have attracted enormous attention as OHE Bl s st 2o
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addive

several highly conductive solid electrolytes in recent years, the bottleneck is no londg
di usion within the electrolyte. Instead, many ASSBs are limited by their low Co
e ciency, poor power performance, and short cycling life due to the high resistan Ihe
interfaces within ASSBs. Because of the diverse chemical/physical/mechanical pr\'
various solid components in ASSBs as well as the natur&sdlgbldntact, many types ,Iﬂ :
interfaces are present in ASSBs. These include loose physical contact, grain boundarie%ﬂa‘
chemical and electrochemical reactions to name a few. All of these contribute to increasing—--~—
resistance at the interface. Here, we present the distinctive features of the typical intéffaces and, , ©
interphases in ASSBs and summarize the recent work on identifying, probing, understqﬂdﬂw%, @00 ®

and engineering them. We highlight the complicated, but important, characteristics of = ”

interphases, namely the composition, distribution, and electronic and ionic properties of the

cathod8&electrolyte and electrolg@node interfaces; understanding these properties is the key to designing a stable interface. In
addition, conformal coatings to prevent side reactions and their selection criteria are reviewed. We empheaitedledfigni

the mechanical behavior of the interfaces as well as the mechanical properties of all ASSB components, especially when the sc
metal anode is used under constant stack pressure. Finally, we provide full-scale (energy, spatial, and temporal) characterize
methods to explore, diagnose, and understand the dynamic and buried interfaces and interphases. Thorough and in-dej
understanding on the complex interfaces and interphases is essential to make a practical high-energy ASSB.
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6.4. X-ray Absorption Spectroscopy (XAS), X-ray ibility of SEs with cathode/anode materials, spontaneous
Photoelectron Spectroscopy (XPS), and chemical reactions will occur. Such reactions will form a
Raman Spectroscopy AQ resistive solid electrolyte interphase (SEI) on the anode side ora

6.5. Nuclear Magnetic Resonance (NMR) and cathode electrolyte interphase (CEIl) on the cathode side,
Electrochemical Impedance Spectroscopy thereby hinderin% both Li-ion dsion and charge transfer
(EIS) AQ inside the ASSBE’

6.6. Neutron Depth Proling (NDP) AR Both computational and experimental methods are useful to

7. Summary and Perspective AR  explore the complex nature of the interfaces in ASSBs. Density
Author Information AS functional theory (DFT) calculations and molecular dynamics

Corresponding Authors AS  simulations can provide microscopic viewpoints on thermody-

Authors AS namic stability, favorable kinetics, and atomic interactions at an

Author Contributions AT interface. For example, the combination of LiQ@dtiD) and

Notes AT Li,SSP,S; was predicted to be thermodynamically unstable

Biographies AT since a reaction involving the interionicgion between Co

Acknowledgments AT and P at the interface is energetically favotablelthough
Abbreviations AT DFT calculations can predict the decomposition products,
References AU experimentally determining and coring the presence of

specic species and their distribution as well as their physical/

chemical properties remains a challenging and rarely addressed
1. INTRODUCTION problem. The physically buried nature of the interface along
Lithium-ion batteries have become one of osriiéeessities,  With the fact that most cathodes are composites that contain SE
ubiquitous and playing essential roles in a multitude ¢&nd carbon conductive additives, brings about much of the
applications ranging from consumer electronics and electflt culty in isolating, probing, and identifying the chemical
vehicles, to aerospace products. They are widely used to st@fecies. Such characterization requires proper experimental
energy and provide power. As demand for etetioh design and the use of various complementary techniques with a
continues to grow, the adoption of Li-ion batteries in turn igvide range of detection energy and spatial and temporal scales.
growing exponentially. Thus, batteries that are safe and h&digroscopy technigues, such as transmission electron micros-
high energy densities are exceedingly desired. Current Li-@®Py (TEM), enables the visualization of the structure,
batteries that contain liquid electrolytes (LEs) have aaigni  morphology, and distribution at the interface. Spectroscopic
risk of catchingre and even exploding due to the highly techniques in turn provide the chemical state and electronic

ammable organic solvents used in LEs. Replacing the liggigucture of the interfacial components. Electrochemical
electrolytes with solid electrolytes (SEs) wiliittdy enhance  techniques, such as cyclic voltammetry (CV) and impedance
battery safety, ammmability and electrolyte leakage are notneasurements, can provide kinetic information on Li-ion
issues for SEs. Additionally, SEs potentially enable the use ofdhéision and charge transfer at the interface. Identifying the
Li metal anode, which would greatly increase the energy densiiemical species and determining their distribution at the
of batterieS As a consequence, all-solid-state batteries (ASSB8jerface is very important because their chemical and physical
are regarded as one of the critical future technologies and haveperties directly govern the interfacial charge transfer
continued to attract enormous attention over recent years. resistance and ultimately, the electrochemical performance of
ASSB research began with seeking suitable materials that3&%Bs.

serve as SEs, namely, materials with high ionic condugtivity ( Since the demand and research interest for high-energy and
>0.1 mS/cm, commonly referred ttsaperionic conductdys ~ safe ASSBs is increasing exponentially, this work seeks to focus
but low electronic conductivity.(< 10°’ mS/cm). Such ~ on and summarize the current research progress on the
materials include polymer-, oxide-, andisilased electro- interfaces in ASSBs anarts for eective interfacial design
lytes® Sul de-based electrolytes have been shown to have higlad engineering. First, we break down each type of interface that
ionic conductivities than oxide- and polymer-based electroly@ssts in ASSBs. The interfaces between the electrolyte and
due to theirbcelike anion framework, favorable for Li-ion cathode/anode are discussgeparately in terms of the
di usion® Recently, sulle-based superionic conductors haveelectrochemical reaction, chemical reaction, physical contact,
achieved ionic conductivities close to or higher than those afid mechanical properties. We provide the fundamental
conventional LEs (L mS/cm). These includeRiS;; (17 mS/ understanding of the main causes of several issues, remaining
cm), LiGeRS;, (12 mS/cm), and ks Sk 7P 451 L£lo3(25 challenges, and potential solutions regarding the interfaces in
mS/cm)?5® However, compared with LE cells, most ASSBASSBs. Lastly, we present various characterization tools to probe
have higher polarization, lower capacity, and inferior power aadd diagnose the properties of the interfacial products, such as
cycling capabilities, which are attributed to severe interfacibe structure, composition, distribution, and electronic and ionic
problemg. Loose physical contact, the presence of graidi usion to name a few. This information enables the
boundaries, and chemical and electrochemical reactions,ettgineering of ASSB interfaces, which is essential to make a
name a few, all contribute to increasing resistance at tpeactical ASSB with high energy density.
cathod8electrolyte, electrolelectrolyte, and electrofyte Here, we primarily focus on the interfaces and interphases of
anode interfaces-iure ). This is partially due to the SE sul de-based SEsin ASSBs becaudesuler state-of-the-art
properties; some have a narrow electrochemical stabillbgttery performance and usually do not require the addition of
window, meaning they begin to undergo oxidative deconmiE. Although there are plenty of review articles on oxide-based
position at relatively low voltages, such @8BS, (LGPS SES'L,:’V516 we discuss a few important interfacial parameters for
at 2.15 V and LPS (LPS) at 2.41 V versus Li/L oxidé&sSE interfaces to compare them withdsdbased SEs.
Furthermore, due to the inherent chemical potential incompa#e only minimally describe polymer-based SEs, as there are
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Figure 1.Schematic illustration of interfacial phenomena experienced in ASSBs.

already plenty of review articles on tHéf.We also discuss ranges from 1(840% depending on the pressure and
some very recent breakthroughs with halide solid electrolytes mechanical properties of the electrolyte and electrode
that o er a tantalizing road forward for the ASS® materials. Voids can also form during cell operation due to
electrode pulverization caused by cracks forming in
2. INTERFACES IN ASSBS cathode particles and dendritic growth of Li metal. The
Unlike LEs, SEs cannaiw or in Itrate into gaps and voids in presence of voids could (i) hinder Li-iorugion and

an ASSB, resulting in poorer physical contact between particles. charge transfer, resulting in high contact resistance, (ii)
Since all of the components in ASSBs are solids, fabricating induce dendritic growth of Li metal, and (iii) increase the

ASSBs requires stacking the cathode, electrolyte, and anode cell volume which decreases the volumetric energy
sequentially, resulting in numerous interfadgsré ). As density of ASSBs.

shownirFigure 113 scenarios (that can all exist simultaneously 7y chemical reaction: If an electrode and the solid

in an ASSB) are listed, including the caBeigetrolyte, electrolyte have a mismatch of chemical potential,

electrolyt8electrolyte, anoBelectrolyte, current collecor spontaneous chemical reaction(s) may occur once these
electrolyte, and addittvelectrolyte interfaces. These interfaces two materials are put in contact. Consequently, solid

]E:an b%fu'rthehr cat'eglorizedlintotheflollowinhg Cl"’.‘SSFS:VOi.dS'thOSS electrolyte interphases (SEI) and cathode electrolyte
ormed via chemical reactions or electrochemical reactions, and  jnterphases (CEI) form at the anode and cathode side.

grain boundaries. respectively. A beréal SEI/CEI should be a passivating
(1) Voids: although a high pressure8{0 MPa) can be layer that is conductive to Li ions but not electrons, and
applied during cell fabrication, both the electrode and extend the working voltage window of electrolytes, as

electrolyte are still far from the ideal closest-packing  shown inFigure 2 However, if the SEI/CEI is a mixed

scenario; both remain quite porous. Such porosity usually  ionic and electronic conductor (MIEC), the SEI/CEI will

C https://dx.doi.org/10.1021/acs.chemrev.0c00101
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Figure 2 Schematic band diagrams of the HOMO and LUMOaerf&tit classes of electrolytes compared to tyindl ,values. If the is below
the HOMO of the electrolytes, a CEI will form; an SEI will form if ik@bove the LUMO of the electrolytes.

continue to grow, deteriorating the performance ofvill increase resistance to both Li iorusion and charge

ASSBs. Protecting the cathode/anode with relativelffansfer across the interface. _
inert materials has proven to be aacéve way to As the bottleneck of battery performance is strongly related

mitigate chemical reactions. with interfacial charge transfer kinetics, the electronic, ionic, and

(3) Electrochemical reaction: most SEs have a narromechanical properties of the SEI/CEl are the most crucial
electrochemical stability window and cannot operate %arameters for building a better baftery.Such properties

the full voltage range of the cathode and anode materia epend on its chemical composition and spatlal d|_str|but|on.
SEs can be oxidized at high voltages or reduced at | though SEI/CEI formation increases the interfacial charge
voltages if they have stient contact with electronically nsfer resistance, |t_r_nay_also passivate the_mterfaces in seyeral
conductive materials, which can include the cathodelc> Sl.JCh as by mitigating parasitic reactions, reducing ion

3 ' - “dissolution, and accommodating the stress induced by electrode
anode materials, current collector, or conductlvgl g’

. - 2 .
additives. Note that oxide- and chloride-based SEs h glume change; these may improve ASSB cyc’: fife.

h ™ i | . portant to note is that unlike LEs, SEs cannditate
g)_Wt'ﬁ'g; isab!gbgnz;jtomgw%glig::%i? L?nEslf;gbllj(raeat Iothrough the CEI/SEI if there are pores and cracks, making the

voltages. The electrochemically decomposed electrol echanical properties of the SEI/CEI a more crucial
Iages. . y np ; Y&hsideration in ASSBs. Since most of ASSBs require a constant
will also contribute to SEI/CEI formation and increase

the charge transfer resistance. Coupling electro tack pressure to operate, the SEI/CEI is likely to experience

materials with matching operating voltage windows an ditional stress_ from elggtrodg volume ch@ﬁ@es.
slowing down reaction kinetics are both ileas they ~ -1+ Electrochemical Stability Window of SEs
reduce the electrochemical reactivity of SEs. The grand potential diagram is usually applied to evaluate the

(4) Grain boundaries: a grain boundary is present if twéiectrochemical stability of SEs in equilibrium by changing the
particles are in contact and if they havereit chemical potential of 1** The grand potential diagram can

electrochemical potentials. The Li ions will then transfe?how the' ;table voltage window O.f SEs and .possiple
from one particle to another particle, leaving a tied decomposition products when the chemical potential is outside

} : : e stability range. For example, the grand potential diagram of
D e e erface, whieh o1ea} o1 (LS shows hal reducton pocesses wiloceur a
voltages below 1.7 V versus Lilhiereas oxidation will start at

2.3 V. Under phase equilibrium, the reduction products contain

3. ELECTROACTIVE INTERFACE OF SES LisP, LS, and LiCl, and the oxidation products contain S and
Aside from a high transference number, high ionic conductivi§y),S. The phase equilibrium suggests that several binary
and suitable mechanical properties, the most crucial criterionméterials are stable at 0 V (with Li metahS,LLiP, and

a desired SE is that its highest occupied molecular orbitakN and LiF to name a few others. However, these SEs alone are
(HOMO) should be below the Fermi energy level of the cathodaot useful in ASSBs due to their poor Li ionic conductivity. In

( o and its lowest unoccupied molecular orbital (LUMO) contrast, SEs such as LGPS and LPS are unstable at 0 V (as they
should be above the Fermi energy level of the appdedure have a favorable formation energylo23 ands1.42 eV per

2). Ifthe Fermi energy of the cathode is below the HOMO of theatom, respectivel{).The phase equilibria of LGPS contain
SEs, then oxidation of SE occurs at the cathode interface to focigP, LS, and LiGe, at 0 V whereas LPS contain® land

a CEI** Analogous to this, if the Fermi energy of the anode i&i,S at 0 V, experimentally ved using XP%?’ In addition,

above the LUMO of the SEs, then reduction of the SEs occursaatodic decomposition of jki-a, s6TiO3 (LLTO) and

the anode interface to form a SEI. The presence of a CEl or a ;EASICON-type LiAlysTi; {PO,); (LATP) occurs at 1.7

D https://dx.doi.org/10.1021/acs.chemrev.0c00101
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Figure 3.(a) Schematic of a CV scan where the SE is in direct contactawith@urrent collector; due to slow kinetics, no oxidation or reduction
reactions can be seen. (b) Grand potential phase diagrg@861 (lLPSCI). Below 1.7 V, LPSCI gets reduced and uptakes Li, while at 2.3 V and
above, LPSCI gets oxidized and loses Li. The thermodynamically favored products at their respective voltages are highlighted. (c) Example ofaCV
where the SE is mixed with conductive carbon before contacting the Ti plunger. The faster kinetics of decomposition allow for the oxidation ar
reduction reactions to be visible. (d) Electrochemical stability windows for examples from the variousle|assds,(siifide, chloride) of SEs.

and 2.4 V, respectively, due to reductiorf bl Ti®*, in good Obtaining an accurate electrochemical window for a SE is a
agreement with CV experiments. Li,LaZr,0;, (LLZO) necessary precondition before compatible cathode and anode
exhibits the lowest voltage stability of 0.05 V with negligiblmaterials can be examined.
decomposition energy 80.02 eV per atom. Such a low The onset oxidation potential of a SE strongly depends on the
decomposition energy kinetically stabilizes LLZO at 0 V bwnionic framework in the structure of SEs. The electronegativity
results in poor wettability, which requires high-temperaturef the anion and its charge density directlyeince the
heat-treatment to overconé>*° In general, oxidative oxidation stability of SEs. For example, the oxidation potential of
decomposition of sule-based SEs occurs at lower voltageSEs follows a general trend of chlorides > oxidedessul
than those of oxides and halit/és. nitrides (LiYCk > LLZO > LPS > LiPON), which matches the

It is important to note that these values are consistent wittharge density trendth> $° > 0% > CP) (Figure 8). This
predictions fromrst-principles calculations but contrary to principle also works for halide-based SEs; amongubsade-
earlier CV measurements that had demonstrated the stabilitybafsed SEs have the highest oxidation stability while iodide-based
SEs up to$10 V>*°This discrepancy is likely caused by a lackSEs have the lowéstHowever, the ionic conductivity of
of standard experimental procedures. When measuring theoride-based SEs is much lower than their counterparts. Thus,
conductivity of a SE, if at metal plunger is used as the currenta balance of favorable properties must be found to fabricate an
collector, electronic contact with SEs is iciemt; the resultant e ective room-temperature (RT) ASSB. Oxidation stability of
SE electrochemical window is then usually overestimated asde-based SEs dependsBraD, gas release which is related
reactions would not be seen in CV measurements due to the oxygen atom bonding environment with neighboring
sluggish kinetic&igure a). On the other hand, if conductive atoms. For example, LLZO and LLTO oxidize at relatively low
carbon is used between the plunger and SE, the decompositimitages of 2.91 and 3.71 V (vs [)lrespectively. The Li-
of SE can begin to be clearly observed from a much lowee cient phase Lar,0, was generated from the oxidation of
voltage, that is, the emergence of multiple oxidation/reductidr_ZO as identied by XPS? LATP has the highest cathodic
peaks in a CV scan. Such peaks from this measuring methioait of 4.31 V versus Li/Lwith a low oxidation decomposition
match with the grand potential diagram of the DFT-calculateghergy 0§65 meV per atom at 5 V. The high oxidation stability
electrochemical stabilifyigure 8).°>*®™**This modication ~ of LATP originates from the overlap of energy orbitals between
in the experimental procedure increases ¢\ interfacial P and O, which form a strong covalent bond.
contact area with electronically conductive materials and thugOn the other hand, the reduction potential of a SE depends on
increases the decomposition kinetics of SEs. Since tliis cation framework, especially the accessible lower oxidation
methodology can more accurately illustrate the electrochemistdtes of the cation and its thermodynamic reduction potential.
window of the SE, it should be widely applied for all kinds of SHSPON and LPS-based SEs contain phosphorus i tat®
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Figure 4 Possible interfacial reactions oftguSEs at a wide range of operating voltages. Top: The arrows correspond to the voltage ranges when
using graphite, Li metal deposition, layered oxide cathode (\ESApirinetal sulle. Bottom: The possible redox reactions at the corresponding
voltage windows to illustrate the possible oxidation or reduction species. Reproduced with permigSid@dipgnigtef2017 American Chemical

Society.

which can be reduced to P at a lower oxidation state. This alsomes more severe at higher voltages (afe sSE starts
applies to other transition metal-based cationic centers suchoaglative decomposition from very low voltage®205 &/ vs

Y3, z, and T1* they can be reduced to a lower valenceLi/Li*), resulting in a thicker CEl and a lower Coulombic
oxidation state (e.g.,*Tto Ti**) or even to the nal metallic e ciency (5 E) during the'st cycle compared with carbonate-
form (¥* to Y)). The extent of reductive decomposition based LE® The extent of electrochemical decomposition,
depends on the amount of electrons transferred duringhich is reected by therst cycle CE also depends on the type
reduction, such as eight electrons fréingif® PS>) to P*® of sulde solid electrolyte.glsiSi 71 4811 Clos the highest

(as in LiP),"*** as opposed to one electron fo¥ T Ti*". Li-ion conductor (25 mS/cm at RT), readily oxidizes during
Although thermodynamically possible, the occurrence @{cling, resulting in a very lawst cycle CE of 39%. In contrast,
reduction processes is mainly controlled by kinetics. Thig relatively stable electrolyte,d%5,, which has an ionic
being the case, a kinetically stabilized interface is favorableggﬁductivity 2 orders of magnitude Iéwe?”(ﬂbrﬁl atRT),
pqssivat_ion of the_ anode inten_‘ace (e.g., with Li metal), whichi hipits a higherrst cycle CE of 73%Severe electrolyte

will be discussed in more detail later. oxidation therefore prevents the use of highly conductive SEs in
3.2. Tuning the Operating Voltage Window conjunction with high-voltage cathodes. Thus, this is the most

If the operating voltage of the ASSBs exceeds the elect%'—t'cal_ problem_for most of the gld SEs as it is |ntr|nS|caIIy_
chemical stability window of SEs, the SEs will start to underg'GaVO'dablg-US'”g XPS, Koerver et al. showed a relative
oxidative/reductive decompositidfiglire ¥ The decom-  Increase of the CEl when the voltage of a cell containing NMC
position products that form at the interface depend on th#as increased from 4.3 to 4.8 V. They also suggested that the
operating voltage and choice of electrode materials. Féentinued growth of CEI with prolonged cycling, as well as SE
example, RS can be oxidized to form sulfur-bridging (-S-) oxidation on the current collectors, were the key reasons for
diphosphorus compounds and elemental S, wB&$BS capacity fad€As an example, the&ilizPS SE with the NCA

bond formation takes place during the initial reductiog®f PS cathode has thé/l /1 , redox couple along with the existing
which is further reduced tosRiand LjS at voltages S*/S°redox couple, making the SE subject to decomposition,
approaching 0 V. When slé-based SEs are coupled with causing a large polarization and capacit§°fadeontrast,
high-voltage layered oxide cathodes such as,l(lC2Q) or when Tigand sulfur are used as the cathode, since the operating
LiNi,Mn,Co,5,5,0, (NMC), oxidative decomposition be- voltage is much lower (no greater than 2.4 V, i.e., within the
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Figure 5(a) Charging prde of LPSCI-carbon and LY C-carbon cathode composites made with 7:3 cathode: carbon wt % ratio using ball milling. The
applied current density was 0.1 mAfnd the total cathode loading was 10 mg. (b) Chargingwith capacity and Coulombiaiéency of LCO
with LYC, LYB, and LPS SE. Reproduced with permission fd@Oabyright 2018 Wiley-VCH Verlag.

stability window of the SE), the ASSBs withistlased SEs

pristine SE. The decomposition kinetics of the SE and the CEl

show stable performari€elherefore, suitable screening of are sluggish in nature considering that they are both electroni-
electrolytes andnding compatible electrode materials iscally insulating materiaisThe thermodynamic stability and
essential to mitigate electrolyte oxidation to realize ASSBEIggish decomposition kinetics of the CEI thus extends the
operating voltage window wider than the intrinsic thermody-

with high energy density.

Experimentally, it is found thafMC} begins to decompose namic stability window of the host>3Bimilar phenomena
have been found at the LEOPON and LiNj Mn; £O0,S

at 4.2 V, while LPSCI starts to decompose at Zig ¢ a),
which closely matches with the grand potential computatidiPON interface¥*>®> Although LiPON has an intrinsically
phase diagrafi.When coupled with the LCO cathode, less narrow stability window (0.68.63 V vs Li/L1),°® the stable
oxidative decomposition ofYC} is expected than for LPSCI, CEI enabled an ASSB to cycle up to 5 V over several thousands
which agrees with the experimental data; ASSBs with LC@f cycles, due to the high overpotential of oxygen evolution.

LYCl and LCO/LPS exhibit ast cycle CE of 94.8% and 84%,
respectivelyfigure 5).*® Thus, careful selection of the SE can

3.3. Kinetic Control of SE Decomposition

help to improve therst cycle CE and reduce charge transferAlthough the decomposition of SEs is unavoidable asthe
resistance at the cathode interface. Substitution or doping is di€le, SE decomposition kinetics can be tuned to enhance the
of the methods to improve both the oxidation and reductio®E_0f ASSBs. Since SEs have poor electronic conductivity
stability of SEs. For example, partial oxygen substitution (h0°2510°'2 S/cm);">® highly electronically conductive

sul de-based SEs was found to ketive in enhancing the surfaces would promote the decomposition 6f‘5Esch as

the electrode materials and carbon addities particle size

oxidation stability of SEs such ag;Pp ;005 and
Li;(GeRS; %0y (x = 0.3 and 0.6)7°

based SEszhu et al. proposed that both thermodynamic andanode used, whether Li qd) resulting in a low C

of the cathode material greatlyas the interfacial contact and

Although the decomposition of SEs is unavoidable during tiféectrochemical performance, as Strauss et al. found that smaller

rst cycle, it can be mitigated in subsequent cycles through s&iIMC622 particles (<10m) exhibited higher capacity than
passivation of the formed CEI. For example, LPSCI starts larger ones (for a carbon-free composite cathode ywigh Li
decompose at 2.5 V and delivers a high charging capacity of 26@ure @)). A composite with smaller particles possesses an
mAh/g during therst charge. However, no discharge capacitglectronic conductivity two or more orders of magnitude higher
from LPSCI was found when the cell was discharged t 2.5 \than composites made with larger particles, while Li ionic
When it was coupled with the NCA cathode, the low-voltageonductivity remains the same, resulting in faster kinetics and
sloping region (from 2.5 to 3.6 V) corresponding to LPSChigher utilization of the cathode matéfidlhe addition of
decomposition disappeared from the second charge evesnductive carbon is usually necessary for most cathodes to
though it was present during tist cycle. This suggests that reduce the impedance of the ASSB, since cathodes such as NCA,
the formed CEl is able to serve as a protective layer that prevehisePQ (LFP), and LiNj gMn; {0, (LNMO) typically have
the SE from decomposing further, which enables the use of higleor electronic conductivity. Kanno et al. observed severe
voltage cathodes such as LCO at voltages up to 4.2 V with LRI&composition of LGPS at carbon surfaces (rggardless of the

Zhang

kinetic factors are responsible for this phenomenon. In principkg, al. also found that the decomposition of LGPS is directly
the thermodynamic stability of the CEI is much higher than theelated to the amount of carbon useduyre 6). For example,
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Figure 6(a) SEM images of dirent sizes of NCM particles and treeeof NCM particle size on performance of carbonate-based LEQISHL i
cells, Reproduced with permission fro@dr&Sopyright 2018 American Chemical Society. (b) Initial charging slope of LCO-LGPS solid-state cell
with and without carbon. Reproduced with permission fré6 @dpyright 2017 American Chemical Society.

the initial charging slope that originates from the oxidation of Sfycle increased from 71 to 78% with NMC-VGCF cathode
does not exist for the LCO-LGPS-based ASSB but it appedfsgure d).** A similar observation was reported by Passerini et
when conductive carbon is added into the composite mixturg8

They have also shown that increasing the carbon amount in ?a Usage of SE Red

cathode composite resulted in an increase of the cathode™ geo edox

interfacial resistance and a lowstr cycle CE. This suggests Typically, the decomposition of electrolytes is irreversible;
that the kinetics of electrolyte decomposition is faster on highlywever, there are exceptions. Reversible decomposition of the
electronically conducting surfaces such as E&tb@here- Li;PS SE was recently idertil by Tatsumisago et al. They
fore, the optimization of cathode composites, using a minim@monstrated prolonged cycling and a reversible capacity of 185
amount of carbon, is paramount to reduce SE decomposﬁ@@Ah/g using a 7:3 (weight ratio)4B5;carbon composite

while maintaining the high performance of the cathode. : : 57
Furthermore, the type of carbon used in the cathogSathode with an operating voltage of0.5t0 3V v& LT It

composite plays an important role with regards to théS interesting to observe the reversible change of the S K-edge

decomposition kinetics of SEs. Meng et al. found that LPS&fd P K-edge in the XAS spectra during charging and

decomposition is signantly lowered when the lower surface discharging (indivcative of the redox related to S and P). It is
area vapor-grown carbders (VGCF) was used instead of the believed that thedS covalent bonds still exist after delithiation
higher surface area acetylene black A@)re ¢). Asaresult, of LiPS which helps to reversibly change the electronic
the initial decomposition slope is reduced, and the CEsftthe  structure of LPS.

H https://dx.doi.org/10.1021/acs.chemrev.0c00101
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Figure 7.SEM images of (a) carbon black (CB) and (b) vapor-grown carsrfVGCF) showing their érent size and morphology. (c) Charge
voltage prdes of LSIn | LigPSCl | I:iGPS,CISC cells using 30 wt % CB (surface ar@@nt/g) versus VGCF (surface area4 nt/g). (d) Charge

and discharge voltage pes of L&In | LigPSCl | NCM811 cells using 1 wt % of CB versus VGCF. Reproduced with permissiontfrom ref
Copyright 2019 American Chemical Society.

Reversible decomposition of thedatbased SE LPSCl was operate within the same voltage range and thus would
also conrmed by Meng et al.; they showed completesimultaneously participate in the redox process. This is quite a
reversibility of LPSCI within the window $#0/ versus Li/ unique advantage of usingdedbased SEs for an all-solid-state
Li* (Figure &). XPS peaks of S angGPappear after the LiSS battery.
oxidation of LPSCI at 4 V, resulting in an increased cathodeOverall, electrochemical decomposition of SE appears to
charge transfer impedance by 2 orders of magrfiigdes(  occur with all the well-known SEs at wide operating voltage
8b,c). Upon discharging, the impedance reverts to a value cléggges. Controlling the decomposition kinetics of SEs is the key
to the original LPSClI value and the parefit IS°SCl) peaks  to construct a stable SEI/CEI, thereby enabling an ASSB with a
reappear (after discharge to 1.3'VIhey also demonstrated high-voltage cathode and the Li metal anode. As new SEs
that LiCl forms after oxidative decomposition duringrshe ~ continue to be discovered and evaluated, research emphasis

cycle which does not participate in redox; only tfie &gt should be placed not on achieving high ionic conductivity, but
reversibly changes during the subsequent charge/dischai@&er onimproving SE electrochemical stability, controlling SE
process. Further reduction to 0 V resultsihdrid LiS at the ecomposition kinetics, and determining the nature of the

interfaceigure ®,c). Itis interesting to note that the interface décomposition products.
impedance at the fully discharged state is much lower than that =
at the fully charged state, implying that the cathode interfacial CATHODBSE INTERFACE o
charge transfer resistance is the morecsighiconsideration ~ Takada etal. reported that the rate-limiting step for a LPS-based
for ASSBs that comprise of datbased SEs. ASSB (with LCO as the cathode and graphite as the anode) was
Of particular interest, the reversible kinetics afesbhsed ~ charge transfer through the cathode; interestingly, cells with LEs
SEs lies within the operating voltage o8 lattery. For ~ Show the opposite trefidthe higher cathode charge transfer
example, LS, (ball milled composite with conductive impedance likely arises from inadequate physical contact,

carbon) exhibits a reversible capacity of 225 mAh/g after ]]leemical reactions, electrochemical .reactions, ora}spacg-charge
cycles (blue dotsigure @), similar to the ball-milled composite 'aYer that forms or takes place at the interface. In this section, we

mixture of LISSLi-P;S;; (1182 mAh/g, which exceeds the will focus on the cathcﬁelectro!yteinterfac;e and, particularly,
theoretical capacity of,8) (red dots,Figure @)%’ In the e%ggzgjs?c%hemlcal reactions and inadequate physical
addition, the dQ/dV plot for ¥®,S;; and the LiSSLi,PsS;; contact.

composite have their corresponding redox peaks within t{el- Chemical Reaction

same voltage rang€idqure ®). This result signés that Chemical reactions arise from a chemical potenéetriie
Li-P;S;; contributes to the extra capacity, as both procességtween cathode materials and SEs. Thiedce will be more
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Figure 8(a) Cyclic voltammograms for the initial two cycles of LPSCl-carbon composite within the voltaggé4@ngesflO/LT) at 100 V/s

starting from the OCV. (b) Nyquist plots at various cycling potentials of LPSCI-carbon composite representing the impedance changes (left
Normalized capacity versus voltagdgeare displayed for reference (middle). The bar graph represents refativeslin cell impedance at

di erent oxidation or reduction states gR&CIScarbon (right). (c) Schematic of details reversible oxidation and reduction pathR&EZbf Li
Reproduced with permission fromidefCopyright 2019 American Chemical Society.
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Figure 9(a) Charg&discharge prde of LiP,;S;;Scarbon (7:3 weight ratio) composite ap83lii,P;S, ;Scarbon composite (2.5:5:2.5), prepared

using high-energy ball milling. The applied current density was 0.2andttmtotal loading was 7.5 mdicFhe cell was fabricated withPs$;;

as the SE layer and §in as the anode by applying a stack pressure of 370 MPa using Ti metal plungers as the current collectors (inset). (b) dQ/dV
plot for both cathodes where their corresponding redox peaks are situated within the same voltage range (within 0.7 t9.2.7 V vs Li/Li

pronounced when electrochemicalgion of Li ions occurs at
the same time. This means that chemical reactions between
cathode materials and SEs will become exacerbated during
electrochemical cycling, especially at the charged state.
4.1.1. Thermodynamic and Kinetic Analysis by
Computation. The chemical instability of sig-based SEs
with oxide cathodes was primarily analyzed by computational
methods%’® A pseudobinary phase diagram withrent
compositional mixtures is usually established where all elements
are equilibrated at the interface. The reaction energy of the
phase equilibria is measured by the enermgpedce between
the formation energy of reaction products and decomposition
energy of the cathode and SEs, which is highly dependent on
composition. For example, the decomposition energy of LCO
reacting with both LGPS angRt$ is $S340 and5405 meV per
atom, respectively, which sigsithat LPS reacts more readily
with LCO than LGPSHigure 1** Compared with pristine
LCO, delithiated LCO shows a lower reaction energy with LPS
and LGPS £564 andS499 meV per atom), which indicates Figure 10(a) Calculated mutual reaction energy &LE® (solid
that the extent of interfacial reaction is also dependent on thiges) and SEL,O (dashed lines) interfaces for several solid
state of charge. This dience is mainly because more of theelectrolytes such as LiPON, LLTO, LLZO, LPS, and LGPS.
cobalt is at a higher oxidation state*{Cavhich has a greater Reproduced with permission fromitefCopyright 2016 The Royal
tendency to react. As a resultg;di,SO,, and LiPO, formed ~ Society of Chemistry.
at the interface. A similar trend was noticed regardless of the
transition metal (TM) layered oxide cathodes andes@Es
used, such as LPSCI and NEA. °C, (Figure 1a)). The better performance of NCM/LATP
Itis important to note that the interfaces between oxide-basedincides with a negligible increase in impedance after cycling
SEs and oxide cathodes are quite stable comparedi¢e sul compared to the NCM/LPS interfa¢égure 1h). Although
based SEs; the reaction energy of the former is negligible anidered TM oxides are quite reactive withdetbased SEs,
orders of magnitude lower than the latt€he phase equilibria  their reactivity with oxide polyanionic SEs is quite low. For
decomposition energy between LLZO and LGQZOG, is examplégrigure 1a shows the thermodynamic reaction energy
1/53 meV per atom. It is interesting to notice thafdO, is (and the corresponding volume change) of several Na-ion
one of the major reaction products when LCO reacts with oxideattery electrodes (cathodes, Na metal, and #i8;Qa
SEs. The oxidation state of Co §uCo0, is Cd* while it is anode) against one NASICON (oxide) electrolyte and several
usually reduced to Eavhen it reacts with sdle SEs. Thisis  sul de SEE° A suitable selection of cathode, anode, and SE
because the sdk species is more polarizable, meaning it cashould be based on materials with the least reaction energy and
more readily reduce the TM to a lower oxidation state whereasinimal volume change. Itis interesting to note that most of the
the opposite occurs if the charge density of the anion isansition metal oxides are chemically more reactive than the
increased. Consistent with this trend, the reaction energy is afgglyanionic cathodes NaFgP®aFePGF, NgV,(PO,) 5, and
lower for phosphate-based SEs such as'®AMRB.result was  NayV,(PO,),F; (when paired with NPS and NPSe). In general,
veri ed experimentally by Yoshinari et al. as they found thaixide-based SEs show much higher chemical stability than
NCM performed better with LATP in ASSBs (higher capacitgul des whereas SH#sed SEs are chemically more stable than
and better cyclic retention than thiophosphate-based SEs at®§ and PSgbased SES®
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Figure 11(a) Discharge capacity and Coulombigiency of LTO-LPS/LPS/LPS-NCM (orange) and SI®S/LPS/LATP-NCM (blue) over
50 cycles. (b) Nyquist plots of the NCM-LPS cell and the (c) LATP-NCM cell after the 1st, 2nd, 5th, 10th, 20th, and 50th disé@arge at 150
Reproduced with permission fronv@&iCopyright 2019 American Chemical Society.

Figure 12(a) Computed reaction energies (left) and volume changes (right) for several Na-ion electrode materials (in the discharged state) paire
with SEs; (b) SO and C&S radial distribution functions of the catB&Hinterfaces with respect to AIMD simulation time (70 ps) for NECoO

NagPS and Ng Lo0,SNaPS interfaces. TheS® pair is instantaneously (and only) formed with the charged cathode, wher&S plag Go

found to form for both the charged and the discharged cathode. Reproduced with permissiorGopyright 2018 American Chemical Society.

However, it is important to note that the interfacial also be taken into consideration. Although oxide-based SEs have
decomposition energy is calculated based on thermodynamisiower decomposition energy thandsg, the cathodic
which is not always in good agreement with experimentaiterfacial resistance is sometimes larger for oxide SEs. This is
observations, where the interfaces are formed at RT. Tlee to the high-temperature annealing (previously mentioned to
decomposition energy calculation is more consistent when teehance the contact between oxide-based SEs and cathodes)
composite mixture is heated at high temperatures to overcothat facilitates reaction kinetics. Ab initio Molecular Dynamics
the kinetic barrier limitation. Aside from thermodynamiqAIMD) simulations is one of the computational methods to
calculations, the kinetic activation barriers for bond breakiqpgobe the kinetic reactivity at the interface. Tang et al. applied
and the diusion limitation of atoms across the interface shoul&IMD to study the reaction between Nag@bi@, {CoO, and
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Figure 13E ects of chemical instability at the catB&einterface on the electrochemical performance of ASSBs. (a) Solid state electrochemical
pro le of the rst cycle of the fresh cell (without rest) and aged cell (with rest). The fresh cell showed a better capacity and lower polarization. (b)
Capacity retention of bare NMC solid state cell with and without rest. (c) NCM was mixgl$@thainid pelletized between two stainless steel
plungers to measure the impedance as a function of time. (d) Impedance growth of the bare ane:(egtetNKIC-SSE cell with various dwell

times at OCV. Reproduced with permission fro@b.r€opyright 2019 The Royal Society of Chemistry.

NaP$ along with the RDF approach to better understand thaigni cantly lower capacity due to the degraded cathode and
formation of interfacial produdisgure 1B). The results show increased interfacial resistance.

that the N&Na, $O, 50, and C&S bonds form within the Understanding the chemical and physical properties of the
time scale of 60 ps. The3¥a bond in NCO remains within  interface is necessary because they can directlyA8SB

the time scale for the bare NEPS interface but vanishes for performance; having such knowledge will aid future composite
the charged NCENPS interface, which indicates that the electrode designs and interfacial engineering. Multiscale
charged cathode is more reactive than the discharged cathodggiracterization has been applied to identify interfacial products,
forinstance, thes® bond forms at the charged state but notin their spatial distribution, their ionic/electronic nature, and their
the discharged stéfeBanerjee et al. also used AIMD to study ¢ ect on cell performance. Tatsumisago et al. conducted TEM
the NCASLPSCI interface where th8® bond forms along a4 electron diaction to observe long-range Co distribution at
with the $S, NBS, and C8S bonds, agreeing well with the {he pare catho&SE interface and found that the interfacial

thermodynamic calculations. laveri Y .
X o . yer is amorphousThe amorphous nature may originate from
4.1.2. Experimental Identi cation of Chemical Reac- the slow kinetics of interdision between LCO angS$P,S,

tlons..Chem|ca_I reactions were vedi with §everal eIectrp- during a long charging process. A similar observation was also
chemical techniques such as electrochemical charge/disch

r i .
pro les, impedance measurements, and GITT affafsis. Hhiide for LCO with L4356, 1Py o5, where a thin amorphous

Jung et al. fabricated a pellet made of a composite mixtd?e\,/er was formed at the interf&@urface-sensitive techniques

o ; . : suich as XPS are useful to identify the interfacial products. For
containing NMC and }®SCI (with a 1:1 wt. ratio) and cycled Lg)fample, Banerjee et al. foundPS0S, and PS&as major

one ASSB after resting for 48 h and another without any re; ) . ;
step. The cathode composite without rest exhibited a highﬁ}terfac"':1I products after cycling the NCA cathode with LPSCI

capacity with lower polarizatioRigure 18) but poorer SE* This observation is in good agreement with DFT
capacity retentiorF{gure 1B).2° This signies an instanta- caIcu_Iann%?Whether the interface that results from chemical
neous chemical reaction between NMC agRiSOl even reactions is passivated or not depends on the ionic and
without applying any bias. To verify this, they measure@lectronic conductivity of the SEI products. For example,
impedance as a function of time without applying any biddsPO, is an electronic insulator and an ionic conductor,
voltage Figure 18,d). Both the bulk and grain boundary allowing Li ions to transfer across the interface. On the other
resistance increased by 400% in 48 h, as sheiwnoria 18. hand, TM suldes are electronically conductive, which promotes
The bulk impedance increase can be due to the degradatiortlo# electrochemical decomposition of SE, resulting in a
both the cathode and;RiSCl, whereas interfacial impedance continuously growing interface that is detrimental to battery
growth is due to formation of the CEI as an ion-blocking layeperformance. This phenomenon is discussed in detail in a later
Consequently, oxide cathodes withdstibased SEs exhibited section on long-term cycling stability.
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Figure 14 Characterization of the chemical reaction between LPSCI and NCA. (a) Potential curve of NCA charged to 4.3 V in a liquid cell; LNO-
NCA exhibited a similar curve. (b) Schematic of sample mixture preparation. (¢) XRD and (d) Raman spectra of each mixture at 4.3 VV, compared
pristine LPSCI. Reproduced with permission frasi. i€bpyright 2019 American Chemical Society.

While there have been numerous studies on the cathod@aman and XRD at the charged state while their signals were
electrolyte interface, most of these studies focus on interfaneich weaker at the pristine statgire 1¢,d)>* Figure 185¢c
after electrochemical cycling, which does not isolate thehow a schematic of chemical and electrochemical reactions
chemical reactions that occur at both the discharged armbtween an oxide cathode anddgusolid electrolyte, where
charged state; in other words, both the products from chemiagalaction kinetics is slow for the composite mixture (a relatively
reactions and electrochemical decomposition of SEs will B@nner interface even after a prolonged resting time), but more
present. The resultant reaction products may alscebentti severe atthe charged state (which forms a thicker interface). The
for example, NiS, CoS, Mn$SLLIRCI, and LiCl were found  thicker interface at the charged state arises from the occurrence
to be the major products at the NBIGSCI interface at the of both chemical and electrochemical reactions. These results
discharged state, whereas(R1D,), or Nix(PO,),, LizPO,, demonstrate the dirent mechanisms involved in the chemical
PQ,, and SQ(2 < x < 3) are detected after electrochemical reaction and electrochemical decomposition of SE, and their
cycling. These results indicate that electrochemical delithiatioarresponding imence on the interfacial resistance and cell
makes oxygen more reactive with P and S to&@ramd SO performance.
bonds. Meng et al. succeeded in isolating interfacial chemicdl is also important to realize that all of thedeubased SEs
reactions from SE electrochemical decomposition reactions amtl charged cathodes are highly sensitive to the atmtsphere,
identi ed the respective products at the pristine and chargesb sample handling (such as isolating the sample from the cell),
states. They initially charged the NCA cathode to 4.3 V in a LEEansport, and transfer into the measurement setup should be
cell (Figure 14) (as LEs do not decompose or react with NCAdone in highly inert conditions. Even brief exposure may cause a
at 4.3V), collected the charged NCA powder, and then mixeddt erence in the measurement and batch-to-batch variation,
with LPSCI Figure 1B). Through this process, in terms of the which could lead to skewed interpretations of the interfacial
chemical reaction between NCA and LPSCI, santi reactions. It is also worth mentioning thatdsgl are highly
amounts of crystalline NiS;R®,, and LiCl were detected by beam sensitive (electron, X-ray, and photon); beam-induced
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Figure 15.(a) Interfacial contact between uncoated TM layered oxides aledSitilis made by mixing and cold-pressing at >300 MPa. (b)
Thermodynamically favorable and spontaneous chemical reaction occurs (red color) between uncoated TM layered oxides and SE interface overt
(c) Thicker CEI forms due to faster kinetics of the chemical reaction that occurs between TM layered oxide (at charged state) and SE, along wi
electrochemical decomposition of SE. (d) Thin conformal coating layer is applied to prevent chemical reactions; however, (e) an interface is si
formed atthe TM layered 0X&8E interface (at the charged state), which arises from electrochemical decomposition, (f) the kinetically stable LLZO
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Figurel5. continued

and LCO interface generates many interfacial gaps, (g) interfacial contacts are improved between LLZO and LCO by heating at high temperature,
severe chemical reactions occur at high temperature, generating unwanted side products at the interface. (h) Coating layer is applied on the L
surface; (i) chemical reaction is mitigated for coated LCO when heated with LLZO.

Figure 16(a) XRD patterns of an LLZO pellet, LCO deposited on LLZO, an$LIXD heated at 50T with the corresponding phases. FIB-
milled sample of the LCO and LLZO interface (b) before and (c) after annealing with the corresponding EDX line scans (of Co, La, and Zr). Co, La,
and Zr were shown to dise after annealing. Reproduced with permission fedmGepyright 2018 American Chemical Society.

decomposition could also produce unexpected results. Thhigh cathodic charge transfer resistanigere 1§).2% Ogumi
proper calibration and optimization of beam dosage anetal. performed CV on Li/LLZO/LCO thinms and observed
exposure time should be performed on samples befobeoadened oxidation peaks of LCO, which is markestigri
performing experiments. than typical LCO behavior with conventionalPf Eke poor
According to DFT, the cathode interfacial chemical reaction performance is believed to originate from a chemical reaction at
negligible for oxide-based SEs, but experimentally, it has béem interface; qualitatively, the color of LCO changed after
shown to be sigriant. Because of low elasticity and a lowerannealing. Through TEM analysis using nanobesattioin,
surface energy (high crystallinity as well as having both ionic aheéy identied the crystalline }@00; phase at the interface
covalent bond characteristics with a high bond dissociatiavhich was predicted to be one of the major interfacial
energy), it is very dcult to form intimate contact between components through DFT calculations. Similar TEM observa-
oxide SEs and an oxide cathode by merely hand mixing atahs of elemental dision across the interface were also found
pressing at RTH{gure 1§. Thus, high temperature (>70L) by Goodenough et al. in the mixed LCO/Al-doped LLZO
annealing is required to improve interfacial contact. Howevethod€® TOF-SIMS studies found that most of the elements
such temperatures can initiate unwanted chemical reactions tfia, Zr, and Co) diuse across10 nm at the interface whereas
can yield ion-blocking or electron-blocking layers that result infd di uses everywhere. Such Al migration could cause a phase
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Figure 17Necessary criteria for aeetive cathode coating for ASSBs. Reproduced with permissiob fr@opgfight 2019 American Chemical
Society.

transition from cubic LLZO to tetragonal LLZO, which has avhen an oxide cathode is in contact with @s8E>** As
much lower ionic conductivity f®/cm). Thus, the presence  sul des are more prone to oxidation than oxides, electrons can
of tetragonal LLZO can also increase the interfacial chargesily migrate from the sl SEs to the charged cathtde.
transfer resistance, hindering cycling perforiffance. principle, Liions will move away from this region to balance the

Although plenty of studies have been carried out on thgharge, either toward the charged cathode by selbdj or
LCOSLLZO interface, quantitative analysis remains minimaoward the anode under an applied charging voltage. Regardless,
Specically, quantitative dision and phase transformation the end result is a Li-ion depletion layer. Experimentally, the
analyses can help to better design experiments to minim@gstence of the space charge layer was hypothesized due to the
interfacial resistance. For example, Vardar et al. explored Higervation of an additional oxidation slope in ASSBs during
e ect of annealing temperature and gas environments on g, ging: if the depletion layer grew large enough to reach an
interface of a thin layer (<100 nm) of LCO deposited ontop 0fgectrode potential equal to that of the cathode, Li ions would
LLZO pellef” The potential interfacial products were yeon geintercalate from the cathode. Takada and Ohta et al.
investigated V‘."th XP.S’ XRD' TEM, and XAS. The .reSUItéscribed the limited rate performance of ASSBs to the formation
f:r?]\getg?ltj:gec;?tzeég'?ntg'i%%eisri@fgrggggn fgznr%”‘“ng of a space charge layer, which is closely related to vacancy
LaCoQ, and LiCO, were all found at the interface (usiné’high_formation and defect chemistry at the intetf&ce’® In other

' 3 words, a localized electrostatic potential is produced at the

qguality synchrotron XRDFi{gure 18)), resulting from <o : . .
interdi usion of La and Co at high temperatures and thecathodSSEmterface, reducing the chemical potential at the SE

surface reacting with gQlevertheless, the,CO, impurity !nterface, which ultimately results in a lower concentration of Li

was removed when the sample was heat-treated in an oxy on the electrolyte side of the catB&#e interface
environment at 35T. Further interdusion was also vesi compared to bulk SE). This suppresses Li-ion conduction
by Vardar et al. where they found intersion of Co, La, and zr ~ Cross the interface. _ _
across the interface (via EDX line scan) after annealing theUnfortunately, there has been no direct experimental
LLZOSLCO composite at 500C, though no interfacial pbservauon of the space _charge layer at the SE-oxide cathode
elemental distribution was found without annéaliigese  interface, though experimental measurements have been
results indicate that optimizing the synthesis of SEs is essenti@§mpted with LIPON and LiCeOSuch measurements
minimize the formation of impurities and thus reduce th&mployed arnn situKelvin probe and electron holography
interfacial resistance. experiments to measure the electrical potential distribution
4.1.3. Space Charge LayeiThe poor rate performance of across the interface and Li depletion régiGipplying such
ASSBs was also speculated to be due to a space elcaage e technigues on thirm systems could elucidate the space charge
the cathod®SE interface. Both AIMD simulations and DFT layer phenomenon in ASSBs. While these proposed techniques
calculations reveal that a space charge layer is expected to fcam probe the local electrostatic potential across the interface,
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Figure 18(a) Pseudobinary phase diagram of SIEZSCI and LNSLPSCI. Reproduced with permission frofir&opyright 2019 American

Chemical Society. (b) Increasing thickness of LTO coating reduces the impedance and initial charging slope of LCO; the initial slope is hypothesiz
to be due to the space chargece Samples 1, 2, 3,5, 7, 10, 20, and 30 corresponding to the LTO thickness in nm. (c) \&dtifigstpating the

initial charging slope for the elient LTO coating samples on LCO. Reproduced with permission §ara0e6 Wiley-VCH Verlag.

the depletion layer has only been explained through numerical in Figure 1a (with LPSCI), LiPON, LiAlQand LjSiO;

simulations so far. are the most stable whereas LNO, LTO, and LLZO are

4.1.4. Protective Coating Layer.Applying a conformal comparatively less stabil€igure 1&hows the pseudo
and chemically inert coating has proven to betige at binary phase diagram of LSIOPSCI and NC&LPSCI
preventing chemical reactions between cathode materials and for di erent compositions, and the decomposition energy
SEs, reducing the space charge laget, @and lowering the for LNOSLPSCI is lower than for NGAPSCI.

interfacial resistance. For example, the addition of azLiNbO 3)
layer (2 wt % Li-ion conductive and amorphous) on NCA
drastically improves the CE and discharge capaeityedean

not only lower cathodic charge transfer impedamaiglso in

stable impedance values over long durafioms¢ 18Se).

Similar results were observed for LTO-coated LCO; the cathode
resistance decreased from 900 to 287 In addition, the

sloping nature at the initial state of charge, indicative of SE
decomposition, is reduced, and as a result, there is a dramatic
improvement in power density. A schematic of #utseof a

coating layer on cathode particles on minimizing chemical and voltages up to 57 0.7 V vs LiLi), "°2which means it
electrochemical reaction at the discharged and charged states can show stable cyc;Iing with 4 5’V NMC

was shown iRigure 18, d, and e. Itisimportant to note that the o . ' o .

coating generates two new interfaces: (i) cathode-coating laydf?) Conductivity. An ionically conductive coating layer

Electrochemical stability. A suitable coating material
should be electrochemically stable within the operating
voltage range of the cathodes. Thus, the transition metal
redox band should be well-separated from the oxygen 2p
band of the coating layer to avoid redox activity.
Unfortunately, most of the oxide-based coating materials
are not stable at voltages greater than 4 V verstigti/Li
0%/0, redox will take plade!®* Thus, the most
promising coating materials awerine-based as/F,

redox happens at very high volta%gs (Lig\table at

and (i) SE-coating layer. enables the transport of Li ions across the coating layer,
A suitable coating layer for ASSBs must have the following ~ Which improves the rate performance of ASgBseR
properties: di usion channel radius (in A), is an indicator of ionic

(1) Phase stability. The phase stabi!ity of coating materials is g:c ﬂslglrlg ,tﬁ?onuegrr? I%'eacggﬁ%ﬁ;ﬁ:&sig;aﬂg%dgg;
measured by the,f(in eV/atom); a lower f means coated cathodes andB®,SLi,CO, coated cathodes
the coating is more thermodynamlcally s@lgler.e 17 outperform the single-coated (with Sé@d LiBO;)
shows DFT calculations of phase stability for several  cqnterparts due to the higher ionic condudﬁ?ﬂﬁhe

coating materials. electronic bandgafie( in eV) is related to electronic

(2) Chemical compatibility. Chemical compatibility of coat- conductivity; lower bandgap materials usually have high
ing materials with both the cathode and SE is measuredby  RT electronic conductivity. Highly electronically con-
the decomposition energy in a pseudo binary phase  ductive coatings promote electrochemical decomposition
diagram-igure 18hows a list of decomposition energies of SEs (especially with sids that decompose at very low
of coating materials (with NCA cathode and LPSCI SE). voltages), which results in increased cathode impedance.
Typically, the coating materials are oxides due to a  Thus, large band gap materials with high Li-ion
negligible or even zero decomposition energy. As shown conductivity are necessary to achieve better performance.
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Figure 19.(a) High-resolution HAADF-STEM image of a pristine LNO-coated 4 f@otizle and (b) cycled (100 cycles) LNO-coated LCO

particle ([211] zone axis) with the corresponding EELS line scan (bottom). For the pristine sample, no Co signal is seen in the LNO layer, indicatin
that no signicant Co diusion from the bulk LiCafinto LNO occurs during the coating process. After 100 cyclesasigD signal is observed in

the LNO layer, signifying Co dsion with cycling. (c) XPS spectra of the S 2p, P 2p, and Ge 3d regions were collected for pristine LGPS, pristine c-
LiCoO,/LGPS mixtures (stored for 3 months before measurement), and the cathode materiatsiftdratigee, 10th charge, and 100th charge,
respectively. The new peaks that arose at higher binding energies indicate the oxidation of LGPS; the peak intensity increases as cycling proc
signifying that oxidation continues with cycling. Reproduced with permissiorl fér@ogfright 2018 American Chemical Society.

However, a balance must be struck as poor electronic  the coating layer is important to accommodate the strain,
conductivity of the coating would also block electronic that is, plastic deformation without cracking. Usually a

pathways, hindering the rate performance of ASSBs. volume change of 10% and 30% (of the cathode)
(5) Mechanical property. Cathode volume changes will ~ produces 1% and 10% strain, respectively, within the
induce strain on the coating layer. Similar to the coating layer. LNO, the most common coating, is known

mechanical property of the electrolyte, the elasticity of  for its high stiness and is expected to form cracks rather
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than deform plasticatfy>'°® Any cracks in the coating Wwith high-voltage cathodes. Although the electrochemical
will make the cathode come into direct contact with SEStability of these oxide materials is limited to 4 V, their low
which will facilitate both chemical and electrochemicaglectronic conductivity (which leads to sluggish kinetics), may
decomposition of the SE, degrading the battery perforniesult in long cycle life without any sigait capacity decay.
ance. Amorphous coatings are taleas they can more  LTO, LiAIO,, and LjSiO; are known for the high ionic mobility
easily deform elastically (compared to crystalline coa®f Liions; Sakuda et al. showed th&i0; works better than
ings) during the char§discharge process. SiOZ_ (for high dischar_ge capacity), signifying the importance of
Similar to the sutle-based SEs, the interface between Lcdiaving charge carriers in the coating faje8imilarly,
and oxide-based SEs can be greatly improved by adding a @#®crphous LNO, a common coating material, has an ionic
coating layer before annealing. For example, interfackanductivity of 18 S/cm whereas crystalline LNO has an ionic
resistance decreased from 2608n? to 150 /cm? after  conductivity of 18+ S/cm.
the addition of a thin Nb layer in between LCO and Besides oxides, phosphate-based materials (in the NASICON
LLZO %98 |n addition, CV on this setup shows sharp family) have also been applied as protective coatings since they
oxidation and reduction peaks with low polarization and high@ve high ionic mobility and thermodynamic stability with SEs
rate performance, similar to CV scans with LCO and LE. Durir@ld cathode materiafs:** Another potential type of coating
heat treatment, Nb oxidizes to amorphous (or at most poorkpaterial include halide-based SEs suciiréSldand LiYC
crystalline) LiNb@or LizNb,O4 via Li di usion from LLZOto  Since recently they were found to be stable witt'£C8?
Nb. Amorphous LiNb§or Li;Nb,Og is known for its Li ion Chloride-based SEs have shown sagtti electrochemical
conductivity (18 S/cm at RT), which allows the transport of Li Stability (4.2 V vs Li/l') compared with other oxide-based
without signicant resistance. The Nb layer also reduces theoating materials. However, considering 5V cathodes such as Li-
interfacial diusion length from 100 to 20 nm which results infich layered oxides or spinel cathodes, coatings with even higher
improved rate performart@éAnother Li-ion conductive layer, ©Oxidation stability are required; in this cas®jde-based SEs
Li;BO, (LBO) was employed on LCO which avoids directmay be considered.
contact between LCO and LLZO, preventing chemioalai 4.1.5. Long-Term Cycling Stability of Coating Layer.
across LCO and LLZE® The addition of LBO improved the Without a coating layer, the thickness of a reactive interface layer
capacity and CE from 35 mAh/g and 54% to 80 mAh/g andan increase as cycling proceeds whereas a coated interface
84%, respectively. As another example, the addition .of Nb@ould not. This was shown through electrochemical cycling and
lowered the interfacial contact resistance between LATP afffipedance analysis. For example, a 0.7 wi,%6da@d NMC
LCO by mitigating the irreversible phase change of LCO teell delivers a capacity of 120 mAh/g with 95% capacity
C0,0,M° retention while bare NMC exhibits a relatively lower capacity of
The aforementioned coatings are also believed to eliminaké0 mAh/g with <30% capacity retention after 50 cycles.
the space charge layer. For example, Ohta et al. found thapedance analysis showed that the impedance of bare NMC
coating LjTisO;, on LCO reduces the extra slope that increases from 600 to 155cm? while there is negligible
originates before charging, which is believed to be due eéhange for the Zrxoated cathodes.
space charge layer formatiowith thiophosphate LPS anda  Although coatings can improve cycle life, degradation can still
certain thickness of LTO, the slope can be elimirféitadt  occur, which can be a result of a chemical reaction or mechanical
180).2% The e ect is also realized in impedance measuremenggformation of the coating layer. Even if a coating layer has
and rate performance testing, as reducing this sloping capacify@gligible decomposition energy or sluggish chemical reactivity
directly reected by a lowered LCO/LPS impedaridgu(e with SE and cathode, sluggish reactions can be pronounced over
1&c). However, aside from eliminating the space charge lay#me after prolonged cycling. Woo et al. performed HAADF
there could be other explanations such as potentially slowed BEM imaging (with EDX line scanning) of LCO (after 33 cycles
decomposition kinetics due to the electronically insulatingith LGPS) and found that the distribution of Co at the
coating on the LCO cathode (which has relatively higheinterface is greatly suppressed (from 35 to 17 nm) by the
electronic conduction), and as a result, the oxidation slogldition of 45 layers oL@k (via ALD), though not completely
region of the SE decreases. However, these interpretationss;,rppresse?a.Povey et al. showed that Al igAldi uses into
still based on hypotheses as there is no direct clear evidenced 6 after prolonged cycling. Additionally, Zhang et al.
such explanations. observed Co in the LNO layer (after 100 cycles) by EELS line
Both binary and ternary coating materials have been appligean Eigure 18,b)*?’ Co migration degrades LCO and the
on cathode materials_to protect the interface, such as Zr@erformance of the ASSB by making alocal LCO interface with a
ALO; and Si@®4115114 Although they function as a Co-decient phase. Similar observations were noticed by XPS,
chemically resistive layer, they do not have any ionic changbere new peaks appeared after 100 cycles belongif§to Co
carriers to aid in interfacial ionicugiion, so they need to be polysuldes 6S’S), sul te, and sulfate species for the LNO-
activated during cycling. In ASSBs, methods to activate theated LCO sampleFigure 16).*?” Other evidence also
coating layer with charge carriers include: (i) electrochemicdémonstrates the continuous degradation of the coating layer
lithiation during charge/discharge processes, (iBidn of Li and the formation of byproducts, though notably to a lesser
from cathode to the coating layer during heat treatment (whetiegree than uncoated sampleés.
fabricating the electrode), and (iii) surface impurities on the One possible explanation for the continued CEI growth over
cathode, such as LIOHgLD; and LjO could react with  prolonged cycling is based on the mechanical behavior of the
coating materials. coating layer and the CEI during volume changes associated
Ternary oxides including®iO;, LiyTisO,,(LTO), LiTaOs, with the formation of the CEIl and cathode materials. Negative
LIAIO,, LiZO-ZrOﬁ, and LiNbQ, are the most commonly used volume changes would generate voids at the interface whereas
coating material$®™*%? All of these are chemically and positive volume changes would induce stress into the electrodes.
electrochemically stable, yielding better cycling performaniceaddition, there is periodic stress with cycling, due to reversible

T https://dx.doi.org/10.1021/acs.chemrev.0c00101
Chem. RexXXXX, XXX, XXKXX


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00101?ref=pdf

Chemical Reviews pubs.acs.org/CR

Figure 20.Schematic of mechanical changes that occur after ASSB cycling. (a) Operando monitoring of pressure change in ASSBs during char
discharge and the corresponding pressure change for (a) LCO and (b) NMC811, where a positive volume change (expansion) and increase in pres:
was noticed for LCO and a negative volume change (contraction) and decrease in pressure was noticed for NMC811. Reproduced with permiss
from ref145 Copyright 2018 The Royal Society of Chemistry. (c) SEM image of the I$Migi83 interface before cycling. Reproduced with
permission from réb. Copyright 2017 American Chemical Society. (d) SEM images of focused ion beam-milled cross sectiongf3(CIA and Li
interface before and after 50 cycles where intramolecular cracks were observed. (e) Obsteryeld IO& of a NMELI;PS ASSB, compared

with carbonate-based LE. Reproduced with permission frénCagdyright 2017 American Chemical Society. (f) Nano-CT of Sn anode cycling

with glassy LPS SE and CT of the full solid-state pellet before and after cycling. Reproduced with permiskidddmymight 2019 Wiley-VCH

Verlag.

volume changes of the cathode during lithiation and delithiatiolmeatment or experience external pressure which deforms the
Such stresses and voids may result in cracks, which can defelestrode materials. However, the SE does not undergo volume
and expose the fresh SE to the cathode surface. This will initigf®ange during cycling unless it participates in chemical or
chemical and electrochemical decomposition and furthétectrochemical decomposition. Lithiation/delithation-induced

increase the cathodic charge transfer resistance. phase transition, accompanied by volume change, leads to
internal and external stress in the electrode and electrolyte. Such

stress generates microcracks, lattice dislocations, and defects in
The mechanical properties of the SE are crucial with regardstk@ electrode as well as the elecB8#&nterface. The extent of

the fabrication and performance of ASSBs. For exampl@lume change of electrodes depends on the constituent phases
electrode composites in ASSBs undergo high-temperature hesad the operating voltage; intercalation materials undergo less

4.2. Mechanical Properties of SE
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volume change (less than 10%) whereas conversion or alloyoag reduce the Yousgnodulus of LPS while synergistically
electrodes experjence siggut volume change &000%) enhancing the ionic conductivity. The incorporation of iodine
during cycling?®**? Thus, mechanical compatibility in lowers the bond strength without changing the local
alloying/conversion materials is of sigmit importance>">* coordination environment of S Svhich translates into a
Deformability is an essential aspect as it directly translateddavered glass transition temperature and *¢onodulus. Kato
the ability of the SEs to be deadi Typically, oxide-based SEs et al. showed that a ASSB with a Si anode and 70-
are very stiand need high-temperature annealing to reduce th@.5L,S:0.5F5;):30Lil glass SE exhibited 10% higher capacity,
number of grain boundartéddigh-temperature annealing is higher rst cycle CE and better cyclic stability over 20 cycles
energy intensive and not cosetive; in addition, as stated than with 75L,5:25BS; glass, even though they possess similar
before, it may cause undesirable side reactions with electrooigic conductivity (2.2 10°* S/cm). The addition of Lil led to
materials. On the other hand, glass or ceramilehased SEs a decrease in the Yolsmgodulus (of LESP,S; glass) from 23
are more malleable and thus can be @ehat RT by simple  to 19 GPa resulting in better deformability and thus increased
cold-pressing. From a mechanical and processing perspecstress accommodation, enabling longer c{%’ﬁ
this makes them more promising in terms of generating aDuring cycling, dynamic stresses/strain leading to the
favorable interface with electrode materials. formation of cracks/voids inside electrodes, SE, and elec-
The mechanism behind denation of SEs involves the trodeéSSE interface are diult to study quantitatively due to the
di usion of atoms and polyhedra; fagision helps to easily buried nature of the interface. Koerver et al. showed that
merge grain boundaries. FoEIBS-based SEs, Li-ions and uncoated NMC-based ASSBs (witi,PS SE) had a lowrst
PS® polyhedra can dise along the grain boundaries dind  cycle CE of 70.5% compared with LE (85.8%)i(e 29). The
the voids between the particles (provided that pressure lsw CE originates from chemical/electrochemical reactions
applied). This dusion capability is based on the bond speciesccurring at the cathdsi8E interface along with contact loss
and bond strength within the SE structure. Oxide-based glagmween the cathode and electrolyte duringgheycleé? Yu
SEs (75% LD:25% BKOs) are 2 orders of magnitude less et al. demonstrated that merely retightening the cell cannot
deformable compared with the analogoudesglass (75% recover the capacity due to permanent delamination and contact
Li,S:25% B, due to the higher bond strength &Qiand loss between the cathode particles ant’SE.
PSO bonds compared to3$ and BS bonds>**°It is very Koerver et al. correlated the volume change of active materials
interesting to note that the 758&®5BS; glass has better with di erent applied pressure using operando pressure
deformability than 75/9:25RS;; due to the larger size of the monitoring of ASSB$. By selecting particular anode or
Na ion compared with Li, the interactions betweérahth cathode materials, the degree of volume change can be measured
PS® are weaker, leading to fasteusiobn of P$° into the and compared. For example, when LTO was used as an anode,
particle boundarié$’ In general, materials having weak bondwhich experiences almost zero volume change and induces
energies usually have lower glass transition temperatures amdimal stress, any pressure changes can thus only originate
melting points. As4S content increases in theéStBS; glass,  from the volume change of cathode partf€i&mr example,
the deformability decreases, shifting the glass transitioells with a LCO cathode and LTO anode experienced
temperature to a higher value, indicative of an increase signicant stress (+0.6 MPa) because the unit cell volume
internal bond energy ¢S has anionic bond nature whjiga B increases for LCO upon delithation. The reverse trend happens
covalent)®® Increasing the ionic nature of the electrolytefor the NMC/LTP-based ASSB as NMC811 shrinks during
increases the bond energy which make®it, sthd as aresult, charging. Fortunately, the stress is relieved and reverts to the
the degrees of translational and rotational motion in the crysiadiginal state during discharging, which is biahdor long-
are reduced. The deformability of SEs also depends on ttegm cycling of the ASSBs. However, long-term cycling can still
crystallinity of the materials; a glassy structure has a high mgtanduce interfacial gaps between the cathode and SE (NMC/
volume with isolated structures which helps for bettsiati LPS, Figure 26,d), which irreversibly increases interfacial
and denskation. charge transfer resistance and yields poor cycle life. In addition
Another important property is the elastic modulus sincéo the electrode material selection, operating stack pressure of
volume changes occur during the cBaligeharge process in ASSBs acts the performance during volume chéfige.
ASSBS; repeated structural and volume changes experiencelddsrver et al. demonstrated an ASSB comprising of LCO and
electrodes during cycling can induce mechanical stress on SHa. ihetal (both of them have positive volume change) with a
a SE has a high YoimdModulus, the SE cannot readily poor capacity of 11.4 mAh/g, a lomst cycle CE of 77.4%
accommodate the induced stress and as a result, cracks can {fosuvally close to 90%), and low cyclic performance when no
atthe interface. These cracks will lead to the increased interfastatk pressure was applifédis seen by X-ray tomography,
contact resistance due to the reduced contact area betweenlikrading generated cracks at the edge of the charged (non-
electrode and electrolyte, which will slow reaction kinetics, lowgressurized) ASSB, revealing the importance of external
the CE, and hinder rate performance. Typically, the’¥oung:on nement (which evenly distributes pressure), to maintain
modulus of sutle-based SEs isSId GPa (1 order of the contact required for ionic and electrical conductivity
magnitude lower than oxide-based SES1860GPa). Such  between particlés?4’
values can allow the SE to easily accommodate the stresse&ray tomography is a nondestructive and useful technique to
induced from cathode volume changes="4° observén situandex sitichanges in ASSBs. Wu et al. studied
The Youn modulus of the SE depends on its compositionoperando lithiation/delithiation dynamics of Sn particles with
As mentioned previously, increasip§ tontent in LB:BS; LPS SE including interfacial crack formation and propaga-
glasses increases the ionic bonding property of the SE, whictiam*“® The di erence in X-ray attenuation (due tcedént
turn increases the Yoisaghodulus (but will compromise the densities) helped to distinguish between Sn, lithiated Sn, LPS,
ionic conductivity)?°It is important to note that these two are and voids/cracks${gure 2f). Using this technique, they made
not always opposingeets; halide incorporation into LPS glassa few observations: (i) anisotropic expansion and contraction
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Figure 21 Schematic of mechanical changes that occur after ASSB cycling. (a) An electrode-SE interface develops if the SE is not fully dense and
electrode is not conformally covered with SE after cold pressing. (b) cathodes that experience positive volume change, such as LCO (up to 4.4
expand during charge which dhcathod8SE and SESE gaps (reducing porosity), which induces stress into the SE that can possibly propagate
through to the anode. (c) A negative volume change material such as NMC shrinks during charging which generates more gaps and increases elec
porosity. (d) A typical ASSB with cathode, anode, and SE at the discharged state. (€) An ASSB constriciagwkére V pnoqe> 0; the

negative volume change of NMC is compensated by positive volume change of aviedg,{H 0, V anode< 0 Where the positive volume

change of LCO is compensated by the negative volume change of angdg(ghs > 0, V cathodal <O V anodel <0, V anogen > 0, @

combination of cathodes (and anodes) where positive volume change of one cathode (anode) is compensated with one negative volume chang
another cathode (anode). (h) Cathode and anode materials with negligible or no volume change after charging.

happens during lithiation and delithiation of Sn and some Thus, the choice of cathode and anode materials for
lithiated Sn becomes electrochemically disconnected, mearnaegommodating the mechanical stress created during cycling is
it can no longer participate in the redox process, (ii) there isssential for good ASSB cycling performance. The detailed
preferential interfacial crack formation and propagation througcthematic was showrFigure 26Sc. In summary, there are a
the bulk of the LPS SE which could be due to more compressifev possible ways to accommodate the induced stress such as
stresses at the interface, (iii) permanent cracks are present atthausing a soft polymeric binder as a&bmaterial, (2) using a
SISLPS interface after full delithation which explains the lowegative volume change material as the cathode and a positive
rst cycle CE and poor capacity retention, and (iv) cracks in LR®lume change material as the anode (e.g., NMC811 as the
that originate from volume expansion of Sn particles almasathode and graphite as the anode) and viceNersa dS
completely disappear after full delithation, which could be dueflp (3) using combinations of cathodes (or anodes) with both
the adequate elasticity of LPS to accommodate the volumesitive and negative volume change where the total positive
change (8%) of the working composite electfdde. volume change is compensated by equal total negative volume
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Figure 22(a) Li,SSLisPSBr composites were made by high-energy ball milling. Solid-state two-dimensihilL(2&change spectra (2D-
EXSY) measured dtaresonance frequency of 155.506 MHz with a spinning speed of 20 kHz for sts)to(lB® mixing times (100 ms) at RT
for di erent mixtures. Gdiagonal cross-peak intensity was observed only for mixturgs3118trhs, was most pronouncegatt100 ms, and
represents Li-ion exchange fro/8 to LiPSBr and vice ver$4t (b) Ball-milling synthesis of @3S Lil solid solution and an all-solid-sta&SLi
battery operating at 28 with this LjSSLil solid solution. Reproduced with permission froh7#e€opyright 2015 Wiley-VCH Verlag.

changeFRigure 24), and (4) using electrodes with minimal or and NaFePgF.”® Positive volume change creates additional
no volume change such as LTO or NMC53@ute 2). stress on the cathode particles and SE whereas negative volume
The mechanical properties of the SEI/CEI also have a larghange is expected to generate voids at the inté&lifaoe (

impact on ASSB cycling performance. The net volume chant®.’® The mechanical properties of the CEI/SEI depend on
after formation of the SEI/CEI imences the interface structure. their morphology, microstructure, and chemical composition.
For example, NPS exhibits net positive volume change with iurrently, characterization to both qualitatively and quantita-
Mn, and Co-based layered oxides, but has large negative voltivedy evaluate the mechanical properties of the CEI/SEI have
change with Fe-based polyanionic cathodes such as NaFeR@t been carried out. Thisis because isolating such an interface is
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nontrivial. Whilén situtechniques are extensively used for LEwhich compromises the active material weight percentage and
battery interface characterization, applying such techniquesaineal loading capacity. Mulki synthesis methods were
ASSBs is complex, and new, innovative approaches are need@ibred to engineer the interface to gain new fundamental
to successfully carry out such characterization. knowledge of the interface to enable performance improvements
Finite element modeling was also employed to investigate timeASSBs.

mechanical behavior at the interf%tq@ég‘? Kinetic Monte One suitable method to mitigate the interfacial issue is to
Carlo was employed by Mukherjee et al. where they found thatduce the particle size of $SLand the SE by using high-
high-surface-area cathode particles reduce compressive stressggy ball milling, which will enhance the contact area between
within the particles during lithiation and enhance electroni8/SE and S/carbon, decrease thesiion length of Li, and
conduction pathway&>°*This result is good agreement with improve charge transfer dynamics at the interface. To this end,
experimental observations by Strauss et al. where NMC witlChoi et al. compared three kinds of S, conductive carbon, and
smaller particle size exhibited better electrochemical perforli,SSP,S composites made by hand mixing (using a mortar and
ance than larger particles. Bucci et al. employed a cohesive zeegile), ball miIIingG, and secondary high-energy ball milling,
model to simulate the damage evolution of cathode compositeaspective},**°*1°” Secondary high-energy ball milled
fracture was prevented when the expansion of electrode particlesiposites had the smallest particle size and the highest
is lower than 7.5% (on par for most Li-intercalating compoundsifilization of S cathode. Nagao et al. and Tatsumisago et al.
and the solid electroigefracture energy is higher than 4 J/ performed ball milling at 156 where S (low-viscosity) mills
m? **°These results indicate that althoughistibased SEs are into an ultrasmall particle size (<50 nm) and achieved a high
easily deformed to accommodate the volume change of thepacity ngOO mAh/g) with full capacity retention after 40
cathode, their low fracture energy£2188 J/nffor LPS glass)  cycles®*°°Suzuki et al. synthesized the S cathode in a liquid
makes crack formation and propagation easier than oxide-bajgkase which increased the capacity to 2000 mAh/g and the cell
SEs. The results also indicate that alloying materials with higad 75% capacity retention after 50 cYdéiga ne particles
volume expansion (>50%) are suspected to generate mdi&10 nm) of S (used to decorate SEs and carbon) was also
cracks than intercalation-based oxide cathodes. madr? by a gas phase relaction foIIovc\j/edhby mechanicdthilling.

= : Furthermore, Yu et al. compared the spontaneous Li-ion
4.3. VSISS (LbS) Interface transport across theS$LisPSBr interface (made by érent
A LiSS battery comprising a Li-metal anode and S cathode figilling conditions) by two-dimensional (2D) Li-ion exchange
regarded as one of the most promising next-generation battefMR (Figure 2a).""* Their results show that ball milling is
technologies as it consists of materials that are earth abundag@gessary to achieve faster Li-ion exchange across the interface
low cost, environmentally friendly, and can achieve a higihd improve the kinetics for high utilization 8 tathode.
theoretical sped capacity (1675 mAh/g). However, tf83i  However, Li-ion interfacial charge transfer resistance increases

battery system sers from polysulle (LLS, n = 358) from1.5 to65 after cycling due to contact loss, a result from
dissolution and shuttling in conventional LEs, result in a lowgligh volumetric expansion/contraction during the charge and
energy eciency and limited cycle fifé**®All-solid-state Bi discharge proces$és.?

S batteries are believed to eliminate the Li-palgstddox Hakari et al. developed,$iLiX (X = Cl, Br, and 1) solid

shuttle problem that has plagued conventional ligeBl Li solutions using high-energy ball milling which improved the
battery systems for the past few decades. Additionalignic conductivity of the 3 electrode 2-fold™ " The solid-
passivating interfaces formed between SEs and metallicsbiution composite with,BiLil (80:20 mol %) exhibited the
prevents continuous SEI formation which is the cause of thgaximum capacity of >1100 mAh/g (95% of theoretical
eventual consumbption and depletion of LEs in conventtenal Licapacity) at 0.5 C with extremely high rate performance
S chemistrigs./>*>? 3 (100% capacity retention after 2000 cycles at2dTy¢ 2B).

There are four key challenges for all-solid-sk@dhiteries  Solution-based synthesis is alsoeatige way to improve the
(Figure 1). (i) poor kinetics, (ii) low cathode capacity and interfacial contact between SE ald'$°Liang et al. made S-
utilization, (iii) low active loading in cathode composites, anf¢ich Li-polysuldophosphate (i#S.,) by dissolving LPS
(iv) Li metal dendrite growtfi**®*Most of these problems are and S in tetrahydrofuran at BT The obtained polysido-
associated with interfacial charge (both ion and electromhosphate exhibited an ionic conductivityxoil@° S/cm at
transfer kinetics of S (onL8) and SE. Compared with layered RT, which is much higher than the pristine;B&.imixture.
oxide cathodes, SBicathodes have their own advantages antthe all-solid-state$$ battery with the polysdbphosphate
disadvantages. For example, Ceder et al. showed zero rea@iBrhad a capacity of 1272 mAh/g at 0.1 C and 100% capacity
energy between,Biand all of the sule-based SEs, making an retention after 300 cycles. When the operating temperature was
extra protective coating layer unnecessary. Additionally,irereased to 6GC, the capacity was further increased to 1400
nonreactive §SE interface allows relatively more harshmAh/g along with extended cyclic stability.
processing conditions (brought upon by high-energy ball Hayashi et al. added Cu metal into S cathode and improved
milling or high-temperature treatment) to make the cathodthe interfacial contact resistatice’® the key reason for
composite mixture (these methods are not recommended fionprovement is that Cu reacts with S to form the electrochemi-
layered cathodes). However, the S cathode experiences &2y active CuS, enabling better cycling. Additionally, Cu can
volume expansion after full lithiation (<10% for layered oxideelp to improve the electronic conductivity at the interface for
cathodes)?®"%* resulting in stress/strain generation, contactfaster redox kinetics. ASSBs with #@uSathode composite
loss, low CE, low utilization of materials, and poor cyclifwith 80L,S:20BS; glass-ceramic SE) showed excellent
performance. Moreover, the S cathode is known for its very paewersible capacity 0650 mAh/g (based on the weight of S
electronic and ionic conductivity (several orders of magnitudand at a current density of 6%/cm?) for up to 20 cycles.
less than conventional oxide cathodes). Hence, large amounts ¢fi summary, the bottleneck of the aII-soIig—sﬁ&Mttery
carbon and SE are required to synthesize cathode compositeshe high charge transfer resistance ofSB& $hterface,
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Figure 23(a) Conventional process to make cathode composites by mixing the cathode and SE either by hand grinding with a mortar and pestle (to
right) or ball milling (top left), (b) Schematic of the solution-processed conformal coating of SE on cathode particles. Reproduced with permissio
from refl83 2016 Wiley-VCH Verlag. (c) Schematic diagram of dissolving SE, cathode, and polymer all together to synthesize cathode-SE-carb

composite. Reproduced with permission frofiv GefCopyright 2016 American Chemical Society. (d) Schematic illustratintrétemof
conventional LIB composite electrodes with solution-processable SEs. Reproduced with permig8ibG &pynigft 2017 American Chemical
Society. (e) FIB-milled cross sectional SEM images of NAS-coated and hand-mixe@ir fa@rrathode) and Sb (from SE) EDX images of

coated and mixed electrode, respectively, where a more homogeneous and conformal distribution of SE is found for the coated e8ctrode. (f) Char

discharge prée and Nyquist plot for the coated and mixed electrode. Reproduced with permissias& Quopefight 2016 Wiley-VCH Verlag.

which is highly dependent on the synthesis method of the S€an sometimes cause a chemical reaction between materials. To
Although tremendous progress has been made over the last arantee intimate contact between the SE and electrode
decades, most of the literature reports high capacity and gawoeterials, a high weight (or volume) percentage of SE is used in
cyclic retention only with relatively low areal loading. To achiele composite, which limits the kinetics and reduces the pack/
the goal of 4 mAh/cfrcapacity for a > 400 Wh/kg energy- cell-level energy density. Unfortunately, synthesis, process-
density battery pack, a fundamental understanding of interfachility, and environmental sensitivity of most SEs means this
charge transfer along with novel synthesis methods dfsue is not easily overcdrie.

paramount to improve the contact between SE-S and S-carborne strategy to achieve a conformal cafi@fdlénterface
with a low percentage of SE is by using PLD to deposit the SE

onto the cathode surfd€&'*?However, the cost and vacuum

For a practical high-energy ASSB, the SE amount used in ASERgiirement of PLD limits its application for large-scale
should be as low as possible since they are electrochemicpitycessability of ASSBs. Alternatively, Jung et al. implemented
inactive materials. Conventional hand mixing isdiesu to a solution process to coat the SE onto the cathodestby
achieve intimate conformal contact between the electrode adidsolving the SE in a solvent followed by the addition of cathode
SE particles. Although ball milling is much better for mixing, inaterials Figure 2B).'** The method was applied to

4.4. Conformal Interface
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Li,SnQ:Lil SE; drying at 208C resulted in a less-crystalline the addition of LPSCI solution in inert conditions. The solution
material with better deformability and higher conductivityn ltrated into the composite to form a homogeneous coating.
compared to the crystalline phase produced during higlsubsequent cold-pressing resulted in a uniform coating,
temperature processifig:®* The major advantages of the ultimately not only reducing the SE wt %, but also improving
solution-processed,8nS.Lil SE coating are (i) the coated the kinetics of charge transfeig(re 2d).2°*°°° The LPSCI-
electrode had a lower porosity (7%) compared to conventional Itrated LiCoQ and graphite electrodes exhibited capacities
hand-mixed cathodes (12%), (ii) the surface coverage of tlbg141 and 364 mAh/g, respectively, at 0.1 C atd,3thich
solution-coated LiCgCelectrode (81%) is 2.6-times higher are much higher than the values achieved with conventional dry-
than that of the hand-mixed electrode (31%), and (iii) themixed and slurry-mixed electrodes.
cathode charge transferimpedance is reduced by half in the caséery recently, a dry impact-blending process (known as
of the coated electrode, improving the kinetics (the coatethybridizing) was used for conformal coatings; NCM cathode
electrode showed 83.3% of theoretical capacity at 1 C, whereasd NaSQ, SE were used as the model compdiRGEM
conventional mixing process showed only 46.0%. Similanages show the conformal coating g®aon NCM, and
observations were made for the Na-basedessliperionic  cross-sectional SEM images reveal a continuous and homoge-
conductor Ngbh$*¥®¥ A solution-processed conformal neous coating with evenly distributed NCM ang5@a
coating of NgSb$ (10> S/cm at RT) on NaCr@delivered  throughout the electrode. The advantages of this process are
the theoretical capacity of Nagdd 0.1 C whereas conven- as follows: it does not use a solvent (which could possibly be
tional hand mixing showed negligible capacity. Furthermore, ttieic if methanol or hydrazine are used), it is a simpler process
di erence between hand mixing and solution processingvidgiich makes it more costetive, and it is material-
re ected by an order of magnitudeedénce in the cathodic independent (can be used with any SE or cathode). However,
charge transfer resistarféig(ire 28.*%¢Figure 28 shows the  this process still needs to be further evaluated via electro-
FIB-milled SEM cross-sectional images of NAS-coated agldemical cell performance and by using a highly conductive solid
NAS-mixed NaCrONAS was found to homogeneously coatelectrolyte.
the NaCrQwith EDX (Cr and Sb), whereas segregation of NAS Sun at al. synthesizegh(Cl, (with a high ionic conductivity
(and thus nonuniform mixing) was found for the hand-mixe@f 13°* S/cm) by dissolving LiCl and In@ito water followed
electrode. by heat-treating at 200.*Such a process shows that halides
Solution-processed SE coatings on cathodes are not limitec&n be easily applied as conformal coatings on cathode materials.
SEs containing Sn and'&B°* LPSCI has been used as a Chloride-based SEs could be vemcteve in the future
solution-processed (ethanol-based) coating on cathode partigtessidering their ease of processability, low cost, and low
with moderate ionic conductivity $4®/cm at RT):9%%° toxicity. Moreover, chloride-based SEs are stabfé’araido
Furthermore, high-temperature treatment {8J@aises the  not require an additional protective coating layer when using
conductivity back to the theoretical valug€3($fcm)93° certain oxide cathodes (§égure 2)1*°
However, high-temperature treatment can promote chemical
reactions, so optimization of the heating temperature is
necessary to achieve high conductivity without compromising
the chemical stability of the interface and dependent rate
performance of the ASSB. Ethanol-processed LPSCI coatings
were applied to various cathode materials (LCO, NMC, and
NCA)***where signtant improvements in rate performance
were noticed compared with conventional mixing processes rigure 24 Pros and cons of solution-processed coating methods.
However, one limitation of solution processing is tiaaltly
with incorporating carbon as a conductive additive, since m%g Hvbrid Interf
carbon materials are insoluble. Han et al. ewbtlie coating ->- Hybrid Interface N
process by using PVP as the carbon source (along,&ith LAlthough a solution-processed coating decreases the 8lectrode
cathode and LPSCI dissolved in ethanol) followed by dryingE charge transfer resistance, the rate performance of ASSBs is
(Figure 28).*"®PVP is carbonized after heating to a relativelytill limited compared to LE, mainly due to an atomically
low temperature (30TC), ensuring a homogeneous coating nonwettet_:l mterfacg. A wetted interface is only possible through
and distribution of b$, carbon, and LPSCI, resulting in a the chemical reaction between two solid surfaces, but such a
reversible capacity of 830 mAh/g (71% utilizatiopRifati50 chemical reaction contributes additional interfacial impedance
mA/g for 60 cycles at RT even at a high ldading of 3.6 mg/ and thus does not enable good cycling performance. Addition-
cn?), much greater than that achieved by conventional handlly, the incorporation of binder and conductive carbon also
mixed processin@Suctin situsynthesis of other sde-based ~ blocks Li-ion transfer across the interfaicei(e 28). There
SEs (together with the cathode material) was also applied fi€ three possibleeetive strategies to mitigate such a problem
several transition metal siés such as R, FaS, Fas,S,and by using additional ion-conducting substances.

MoS. This type of process is primarily applied for metadésul 1. Adding a few drops of LE is a veegtive way to wet the
rather than oxide cathodes because metd¢sulave lower SEScathode interface, as the llEall the gaps for better
thermodynamic reaction energies than dxidé%> Another ionic charge transfer across the interface. It was found that

advantage of solution processing is the ability to stabilize highly LE is almost essential to wet the LEZOO interface
ionically conductive metastable phases at relatively low for ASSB cycling, as there is a high surface energy
temperatures, such aki;PS (1.6 x 10°>* S/cm at RT}% mismatch between layered LCO and LLZO. Additionally,
The solution process was further memtiby Jung et al. as LLZO cannot be solution-processed at low temperatures
they used the conventional casting process (cathode on to achieve a conformal coafiffAlthough it is believed
aluminum foil, outside the glovebox). This was followed by  that all LEs are stable with LLZO, datbased SEs are
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Review

Figure 25.(a) Schematic of several sétidlid interfaces in an ASSB that limit Li-ion transfer due to imperfect contact, insulating binder, and
conductive carbon. (b) Structure of glyme angBIIiES| (solvated IL) and schematic ofddi@p-cast onto LS. FP to wet the interface for

better Li-ion transport accompanied by cBaigeharge voltage ples of LiFePgLi Sin all-solid-state cells with and withoutlat®.1 C (17

mAg?) at 30 °C. Reproduced with permission from2as Copyright 2015 Wiley-VCH Verlag. (c) Schematic of incorporating an ionically
conductive polymeric binder between the cathode and SE for better ion transport across the interface (compared with an insulatingsbinder that hind
ionic motion) and rst cycle chargelischarge voltage ples of NCM/LEIn ASSB with and without L4BIBR binder at 30C at 0.1 C.

Reproduced with permission from2fEf Copyright 2019 Wiley-VCH Verlag. (d) Schematic illustration of the formation of an LiF-rich SEI layer
between Li metal and LPS with the addition of 6 M LiFSI/DME. Galvanostatic lithium plating and stripping of Li/LPS/Li and Li-LiF/LPS/LiF-Li
symmetric celfs?

whereas barely any capacity was found for only LPS

very reactive with LEs (as the high-charge defisity P
y ( 9 g =4 (Figure 28).

prone to nucleophilic attack). For example, Yang Oh et al.

have shown that only solvated ionic liquids (IL, made with 5 Yang Oh et al. applied a conductive binder comprising

triglyme and LiTFSI) is stable withR$, (Li(G)-TFSI,

1:1 molar ratio) as bare triglyme or excess triglyme
dissolves and degrades LP8jure 2b).2°° With
(Li(G)-TFSI (solvated IL), all of the triglyme molecules
are used to chelate with Li-ion, leaving no free triglyme to
react with LPS. The theoretical capacity of LFP was
realized with the LPS-Li{EFSI)-based composite,

AB

nitrile rubber (NBR) mixed with LigBTFSI?®® The
mechanicalexibility of a polymer electrolyte not only
helps as a binder, but it also helps to wet the interface
without blocking Li-ion transfer and can possibly act as a
mechanical ber layer to accommodate the stress
induced by electrode volume change. The addition of
3.5 wt % conductive binder enhancedrteycle CE of
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Figure 26.Electrochemical stability of several SEs. (Red) Thermodynamically favorable decomposition energy (unstable with Li metal), wher:
reductive decomposition occurs at voltages >0.5 V versijgduidiein) thermodynamically unfavorable decomposition energy (stable with Li
metal), where there is no decomposition at 0 V; (blue) low decomposition energy (kinetically stable with Li metal) where decomposition occurs clos
to 0 V. Reproduced with permission from3@e€opyright 2016 American Chemical Society.

NCM electrode with a higher discharge capacity thanthe  ajso acts as an ionic conductor enabling a homogeneous
bare electrolyte without any bind€ig(re 26). ux of Li ions, therefore preventing dendrite growth. This

3. The wettability of SE with Li metal is a very critical LiF-rich SEI survives during 2 mAfcpiating and
problem, since a nonwetted interface can result in  stripping, whereas the interface between bare LPS and Li
selective Li metal deposition, which generates hot spots ~metal experiences dendrite growth at an applied current
for dendrite growth, leading to cell failure. Fan et al. have  density of 0.5 mA/ch{Figure 28).
drop-casted a high molar concentration LE between Li Although the addition of Li-ion conducting substances
metal and LPS which instantaneouslzy decomposes ¢hances the performance of ASSBs, the practicality of such a
form a LiF-rich artcial SEI Figure 28).”*° The LiF- process is questionable. For example, (1) SE is already much
rich SEI not onlylls the gap between Li metal and SE butdenser than LE, so the addition of extra LE could compromise

AC https://dx.doi.org/10.1021/acs.chemrev.0c00101
Chem. RexXXXX, XXX, XXKXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig26&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00101?ref=pdf

Chemical Reviews pubs.acs.org/CR

Figure 27(a) Binary oxides, such as LiX (X 2,@r, I°, or FF), LiP, LiN etc. are stable with Li metal and exhibit no instantaneous chemical
decomposition, thus forming a stable interface. (b) Solid electrolytes which instantly decompose upon contact with Li metal to form an ionicall
conductive interface, which remains stable after formation. (c) SE, which decomposes upon contact with Li metal to form a mixed cgnductive interfa
which grows continuously, eventually resulting in cell shorting. (d) SEs such as LLZO are kinetically stable with Li metal and do not wet with Li met:
due to a surface energy mismatch, which results in interfacial gaps between LLZO and Li metal. (e) Additional lithophilic coatings are applied
LLZO surface by PLD or ALD followed by (f) heating with Li metal. The lithophilic coating is activated by heating in inert conditions (Argon
atmosphere) where dsion and chemical reaction between the lithophilic layer and Li metal occurs to form a stable, ionically conductive interface.

the energy density, (2) additional problems associated with tkemputational work, a necessary to more fully understand ASSB

cathod&LE interface could arise, for example, metalnterfacial phenomena. This will surely bolster curocetd &

dissolution, (3) due to theuidic nature of LE, there is a screen and design elect®8E interfaces to better understand

possibility of a small amount of LE settling underneath thend enable next-generation ASSB technologies.

battery pack, leaving the top side dry, (4) the long-term

mechanical property of SEI or gel-like SE under stack pressure-igANODE INTERFACE

questionable, and (5) fabricationdilties related to handling One of the reasons behind the growing interest in SEs is the

LEs. potential application of the high-capacity Li metal anode, which
Over the last ten years, there have been cghi  would increase the energy density of the ASSB by at least 20%. It

improvements on cath@&@eE interface modiations and is well-known that Li metal is very electropositive and reactive,

characterization, namely in protective coatings that dramaticailsich means it will spontaneously react with most SEs at RT,

improve electrochemical performance. However, there are $tliming a SEI. Chemical, mechanical, and electronic properties

fundamental questions that need to be answered, such as wifathis interphase are crucial for determining the long-term

the mechanisms are behind SEI formation, the chemicalectrochemical behavior and viability of ASSBs.

composition, and its specirole in ASSBs. Future research 5.1. Chemical Reaction

should focus on ldevelopmg or exploring new cha}ractenzat@ﬂere are three main types of interfaces that exist depending on

methods for the interface. Thorough electrochemical analy reactivity of the SE with Li mefal:

previously established for conventional LE-based cells, should i i ) )

be conducted to study the ASSBs, such as temperature—l- '_I'hermodynam|cally unstable interface/high decomposi-

dependent impedance measurements, charge-transfer kinetics, 10N energy at RT.

and impedance measurements atelit states of charge. Such 2. Kinetically stable SE with very low thermodynamic

analyses, coupled with collaboration between experimental and decomposition energy.
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Figure 28(a) Experimental setup fosituXPS measurements of the interaction between LGPS with evaporated Li. (b) Impedance of the Li/LGPS/

Li symmetric cell, which shows impedance increasing with time. (c) S 2p, P 2p, and Ga 3d XPS sgée®Sofsarhiple as the amount of

deposited Li metal increases (from top to bottom). The formation of new species is colored and labeled, showing the decomposition of the original
phase to form §®, LS, and LiGe alloy. The decomposition proceeds as more Li metal is deposited. Reproduced with permi88idn from ref
Copyright 2016 American Chemical Society.

3. Thermodynamically stable interface with no decom- Depending on the reactivity with Li metal and the properties
position energy. of the SEI, the interface can be categorized into three types

. - . ) Figure 2Y. (1) A chemically stable interface with no SElI layer,
Most binary ionic conductors are chemically stable with llowing e cient Li-ion transfer from Li metal to SEg(ire

metal as no decomposition occurs attgli(e 26green bars). 573y " 2) an jonically conductive but electronically insulating
For the ternary and quaternary ionic conductors, the stabiliffierphase, where at least one of the SEI components is ionically
against Li metal_ depends on th_e_ formation energy of theiynductive and is stable once forrmegLfe 2B). (3) A mixed
corresponding binary decomposition products. For exampignducting interface where both ionically and electronically
LiPSCl decomposes to form,&j LiP, and LiCl (with a  conductive materials are present. This interface is not stable and
negative or favorable formation energy). The anodic stability @f|| continue to grow during cycling, which means the interfacial
such conductors increases as the electronegativity of their anigfstance will continue to incredsel(re 2).

increases. For example, the average stability of ionic conductorshe highly ionically conductive LGPS SE was found to
(against Li metal) is higher farorides compared to chlorides, decompose when in contact with Li metal, because the SE has a
and higher for chlorides compared to bromides. There is anotifevorable decomposition energy of ener§y.afeV/atont?*

kind of SE which is kinetically stable withFigre 26blue The products at the interface were predicted to,Be(dnm

bars), which will be discussed in more detail later in this sectignsulator), 4P (an ionic conductor), and SGe alloys
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Figure 29(a) Grand potential diagram of;R& (NPS) showing that NPS is thermodynamically unstable wih &lbpy (0.3 V vs Na/Ng

marked with a yellow line (inset), (b) Plating and stripping of hR@sda, which shows a gradual and steady voltage increase resulting from a
growing interface due to spontaneous chemical reactions to form a mixed-conductRds3Hl éMatronic conductor), (¢) Plating and stripping

of N&SSn 2:1 (0.3 V vs Na/Npawith NaPS, showing a kinetically stable interface, (d) Plating and stripping of Na with NAS and hydrated NAS, and

(e) Synchrotron XRD depth piting of Na/NAS.9K0D/Na symmetric cell (along the vertical axis) where each XRD pattern represents one layer of

the schematic illustration on the right marked by multiple colors. Reproduced with permissip2XGopsefght 2019 Cell Press. (f) Another

example of a spontaneous reaction; plating and stripping of gSN&/Na symmetric cell resulted in a black-colored SEI product. (g) The
impedance increased by more than an order of magnitude after 160 h (cell at rest). (h) Applying CPEO (which is stable with Na) on both sides of NA
to avoid direct contact between Na metal and NAS. The chemical reaction is avoided as no black color was found after the NAS pellet was remo\
resulting in (i) no signéant increase in impedance after 800 h (cell at rest). Reproduced with permissiGA°iGmpyméght 2019 American

Chemical Society.

(electronic conductors), collectively making the interphasedt Li metal on top of the LGPS surface, where the signal
MIEC. These species were \egtiexperimentally via XPS by intensities of HGe alloy, P, and LiS all increased with
Wenzel et al., where they perforinasituXPS with deposition  increasing thickness of deposite#igife 28,c)**LiSGe in
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contact with SE enables the continued decomposition of LGP8loy (N&Sn 2:1, 0.3 V vs Na/Ngas an alternative to Na
which gradually increases the anode interfacial impedance ametal, stable plating and stripping was observed without any
eventually contributes to cell failufeg(re 2B). The same  change in polarization for 40Figure 26). This result is an
principles apply for Si-, Sb-, Sn-, and As-based SEs, as thegx@imple of a kinetically stabilized NPS interface, and most
form an electronically conductive alloy with Li at RT. SimilarlASSBs with NPS as an SE uséSvaalloys as the anode to
Ti- and Ge-based NASICON SEs react with Li metal at RTachieve longer cycling.
where Tt* gets reduced to (the electronically conductivg) Ti Another eective way to apply such reactive SEs in ASSBs
Gée"* reduces to SGe alloy, and Pato T ***Hartmann et without compromising the high ionic conductivity is to employ a
al. suggested that the formation of a mixed-conducting phasethipn barrier layer between the SE and Li (or Na) metal. The
reacting Li metal with LAGP makes such a dynamic growingecessary criteria of such a layer is that it must be
interface. Therefore, these electrolytes are not suitable thermodynamically stable with both the Li (or Na) metal and
application in an ASSB with a Li metal anode. On the contrar8Es, ionically conductive, electronically insulating, and mechan-
enthalpy calculations show that Sc-, Y-, Ca-, Be-, Mg-, and lcally ductile for ective contact between SE and Li metal. A
oxides could be stable with a metallic Li metal anode. highly ionically conductive coating helps to promote ion
Only phosphorus-based delSEs are known to be relatively di usion at high current densities to deposit metal underneath
stable with Li metal since the expected decomposition produtke coating layer without a dramatic increase in polarization. To
of these electrolytes, 4&j LiP, and LiX (X = Cl, Br, 1)) are  this end, several protective layers have been applied to the metal
insulating materials that are thermodynamically stable with interface to improve the metal-based ASSBs. For example,
metal*' LPS (glass or glass ceramic, with composition ratiasituformed LiHPQon Li metal (by reacting Li withyPIO, and
ranging from 70:30 to 80:20 of3:BS;) and argyrodite-based THF) allows for LGPS/LCO ASSBs to run over 500 cycles with
SEs (LiPSX, X= ClI, Br, and 1) have been proven to form amore than 86% capacity retentiSiahu et al. stabilized the
stable interface and promote a long cyciédiféae interface  highly ionically conductive kiSm ssAS 168 With Li metal by
stability is attributed to the absence of any electronicallysing a 3LiBEILil thin layer (drop-casted with THF
conducting species, allowing the interphase to self-passivatévent):*® Other protective inorganic oxide coatings include
Tatsumisago et al. showed that although the impedance of theO, ALO;, LiSiS, and hybrid SEs. Some of these coatings can
LPS glass electrolyte increases by almost 40% after 24 h whestaibilize Li metal even in dry room conditié#s! Tian et all.
contact with Li metal, subsequent increases in impedance wirend that NgSbg x H,O is stable with Na metal due to the
negligible (<10% over the next 506'A)Jsing the Warner  formation of a passivation layer containing NaH as@ Na
di usion-controlled solid-state reaction model, Wenzel et gformed by Na metal reacting with the watgtre 26), which
showed that the kinetics of interfacialimpedance growth is lonean be used to protect the NAS, resulting in prolonged and more
for Li,P;S;; and LEPSCI in comparison with LGPS. In other stable plating and stripping in a Na symmetric Faglliré
words, LPS- or LPSX-based SEs can act as a thin protective |&fe}>** However, applying such coatings on a larger scale is
between Li metal and LGPS. challenging since it requires additional processing and will
Since most SEs are unstable with Li metal, there are fémcrease costs.
reports on the fabrication of ASSBs with Li metal as the anode As before, mechanical properties also play an important role in
Alternatively, anodes such as indium metabbr alloy (3 wt determining the performance of the coatings since Li metal
% Li) have been used in ASSBs and they have been showretectively undergoes annite volume change during cycling,
operate at a high current density without any growth of dendritighich will produce a large amount of stress in the coating layer.
Li. Tatsumisago et al. showed that Li dendrites can grow throughe oxide coatings, (such as ZnO ag@jAknown for their
the voids of LPS when a current density of 0.075 raiddcm high Young Modulus (indicating their sthature), cannot
applied. However, wheg 4 is used as the anode, the applied easily accommodate the large stresses induced by Li metal
current density can be increased to the order of 1 rhA/cndeposition; thus, cracks will form. Such cracks will act as hot
without any dendritic growti! However, thesendings spots for Li dendrite nucleation and growth that will eventually
remain controversial as there are other reports of using &hort the cell. Mechanically, polymers or hybrid coating layers
metal at current densities greater than 0.5 mAfem® outperform oxides in accommodating the induced stress as they
Dehnen et al. showed that there is no increase in impedancehalve more suitable mechanical properties such as lower
the electrolyte LRSI for the rst 17 h, contradicting the sti nes$?%?* To demonstrate this point, {$8S (NAS)
ndings from Janek et al., where signt interfacial growth can be used as an example. NAS is unstable with Na metal,
rates were observed even when using the same lals. spontaneously reacting to form a black-coloreBi§&lg 2f),
This perceived inconsistency among these reports possitliich is due to the formation of the electronically conductive
arises from derences in cell fabrication, such as@ices in  NaSb alloy, resulting in a 2 orders of magnitude growth in
applied pressure as well as the source of Li and amount of thérhpedance for a Na/NAS/Na symmetric cell after 160h at rest
used. (without any cycling)Kigure 28). Incorporating cross-linked
Although a few SEs exhibit very high ionic conductivity, theRPEO (CPEO) between NAS and Na metal mitigated this
practicality for application in an ASSB is still limited, mainly dughemical reaction as no black-colored SEI was seen after
to the formation of a MIEC interface. There are multiple ways tdisassembling the céliqure 2B). The change in impedance
avoid such an interface to apply such highly ionically conductiw@s much less drastic, as observed by a Na/CPEO/NAS/
SEs for practical battery applications. For exampR§ Na CPEO/Na symmetric cell after 400 h at régfufre 20.2%°
(NPS) is not stable with Na metal according to the grand The disadvantage of polymer electrolytes is that they usually
potential diagram, asJRaan electronic conductor, forms at the have low ionic conductivity and a low transference number
interface Figure 28). This results in a steadily increasing(0.250.5) at RT, which results in rapid anion depletion at the Li
polarization as plating and stripping proceeds for an Na/NP3netal interface, exacerbating an uneven distribution of electric
Na symmetric celF(gure 2B). However, by using a $8n eld, in turn promoting the nucleation of Li dendrites (especially
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at high current densit$j**’ Goodenough et al. introduced a between SE and Li metal. Because of the low voltage reduction
new exible polymer on LATP in a sandwich geometrystability of LLZO (0.05 V vs Li/Di which makes it kinetically
(polymer/LATP/polymer) which does not allow anions to stable with Li metal at RT), it is diult to maintain intimate
pass through, therefore preventing the depletion of anions at ttentact even with an applied constant pressure; small gaps form
Li metal interfac&® These cells demonstrated a CE of 99.9%as a result. The size and distribution of these gaps depends on
and a cycle life of 640 cycles at RT. Sputtering-based depositibea mechanical properties and surface microstructure of SEs as
of LIPON has also been used as a protective layer on LAMRIl as the applied stack pressure during fabrication and cycling.
because it forms a passivation layer (by reacting with Li metaBuch insucient contact has two major impacts on the cycling of
LiPON itself is also known for mitigating dendritésowever, ASSBs: (1) inhomogeneous contact increases charge transfer
most of these coating processes are expensive as they invasistance with Li metal by at least an order of magfittidé;
multistep fabrication procedures. (2) the inhomogeneous current distribution at the Li §&al

A few ionic conductors, particularly oxides such as LLZO anaterface will act &sot spotsfor Li dendrite nucleation during
LiAIO, decompose close to 0 V versus Li/Buch ionic  plating and stripping.
conductors are known to be kinetically stable due to a high The most common process to enhance the surface wettability
activation barrier required to break the Befgigen bonds, of Li metal is by using a thin lithophilic coating between the SE
leading to the formation of binary oxideg),Land metal- and Li metal; in other words, these materials must be reactive
oxides. In general, a kinetically stable interface means therevgta Li metal. ALD, MLD, and PLD can be used to deposit a thin
low decomposition energy of SE with Li metal. Regarditey sul layer of lithophilic materials on top of the SEure 2@Sf).
SEs, various substitutions have been made to passivateTle major criteria for such a coating is (i) the coating should be
kinetically stabilize, the interface with Li metal without arstable with the SE; (ii) the coating should have a high Li-
additional protective layer. For example, oxygen substitutidh usivity so that deposited Li canugie easily from the SE to
into LGPS not only improved the ionic conductivity (8.43 the Li metal interface; (jii) the coating should not change in
10°2 S/cm for Li@GeRS;; Oy scompared to 1.2210°2 S/cm volume during the cha&plischarge process; (iv) the coating
for LGPS) but also stabilized the interface with Li figtal. should be thin (low mass) enough such that it should not
Similar observations were noticed for oxygen-substituted LPS®mi cantly sacrce the energy density of the ASSBs. Several
(LigPS 0o Br).>* Besides oxygen, metal-deldoping (such lithophilic coatings (including metals, metal-oxides, metal-
as the Mo$modi ed Li,L,SSP,S. glass ceramic, nitrides) have been used to modify the SE surface to reduce
Li;P, S10.6M00.0) Showed a lower interfacial resistance withthe interfacial resistarf€&:*® Lu et al. used a thin (10 nm)
Li metal than 5PsS;1.23" Lis odPo.eZNo.0Ss 00,02 Nas been  amorphous Si layer on top of Ca- and Nb-doped LLZO (using
synthesized by dopingR$ with ZnO, which was also shown PECVD), which reacts with Li to form &8i alloy. Such a
to have better stability with Li metal (demonstrated 819process reduced the interfacial resistance from/@@5to
capacity retention after 100 cycles compared to 35% for bad7 /cm?, a 7-times decrease. The highsitity of Li in the
LizPS).7%? Although it is hypothesized that suitable elementaliSSialloy (R, 10**?m?s) allows for plating and stripping
substitution kinetically stabilizes the Li metal interface, lor@f @ current density of 0.2 mA/cior over 200 h without any
cycle life (>1000 cycles) with such mediSEs still remains a  Signicant polarization changé¥:"® The reaction energy
question. High temperature cycling and molecular dynamid3etween LLZO and&Bi alloys is also quite low, which ensures
based simulations are required to identify the limits of thkinetic stabilization of the interface. Several other metals (Ge,
kinetics. Au, Mg, Al, etc’y®?°? and salts have been used for such

A thermodynamically stable interface is formed when therelighophilic coatings. Fu et al. noticed that the coating thickness
no negative decomposition energy between Li metal and SE¥tters; a510 nm Mg coating on LLZO lowered the contact
Binary SEs are known to form such a thermodynamically stapgsistance whereas increasing thickness to 100 nm increased the
interface (LS, LiP, LN, LiCl, LiF, etc.). In binary ionic contact resistanc®. Although such inorganic coatings have
conductors, the anions are in their fully reduced stat&{(X been used to improve the surface wettability, they usually require
N3, P°, O0%°), so no further reduction occurs, which is why high-cost processing and have scalability problems. o
they are stable with Li metal anode and at @Wahid LiP are Furthermore, mechanically deformable materials such as ionic
known to be good ionic conductors at RP{8X 10> S/cm, liquids, polymers, or gel-based interfacial coatings have been
depending on synthesis conditions, crystallinity, and d&ping) used to fggrzlgor decrease contact resistance between LLZO and
but possess very poor oxidation stability, which prohibits thdif metaF Zhang et al. introduced a highly conductive
use in practical ASSBs. Howevg wias useful instead as a PVDF-HFP-based porous gel polymer electrolyt¢@s' S/
thin protective coating layer on Li metal to mitigate interfaci¢im at RT) and decreased th&ILiZO interface resistance
parasitic reactions and prevent dendrite gfo®th’ More-  from 1400 to 214 cn? which enabled long, stable, and
over, LiCl and LiF are known for their high oxidation stabilitflendrite-free cycling (0.12 mARwf ASSBS°However, the
but ultralow ionic conductivity at R¥2*° A thin LiF layer ~ disadvantage of such gel polymer electrolytes is that the long-

formedn situor ex sittis promising as a way to protect Li metal term cycling stability and mechanical properties highly depend
in both SE- and LE-based batteries. on the amount of LE inside the polymer matrix. Moreover, the

CCD for dendrite prevention is also limited when applying such
soft materials at the interface, drops far below the requirement
Although oxide-based SEs exhibit a high ionic conductivity far EV applications (10 mA/@n Further increasing the

the range of f8S10°® S/cm at RT, the interfacial charge sti ness of polymetm by the addition ofllers such as SiO
transfer resistance with Li metal is signtly larger and the TiO,, BaTiQ, LLZO, and AlD; etc. could improve the CCD.
critical current density (CCD) for dendrite formation is less Although coatings can sigwintly enhance Li plating and
than 0.5 mA/crh hindering their application in ASSBs with Li stripping at a higher current density, the CCD is still much lower
metaf*®?** This problem fundamentally arises from contacthan what is required for practical applications. Further

5.2. Anode Physical Contact
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Table 1. Summary of Anode Protection Layers and Theack on Cell Performance

current density  time performance (temp/rate/capacity retention/no.

anode SE protection layer (mA/cm?) (h) electrode of cycles) ref
Li Li;(GeRS;, LiH,PO, 0.1 950 Tig RT/0.1C/86.7%/500 218
LiSIn  Li;(GeRS;, LisPS 60 mA/g TiS 30°C/20C/rate testing/100% 59

Li Li;ocSnRS;» aglucone 0.1 166  LiCeO 55°C/1C/50%/150 269
Li Li,(GeRS;, LisP.06Sh.055:.0000.05 0.151 500 LiCoQ@ RT/0.1C/78.6%/50 270
Li Li;(GeRS;, 1 IgAMLIiETFSI in DOL/ 0.1 1600 Tis RT/0.1 mA cni2/91.7%/200 271
Li Li;PsS;; LiF 0.5 400 LiCo® RT/0.1 mA cni%/96.8%/200 272
Li Li,cSnRS;» 1.5 M LiITFSI/Pyf,TFSI 0.038 1000 LiFeRO RT/0.1C/84.7%/30 273
Li Li;(GeRS;, LizaP1:ZNSisxOx LiCoO, RT/0.1C/81%/100 232
Li Li,P;S;; LiyAlog,13) O3 Si 274
Li Li,(GeRS;, 1 M LiTFSI/PygsTFSI 0.038 1200 S RT/0.083 mA/82.6%/50 275
Li LisPS Li,Sig 0.5 2000 LiCo@ RT/0.13 mA cri?/94%/100 276
Li Liy AlpaTia APOg)s  AlLO; 0.01 600 220
Li Li; AlysTii APOg)s  ZnO 0.2 1000 LiFeRO RT/0.1C/99%/200 221
Li Li,(GeRS;, suLc_gig(S)lnitrile in1M 0.13 250 LiFePO RT/0.1C/99%/120 277

i
Li Li,(GeRS;» 7 M LiTFSI electrolyte ocv 50 negligible impedance increase after adding LR78
with TTE compared to bare LGPS

Li Li,P:S;; LisN Li,S RT/45%/120 235
Li Liz g esPAD166n 3 M LiBH,Lil in THF 0.1 1200 219

enhancement will need a deeper mechanistic understanding of (1 to 500 N with indent impressions. m in a single
the wetting behavior of theSsfhode interface and interfacial grain or single crystalline material).

charge transfer resistance. Several studies showed that surf
impurities play a key role on the wetting behavior of LLZO with
Li metal. Intrinsically, LLZO forms carbonates and hydroxides
at the interface by reacting witt?&it>°° The conductivity of
LLZO drops in humid air from 6.46.0°* S/cm to 3.6X 10> : .
S/cm, which originates from LiOH (Li exchange with protons) occur during ceII.asse.mny or battery operatlolq.

and LiCO; (reaction with CQ) at the interface. The presence  For the bare SE, Li plating happens at the eles8&de

of LIOH and LjCO; impurities acts as a shell on the LLzO interface, which then propagates along grain bouﬁﬁ?ﬁgs.
particle and plays a crucial role on surface chemistry anfél€ deposited Li metal at the grain boundary interfaces
wettability®” It is possible to reduce the interfacial resistancéicreases the local electreld and promotes further Li
between lithium and LLZO to 2cm? (a value close to LE) _deposmon. Such deposition md_uces stress on _SEs which
with clean, LiOH and JGO, surfaces, and to enable cycling a Liincreases as local current density increases. This stress can

metal symmetric celi at 0.3 mAfaower several hundreds of induce cracks in SEs (which are expected to propagate since
hours without any shorting (Sesble .28 grain boundaries have a lower yield strength than the bulk).

However, there is a possibility that the stress created by the
deposited Li can be alleviated instead of resulting in cracking
Recently, it has been realized that understanding the mechanigighin the SE. This process will depend on the stack pressure
properties of SEs and Li is critical for increasing the CCD anfliring cycling and the mechanical properties of SEs, as these
enabling ASSBs without any dendritic growth Tf°EF* directly aect the dendrite growth kinetics.

There are three main mechanical properties of SEs and Li thatrthe Monro&Newman criteria, which is applied to the
are related to the dendritic growth of't” They are polymer and Li metal interface, states that to mitigate dendrite

(1) Elastic behavior of the SE. The Yaumgdulus ofthe SE ~ 9rowth through the SE, aneetive SE must have a shear
depends on the crystal structure and is independent §todulus (G) twice that of Li metdf>*** Considering the
grain size and grain orientation. It s typically measured B§Ptropic and polycrystalline nature of Li, thesG 4 GPa.

indentation and the aquatic impulse method. The ¥oungAccording to the Monr@&Newman criteria, thesgshould
modulus can be converted into the shear modulus (G) bifus be more than 8 GPa to prevent dendrite formation. Most of

the equation G = E/2(1 +) where G is the shear the oxide SEs have values of G in the rang8@d &Pa, ten- _
modulus and is Poissda ratio. times higher than Li metal. Thus, practically, oxide SEs are sti
enough to prevent dendrites. However, dendrite growth is still
(2) Plastic behavior of solids, or their hardness (H), which is@bserved with an applied current density of 0.5 MA/cm
measure of the resistance to deformation. Deformation donsidering other electrolytes such as glassydhg§u§§g
SEs can happen during ASSB fabrication, by dynamiglatively low (7.% 0.3 GPa), which sigeis that dendrite
volume change of the cathode/anode during charging argtowth is more likely to occur within siel SEs than oxides.
discharging, and during Li growth inside voids, pores, andThe Monro&Newman criteria and other existing models are
grain boundaries. Hardness is measured with micreot applicable to polycrystalline materials as they do not
indentation (Vickers ind&m, with loads typically consider microstructural inhomogeriéft§:°thus, it is more
ranging from 1 to 10 N with indent impressions as larg@ppropriate to consider the mechanical properties of the grain
as 20 m for a polycrystalline solid) and nanoindentationpoundaries rather than the bulk since dendrite growth primarily

?ﬁfFracture toughness is the capability of a material
containing a crack to resist fracture, which is related to
crystal structure, bonding, and microstructure. It is an
important property for SEs since rapid fracture could

5.3. Mechanical E ects
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Figure 30(a) Schematic of the load-cell setup to monitor pressure in an ASSB. (b) Schematic of the Li/LPSCI/Li symmetric cell. (c) Plating and
stripping for the Li/LPSCI/Li symmetric cell foratent applied stack pressures with an applied current density of 0.0?Reducing the stack

pressure increased the plating and stripping time. (d) Charge/dischirgé fhve NCA-LPSCI cathode composite (with Li metal anode) for an
applied stack pressure of 5 and 25 MPa; the 5 MPa cell runs but the 25 MPa cell exhibited shorting. Reproduced with peridssion from ref
Copyright 2019 Wiley-VCH Verlag.

occurs along grain boundaries. Because of the high surfaelet was made via cold-pressing resulting in a relative density of
energy of grain boundaries, theinsis can be 260% lower ~ 87%, meaning there is interconnected porosity so dendrite
than the bulk. Seigel et al. performed MD simulations on tilt angrowth may be observed. Initially, the pellet was pressed at 25
twist grain boundaries and found that the shear modulus at graiPa (much higher than the yield strength of Li, 0.8 MPa) to
boundaries is 50% less than the Blil6akamoto et al. mechanically wet the &liPSCI interface. If a Li metal
suggested that the elastic property of Li metal is highkymmetric cell was constructed at a very high pressure of 75
dependent on crystal plane orientation (from 1.5 GPa (111)1pa, the cell immediately mechanically shorted even before

to 11 GPa _(10_0)). This value_is lower thar_1 the M&hroe applying current, due to power law Li metal creeping by
Newman criterion for prevention of dendrite growth andyisiocation climb at REFO29: X-ray hanocomputed tomog-
explains a possible reason for dendritic growth in omde—baq;aghy (Nano-CT) images show that the SE layer ruptures at

SEs along grain boundaries. such a high pressure. At lower pressures, it was found that the

The low yield strength of Li means that applied pressure (aI%?ne it took for the cell to short strictly depended on the applied

called stack pressure) is also a major variable for consig- )
eratior’®° Li metal nucleation, deposition, growth inside SES15, ack pressure. A stack pressure of 10 MPa faliates as

and texture are highly dependent on the applied pressure. g to shc_)rt the cell thqn 25 MPa. It is beligved that higher
addition, the low activation energy for selfsibn in solid Li pressures increase the Li creep along the grain boundaries in the

(50 kJ mot}) indicates that sigriant Li creep will occur at RT. LPSCI pellet, forming a 1D-like dendritic structure. New Li will
There are two main creep mechanisms in a metaioial ~ then plate due to the high electetd associated with the high
creep and power-law creepuBional creep occurs at very low surface-_area.structure. This promotes dendrite growth, which
stresses as atoms udie along grain boundaries, and isWwas veried with Nano-CT experiments. If 5 MPa is used, the
characterized by a linear relationship between stress and stfimetric cell did not exhibit any shorting. It is believed that
rate. Power-law creep dominates ovesidnal creep at higher  although 5 MPa is still higher than the yield strength of Li, the
stresses, owing to its higher-order dependence on stress.  pressure is insgient to make Li creep inside the LPSClI pellet,
Doux et al. carried out a systematic study onegloeaf stack  thus resulting in homogeneous deposition of Li during plating
pressure on Li dendrite formatidtigre 30**° A LPSCI and stripping. This was supported by the Nano-CT images.
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Correlating a relatively high current density (1 m?AMeith means that there will be no creep inside the SE. Additionally, the
stack pressure was conducted by Kasemchainan et al. in trakaeying kinetics of most metals is expected to be highly
electrode comurations, where the ext of plating and thermodynamically favorable. Their faster kinetics and their very
stripping kinetics on stack pressure and current density cantigh self-diusion coe cient will dominate over plating kinetics,
selectively monitoréd’ They have proposed threeudion so dendrite growth is avoided. It is also worth mentioning that
mechanisms that regulate lithium plating and stripping, suchalkys used as a counter electrode have a much higher N/P ratio
J;* migration (the ux for Li ion migration from Li metal to SE, such that it is more dtult for alloys get fully saturated with Li
which depends on applied current dengitsl), usion (the ux metal (for subsequent Li metal growth).
for self-diusion of Li atoms inside Li metal, which is constantat There are other hypotheses based on thetseof %rain
constant temperature and pressure)] drdeep (the ux for ~ boundary size and their micro-orientation on the TED.

Li metal creep, which depends on applied stack pressure). Thégdough uniform contact between Li metal and the SE is
three mechanisms are showrigure 31 important for homogeneous nucleation, the density and
interconnectivity of pores governs the growth kinetics of
dendrite$® It is important to note that there are contrary
observations with regards to grain size and CCD; Sakamoto et al.
made LLZO samples with éient grain sizes (with equal Li
metal interfacial resistance and density) to isolate the grain size
e ecton CCD. They found that the CCD increases camtly

with increasing grain size; as the grain size increased from 5 to
600 mm, the CCD increased from 0.3 to 0.6 ntACHThis

high increase in current density is attributed to the increasing
e ective contact area between Li metal and the grains rather
than between Li metal and grain boundaries. As grain size
increases, there is a reduction in hot spots for Li nucleation and
Figure 31.(a) Schematics of Li-ion migration from Li metal into SE ,dendm'c growth. Howe\'/er,'Ch'eng et al. showed th'at the CC,:D
during stripping. (b) Vacancy-induced Li-iomgion. (c) Li metal  increases when the grain size is reduced; they attributed this to
creep (by applying uniaxial stack pressure). the larger relative area fraction of grain boundaries & the Li
LLZO interface. Cheng et al., using SEM and high-spatial-

At a low stack pressure of 0.5 MPa, (lower than the yielegsolution Auger spectroscopy, showed that metallic Li
strength of Li so creep is not expected), the plating polarizatigfieferentially propagates along grain boundaries when the
decreases (which is due to pdiieg) whereas during stripping, CCD is exceeded in hot-pressed LLZO and suggested that
polarization increases, since there is a loss of contact due to@Higination of grain boundaries from polycrystalline LLZO
formation of voids. These further limit the contact area betwe@guld increase the CCB¥® However, the atomic-scale
SE and Li metal, thereby increasing the cell resistance until g#éentation of the grains is also unknown. A high-temperature
cell fails. Using a relatively higher pressure of 3 MPa resultedsitnthesis would be expected to form the lowest-disordered grain
smoother plating whereas stripping polarization still increasgdientation whereas for a low-temperature synthesis, a more
voids still formed due to selective-area stripping. Void formatigtisordered grain structure is expett&d” Thus, the
thus mainly dominates at low pressures and high current densftynthesis temperature and the grain boundary structure would
where Li-ion diusion dominates over vacancy-induced Li selfhave a direct ect on the mechanical behavior at tfsaB&de
di usion along with pressure-induced creepingioi (; interface. Also, at the grain boundary and surface, LiOH and
di usion +J; creep <J, migration) Figure 3% As Li,CO; contamination is quite common for LLZO which may
mentioned previously, voids will limit contact between Li metalso drastically change the mechanical behavior at the interface.
and LPSCI, creating hot spots for Li deposition and dendritic Grain boundary conductivity is important with regards to the
growth along grain boundaries. At 7 MPa, no polarizationucleation and penetration of dendrites through e BEn
changes were observed until after 100 cyc¢ldisysion +J; if uniform contact is made, for materials with higher grain
creep =], migration). However, increasing the current densitypoundary conductivity, Li tends to accumulate in nearby grain
to 2 mA/cnt caused the cell to short since once again théoundaries faster than grains, which means Li will further
kinetics of ion migration dominated over creeping and interngenetrate along grain boundaries of SEs and ultimately limit the
vacancy-induced selfidiion?®* Similarly, void formation was CCD. However, there is also controversy regarding the grain
also noticed on LLZO and other 8E%°° This observation ~ boundary ionic conductivity, namely whether it is higher or
describes the limitation of applied current density and how iower than the grains. Several reports on grain boundary
relates to stack pressure (regardless of the pellet porositgpnductivity both experimentally and theoretically show that
Further optimization of stack pressure is required to be able goain boundary conductivity is the bottleneck for achieving high
increase the applied current density to enable ASSB technolagyic conductivity in LLZO. Some reports state an equal
for EV applications. It is important to note that SEs, which areonductivity with an activation energy between the grain and
more deformable, amorphous, or are able to be pelletized withain boundaries, while others show a high grain boundary
higher relative density should increase the CCD as it woutmbnductivity. The main question is whether a high grain
decrease the number of creeping sites within the SE, allowinglfoundary conductivity contributes to hot spot formation at
more homogeneous plating and stripping. nearby grain boundaries or grains. For exam$ld, Bahas a

Compared with Li metal, alloy-based anodes usually wohigher grain boundary conductivity ¢214°3 S/cm) than AS
very well at high pressures (even at pressures >75 MPa) and theyO (2.4x 10°* S/cm), but G&LLZO can tolerate higher
usually do not exhibit any signature of dendrite growth. First, tiiairrent densities thanSAILZO. Federico et al. studied the
yield strength of most alloys is much higher than Li, whichature of dendrites using TOF-SIMS and found Al and Li at the

AK https://dx.doi.org/10.1021/acs.chemrev.0c00101
Chem. ReXXXXX, XXX, XXSKXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00101?fig=fig31&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00101?ref=pdf

Chemical Reviews pubs.acs.org/CR

Figure 32(a) Schematic of Li metal placed on both sides of a SE pellet. Many gaps are present if the applied pressure is <3 MPa. (b) Li plating ar
stripping at <3 MPa where sigaint void formation occurs on the stripping side (top right) and Li deposition on the plating side (lsdttem)

pores. (c) Isolated void formation and contact losses occur on the stripping side whereas selective area Li metal deposition (promoting dendr
growth) at the plating side over prolonged plating and stripping. (d) The interface is mechanically wetted with 25 MPa. (e) Afterward, if a 5 MPa stac
pressure is used, uniform plating and stripping occurs at 0.075 @Agenturrent) without any Li metal dendrite growth. (f) ¥ation with

Nano-CT where no cracks were found between two plungers (Li metal is not visible by Nano-CT). (g) Even at a low stack pressure of 5 MPa, dendri
growth take place if the current density is more than 0.1 ffkiha 25 MPa stack pressure is kept, further dendrite growth takes place at a low
current density of 0.075 mA/&rti) Cracks were found in Nano-CT, which are caused by Li metal dendrite growth. (j) High stack pressure of 75 MPa
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Figure32. continued

will instantaneously mechanically short the cell without any applied curmeméccanith (k) nano-CT measurement where multiple cracks were
found and the electrolyte pellet was fully broken. Reproduced with permissiot4fo@amfright 2019 Wiley-VCH Verlag.

grain boundary of Al-LLZO whereas only Li was found at thaccumulate upon cycling, the amount of isolated metallic Li
G&5LLZO interfacé’ The chemical species/composition at signi cantly dominates when the CE is around 90%. This
the interface could ect the mechanical behavior at the grainquantitative result indicates that the continuous SEI formation
boundaries of LLZO, thusexting the dendrite growth rate. does not directly contribute to most of the capacity loss, but
Furthermore, their observation was similar with Pallab et al. i@her the SE structure, components, spatial distribution,
they found the preferable growth of dendrites at graimechanical properties, and degree of homogeneity play roles on
boundaries even though the grain boundary conductivity wgsverning the morphology of the deposited Li, which then
2 orders of magnitude less than bulk gféififiey calculated  determines how much metallic Li will be trapped (and become
thatinduced stress (where the stress could be from external stakgctrochemically inactive). Moreover, the continuous forma-
pressure or Li nucleation-induced pressure) changes election of SEI consumes LE, leading to cell failure due to electrolyte
chemical potential sigoantly, in turn locally increasing the depletiori’®It is therefore particularly important to make the
current density at grain boundaries, promoting preferential Bs-formed SEI reversible after a full cycle, but this solution
deposition. As more Li is deposited, more stress is generateginains elusive. So far, three types of spontaneously formed SEI
increasing the deposition kinetics until ultimately the cell shoriructure models in dirent electrolytes have been reported:
the Mosaic mod&® (heterogeneous distribution of SEI
components), the Multitype modél(e.g., an outer JO
) _ i _ _ layer and inner amorphous layer) and the recently reported
Li metal is the ultimate anode choice (|n both LE and Smononthic modéllo (a homogeneous amorphous |aye|’)_
systems) to achieve high energy density batteries. While shat¥herally, a more homogeneous SEI (structure and compo-
many similarities, the drences about existing problems andnents) will result in better cycling performance, indicating a
optimization requirements/strategies between the two syste@srrelation between SEI properties and cyclability. However,
are worth mentioning. A discussion of SEI on the Li surface {Rere is still a lack of direct and clear evidence to determine the
LEs and SEs will be compared from the perspective of SEjclability of the SEI layers and in turn, how to enhance this
properties, coating strategies, dendrite growth, and reseagglracteristic.
status. Our aim is that such a side-by-side comparison coulds 4.2. Arti cial Interfaces. In both LEs and SEs, using a
potentially shed light on complementaectve strategies for  thermodynamically stable coating layer, otherwise known as an
ASSB design improvement. arti cial SEI, is commonly considered as aotige way to

5.4.1. Spontaneously Formed InterphasesSince Li/LT improve the cyclability of Li metal. This protective layer should
has one of the most negative electrochemical potentials, Li mefglstable with Li metal to diminish side reactions and electrolyte
is thermodynamically unstable in almost all organic solvents afgtomposition, possess high ionic conductivity and minimal
SEs with high ionic conductivity. Therefore, a SEI will readilylectronic conductivity, have strong mechanical properties to
form on Li metal surfaces upon contact and under electrgrevent dendrite propagation, and high elasticity to sustain
chemical conditions. In organic LEs, the SEI continuouslyolume expansidh>** Apart from these properties, speci
evolves by electrolyte decomposition until its thickness excegfisperties are required in LE and SE systems separately. For
that of the electron tunneling regime and solvent penetration.|4&s, it is particularly important that the coating layer is pinhole-
passivating SEI layer is the key to enabling the operation offtée to avoid liquid penetration; pinholes will defeat the purpose
metal under a strong reductive environment by allowing ionisf the articial SEI and allow for Li corrosion to take place. For
conduction while blocking electronic conduéfidine well- SEs, the physical contact between Li metal and SE remains
recognized SEI species formed in organic LEs, including lithigiroblematic, requiring the actal SEI to provide conformal
oxides (LJO), lithium uoride (LiF), and lithium carbonates contact between the Li metal and SE to avoid small gaps and
(Li,COs ROCQLI, and RCOGLi (where R is an organic voids.
group related to the solvent)), are all electrical instif&teos. Xu et al. thoroughly summarized the recent progress of
SEs, there are two types of SEI as previously discusgstl: the designing an artiial SEI for Li metal protection in LE systems,
type is ionically conductive but electronically insulating, whighcluding a variety of coating methods (solution casting, doctor
has similar thermodynamic and kinetic properties to LEs, amthading, spin coating, CVD, PVD, chemical pretreatment, etc.)
the second type contains both ionically and electronicalpnhd dierent materials (organics, inorganics and hybrid
conductive components. This second type of thermodynangrgani§inorganicsy'® Even though all of the reported
cally unstable SEI will continuously grow during battergtrategies have shown improved electrochemical performance
operation, increasing the interfacial resistance. compared to bare Li, only a few of them could satisfy most of the

In LE systems, it was previously widely accepted thagquirements (especially pinhole-free) and achieve a CE higher
continuous SEI formation during cycling causes low CE in than 99%. For instance, Liu et al. reported a double-layer
metal batterie§°Recent advances, namely the introduction ofrti cial SEI made of nanodiamonds and graphene oxide with
the Titration Gas Chromatography (TGC) characterizatiorultrastrong mechanical properties, which enhanced defect
method for batteries, allows for accurate qoatiin of Li tolerance and promoted a uniform iar>*> An average CE
metal failure products. It was found that inactive Li (isolate¢bver 10 cycles) for the DND-polymer electrodes was as high as
metallic Li) is the primary cause of capacity loss, while SBEB.4% at 1 mA/cfrand 99.2% at 2 mA/énwith an areal
formation only contributed a small portion of the total capacitgapacity of 2 mAh/cth Gu et al. used an electrochemical
loss*®” Although both the SEI and the isolated metallic Lipolishing method followed by galvanostatic plating pretreat-

5.4. Comparison of Anode Interfaces/Interphases between
Liquid and Solid Electrolytes
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Table 2. Comparison of Properties Regarding the Li Metal Anode in Liquid Electrolyte and Solid Electrolyte Systems

liquid electrolyte solid electrolyte
spontaneously Li* conductive/@ insulating Liconductive/@ insulating
formed SEI sometimes®econductive
arti cial SEI L'i conductive/& insulating ] conductive/%insulating
thermodynamically stable thermodynamically stable
high Youns modulus and elastic high Yaingpdulus and elastic
lithophilic lithophilic
pinhole-free (to avoid liquid penetration) conformal contact with Li metal and SE
Li dendrite no dendrite-caused short circuit dendrite growth causes short circuit.
morphology acted by 1. electrolyte, 2. current densityp@ssibly aected by 1. current density, 2. stacking pressure causes Li creep, 3. grain
temperature, 4. pressure boundary conductivity
cyclability Coulombic eiency up to 99.4% at moderate current cyclable at very low current density (0.075 m\Meith optimized stacking
density (0.5 mA/cR) pressuré®
cyclable up to 300 cycles with limited excess of electrolyte and’t9 metal
current research to push the eciency to >99.99% to pursue better understanding of dendrite growth mechanism and avoid dendrite
status to quantitatively understand the failure mechanism ~ 9rowth under normal operating conditions

ments to generate an ultrasmooth, inoi§arganic-inorganic  advancement of electrolytes, which not only prevented dendrite
multilayer SEI at alkali metal surfatesn 1 M LiFTSI in growth issues but also enabled a CE of up to 99%. Yet, a
DME/DOL electrolyte without additives, they achieved arcommercially viable Li metal battery with a cell-level energy
average CE of 99% (at 2 mAfcamd 1 mAh/crf) for 200 density higher than 500 Wh/kg requires the Li metal cycling
cycles in CliLi coin cells. e ciency to be as high as 99.98% (to achieve 1000 cycles with
5.4.3. Li Dendrites. In LEs, under normal operating 80% of capacity retentioif. This requires future research to
conditions with moderate current density (whether in coirpursue more in-depth understanding of the failure mechanism
cells or pouch cells), sharp dendrites that cause direct cell shamtd to quantitatively analyze the capacity loss. In SE systems, the
circuits are rarely observ&tThe failure model of Li metalin  eld faces more challenging issues; recent progress has
LE cells has been proven to be the continuous formation eficcessfully made Li metal cyclable with optimized stacking
inactive Li that causes either electrolyte depletion or Li metpfessure, but at a very low current density of 0.075 RiAfcm
depletior’*%7In SEs, there is Li dendrite growth that causedn SEs, higher esiency has not been discussed yet; there still a
cell shorting. The possible causes include the applied curréemng way to go to achieve highlgient Li cycling in SE under
density, the applied stack pressure (that can cause Li creep), §pical battery operating conditions. Reseaccts eirgently
grain boundary conductivity. need to focus on the systematic understanding of the dendrite
Following classical crystal growth theory, Li deposition in LBrowth mechanism. For SEs, well-controlled and standardized
is mostly governed by the chemical environment (solvent, sagperimental conditions are crucially needed so that appropriate
salt concentration, additives, etc.) and electrochemical caremparisons can be made between repor{Ba(sies).
ditions (current density etéf The morphology of the
deposited Li is largely determined by the chemical compositiach, ADVANCED CHARACTERIZATION TECHNIQUES

structure, and mechanical properties of the SE| layers, Wh'crE'Hgineering the interface requires a full understanding of the

turn is determined by electrolyte properties. For instances, ; ; . ; " T,
. . o > interfaces in ASSBs, including the composition and distribution
carbonate-based electrolytes, the Li deposits exhlbltawhlslg(c;f'FspecieS present, electronic/ionic properties, and their

mossy-like morphology with a high electrode porosity; in oth volution during cycling. As mentioned before, the buried
electrolytes such as high-concentration or localized higRay re of the interface brings muchedity in deconvoluting
concentration ether-based electrolytes, Li deposits are m bing, and identifying chemical species. Thus ex’isting
denser with a large granule size of severdh ether-based .5 acterization tools must be adapted and new advanced

ele_ctrolytehs Withl the Lri]l\{;IChddiEIi_ve, the Li depc:jsits hl?ve & techniques developed and customized to reach and probe the
unique spherical morphology. Temperature and stack pressyfgsiye interface. In this section, we will review the typical

have also beenreported as importantfactors enae the Li o5 cterization tools widely used for solid-state interfaces,

morphology. Wang et al. reported that Li particlesgrowlarger@g lain their merits and weaknesses. and suaaest other
60°C compared at 2€C with an average CE 0f 99.3% (in ether- po{)entially useful techniques, espebiadiwr’nethods. 99

based electrolyt&)?Dahn et al. reported that when increasing )
the pouch cell stack pressure to 1200 kPa, the Li deposfts: Computation

become very closely packed and the cell cycling stabil@rst-principles calculations enable bypassing physical barriers to
remarkably improved (50 cycles in an anode-free cell witkveal atomic interactions at the interface. They are useful to
almost no capacity drop using 0.6 M LiDFOB + 0.6 M, itiBF  estimate the thermodynamic stability and kinetic behavior. The
FEC + DEC, 1:2 vol. ratidj° They ascribe that the increased electrochemical window of electrolytes and their stability with
pressure improves the cycling performance in two ways: (1)dther ASSB components (cathode, anode, and coating) can be
helps to reduce the isolated metallic Li amount, and (2) ipredicted as well as the corresponding reaction products, which
minimizes the Li surface area so that less active Liis consumeHdoe been proven to reasonably agree with some of the
form SEI (although the conclusion needs to be furtheexperimental measurements. The general principles behind the
investigated quantitatively). various rst-principles approaches can be categorized into three

In terms of research progress, Li metal cyclability in LE happroaches: Approach 1 is the fassihn of an alkali ion in a
made signtant progress in recent years primarily due to th&E, Approach 2 is multispecies equilibrium between two
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Figure 33Cryo-STEM mapping of the NSAPSCl interface. Reproduced with permission frem@fpyright 2019 American Chemical Society.

materials, and Approach 3 is explicit interface simulation jth Li metal and form passivating interfaces. Notably, nitride
nite-temperaturab initio molecular dynamics (AIMB. anion chemistry has the highest stability against Li metal and
Approach 1 gives the predicted electrochemical window pftrogen-rich interfaces can be made by using nitrogen-
various SEs, most of which are narrow and thus susceptiblectmtaining materials on the Li metal ariode.
decomposition when the operating voltage extends beyond thidJIitimately, computational results can provide essential
window. Approach 2 calculates the thermodynamic energy mredictions and guidelines for screening, designing, and
the driving force/reaction pathways of two reacted materials anthtching materials to form a stable interface on both the
constructs their phase diagram as an indicator for their chemicathode and anode sides. It is worth noting that although some
stability or instability. Approach 3 provides a kinetic interfacef the calculated results have been proven to line up with
model and reveals the most realistic picture of interfacigkperimental ndings, computational methods are usually
reactivity. It should be noted that all three approaches haperformed at relatively small cell sizes and short time scales,
limitations and the best results are obtained by combining thehich are far from practical operating conditions. This requires
predictions from all of them. experimental vedation by various diagnostic tools with a wide
The largest beneof computational evaluation is the high- detection range with regards to energy, spatial resolution, and
throughput capability based on utilizing large-scale materigd¢nporal resolution.
databases which allows for timeient screening of batches of 6
interfaces. Mo and co-workers compared the electrochemic
stability window of L{GeRS;, (LGPS), garnet HiaZr,0;, EM enables direct visualization of the interface at the nano- and
(LLZO), LigsdaseTiO5 (LLTO), NASICON-type microscale, which deliverspartant information on the
Li; AlyaTi; {PO,)s (LATP), and LiPON, and found that morphology, structure, elemental distribution and electric
garnet LLZO shows the lowest reduction potential of 0.05 \potential by combining imaging,réction, and spectrosco-
while LATP has the highest oxidation potential of 45 V. py:%***?°A prerequisite for EM is to prepare a thin (a few nm-
Most of these turn out to be thermodynamically unstable witHick) cross-section slice or lamella with the interface intact from
LiCoQ, (LCO), especially the sdie-based electrolytes, which the buried mixture. This requires delicate work by the focused
are neither chemically nor electrochemically stable. Coating i beam (FIBJ?“The rst cross-section observation was made
cathode with relatively inert materials helps to stabilize tHey Brazier et al. on the LiCgO ,0SV,05SSiO/SnO
interface and mitigate unwanted reactions. Xiao et al. employ#hobattery, which showed the internalsitin of Co, Si,
a computational framework to evaluate and screen Li-containigd V at the cathode and anode interfaces respectively after
materials as cathode coatings in terms of phase stabiligultiple cycle§* Similarly, Sakuda et al. observed the mutual
electrochemical and chemical stability, and ionic conductivigi. usion of Co, P, and S at the interface between } 62w
They pointed out that polyanionic oxide coatingstbe best  Li,SSP,S;, over a region as thick as 50 nm. NotablyS#0.i
combination of the aforementioned properties, their result®ating on LiCo®was shown to be ective in suppressing the
show that these er great promise forimproved perform&hce. Co-di usion and reduce the interfacial layer to 30 nm in
On the anode side, Zhu et al. studied the intrinsidhicknes$’ The presence of such a thick interface would
thermodynamic stability of materials against Li metal as dwastically increase the resistance to Li-ion transfer and charge
function of cation and anion chemistry. They found that metalliczansfer, resulting in an increased voltage hysteresis of the cell.
and metalloid cations are usually reduced at low potentials adding quantitative electron holography, Yamamoto et al. were
possibly form the detrimental MIEC interface, while nonmetalble to observe the potential distribution across KiCoO
anions such as O, N, F, P, Cl, Br, and | are generally compatible,.,Al, Ti,s,SiPs5,0;,and found a steep potential drop and a

a%. Electron Microscopy (EM) Techniques
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Figure 341n situcharacterization setup and results for interfacial diagnasisit¢eJT.>° Reproduced with permission fronB&s Copyright
2018 |0OP Publishing. (b) situixPS3*(c) in sittRaman. Reproduced with permission frad86eEopyright 2017 American Chemical Society. (d)
In situNDP Reproduced with permission fronB#€f Copyright 2017 American Chemical Society.
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gradually extended slope owing to the formation of an electricactional interface using peak force tapping mode. The average
double layer near the interfate. potential of Li,Alg4Ti; PO4)s (LATP)-coated Li-
Considering thatx sitexperiments typically have prolonged Nig {0y Mng O, (L-NCM) was determined to be 0.214 V,
time relaxation, potential air exposure, and other factors tHatver than that of bare NCM, coming a weakened space-
could interfere or alter the sample propeirtisiobservation  charge layer (SCL) by introducing a Li-ion-conductingr bu
is preferred and even necessary to retain a pristine interface wiayer.>° Compared with other technologies for SCL detection,
under evaluation. Wang et al. conduateditu scanning  AFM interfacial potential measurements exhibit unique
transmission electron microscopy (STEM) coupled witfdvantages such asible operation, facile sample preparation,
electron energy loss spectroscopy (EELS) and uncovered & high sensitivity to potentiattuation§>>**33
unique interfacial phenomena between LiGo@ LiPON; 6.4. X-ray Absorption Spectroscopy (XAS), X-ray
this interface is composed of disorder@@ laind CoO Photoelectron Spectroscopy (XPS), and Raman
decomposed from LiCe&* Spectroscopy
It is worth mentioning that both SEs and Li metal ares
extremely sensitive to the beam used in the microscope, an
cryogenic protection has been shown to be essential to minim{ﬁ%
any potential beam damage and to preserve the intrinsic sa ,ﬁ
properties?°Lee et al. demonstrated the capability of cryo-Fl
to prepare arelatively clean lamellafor TEM and also carried 9
STEM at cryogenic temperatures (cryo-STEM) on theSNCA
LPSCI interface after cyclirigigure 3R*?° Co and S were
shown to segregate at the SLRSCl interface and a LiNpO
coating inhibited this reaction between NCA and L'PS@ir

emical and electrochemical reactions that occur at the
rface could imience the electronic and band structures of
interfacial materials. Probing the changes in these structures
help to understand charge transfer, the cleavage/formation

f, chemical bonds, and phase transitions involved at the
Herface. In this regard, XAS, XPS, and Raman spectroscopies
are widely employed.

Both XAS and XPS are known for their sensitivity to the
electronic structure, with the elience being in the detectable
._depth: the former can detect about 100 nm while the latter is less
A . . _ than 10 nm. Therefore, XAS is regarded as a bulk technique
andin situobservation should be considered to avoid anyhijie xps is regarded as a surface technique. Depending on the
potential sample damage during simultaneous probing @kerfacial thickness, one or the other could be applied, or
dynamic interfacial evolution at the nano- or even atomic-sc sibly both could be used to complement each other. For an
6.3. Transmission X-ray Microscopy (TXM), X-ray Computed =~ example, Hakari et al. revealed the reversible association and

Tomography (CT), Time-of-Flight Secondary lon Mass dissociation of 8 bonds in LPS by XAS and XPS, which
Spectrometry (TOF-SIMS), and Atomic Force Microscopy contributes to charge compensation during charge/discharge
(AFM) processées.Because of its large probing distance, in situ XAS

While EM techniques are sensitive to the locafieestructure, ~ May be not suitable to investigate the dynamic formation and
a larger picture of the interface requires looking at thgvolution of the interface, bntsituXPS could be doable:
microstructure; this is vital because of the heterogeneous nattifgnzel et al. suggested using the internal argon ion gun of the

of the interface. To achieve this, other microscopic techniquiStrument for sputtering of a Li metal target to deposit a thin

with various capabilities are complementary and indispensafigt@/ Im on the electrolyte sample surface immediately

such as TXM. CT. AEM. and TOF-SIMS. ollowed by analysi&Wood et al. applied bias by an electron

On the basis of X-ray absorption, TXM and CT can provid@Un to driv_e Li migration and extraqted valence electrons by
three-dimensional (3D) reconstructed volumes of interfaces dfraviolet light to move back thé while XPS measurements

m resolutions. With these techniques, Harry et al. disclosed fii@nitored changes at the exposed sufface¢ 38)."With
presence of heterogeneities in the Li/polymer (polystyren(%h'.% method, they discovered the mu't"?yefeobg%m”
block-poly(ethylene oxide))/Li cell and found Li dendrites nottL1 /L1 20/LisP/LI;S/LIsPS) at the LBLIsPS interface. .
only at the L$polymer interface but also in the subsurface of the R&man Spectroscopy is also a surface-sensitive tool but with a
Li electrode; the latter is a surprising and imporddit® The much higher spatial resolutiori( m) than XPS (50 m).

formation and propagation of Li metal within tfeS. 5E was Since the Raman signal originates from lattice vibrations in the
also revealed by Seitzman et al. irssitusynchrotron-based structure, the spectral change is highly dependent on changes of

the local structure and coordination. For example, Raman can
X-ray tomographyF{gure 34)32° Both TXM and CT are = e . : '
nondestructive and enable the determination of the porosi istinguish between cubic and tetragoflalZ}0,, (LLZO),

tortuosity, and even elemental heterogeneities of the interfaI i@gr?ég g dwl-iﬁzsli;i br%t thfgl(lblztrgaggl ;Qégsrgo%\]/grsslogt?etllthe
One of the challenges is thedlilty in di erentiating Li, a light 9 i b

. . distribution of two dierent phases can be further identi
element, and vplds, since both have very low X-ray absorptw Raman mapping rather than SEM-EDS, highlighting its
and thus a low image contrast. '

: ; 7,
This issue can be addressed by TOF-SIMS and the nevﬂ)(}lvantage in probing phase heterogérieity.

developed windowless energy-dispersive X-ray spectrosc@py Nuclear Magnetic Resonance (NMR) and
(EDS). Windowless EDS is siently sensitive to observe the El€ctrochemical Impedance Spectroscopy (EIS)
54 eV Li K X-ray, which is very intense for pure Li metal butCharge transfer resistance is most often estimated by EIS. The
much weaker for Li compouridsWhile EDS cers 2D impedance spectrum usually can be divided into a high-
elemental distribution, TOF-SIMS enables 3D elemental magsequency region (>1 MHz), a midfrequency region (1 kHz
as demonstrated by Park et al. with the LiSblrO 100 Hz) and a low-frequency regioh Hz), corresponding to
interfac€” Minor cross-dusion occurs at the interface, where the resistance contributions from the bulk electrolyte, charge
Co di uses into LLZO and Zr/La dises into LiCo@” transfer at the interface, and Warbungsitin, respectivefi?

Charge transfer across the interface can be estimated by ARMne-resolved EIS allows the monitoring of the interfacial
AFM is useful to measure the potential image of the crossesistance change during charge and discharge, a good indicator
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to trace Li di usion and charge transfer across the interdecreases during Li strippifiCompared with LiPON, Han et
face>"*38 For the LiCo@Li,GeRSJLiln solid-state cell,  al. visualized the direct deposition of Li inside bulk LLZO and
Zhang et al. found that there is a larger resistance contributibiaPS and suggested that the high electronic conductivity of
and kinetic hindrance at the metal side rather than the cathodeZO and LiPS is %obably the root cause for dendrite
side during cycling®On the basis of the spectroscopic analysigormation in these SES.

with proper models, the chemicalidion coe cient of Li can

be obtained as well as the interface thickri&3s.the other 7. SUMMARY AND PERSPECTIVE

hand, the precise interpretation of the impedance spectf@ summary, the recent research progress on interfaces and
requires accurate models. This may be more straightforwardif@erphases in all-solid-state batteries, as well as the remaining
well-dened thin-Im ASSBs but dcult or even impossible in - challenges for theld, have been reviewed thoroughly. Most of
the complex morphologies of conventional ASSBs, where @ highly conductive SEs (halidesgss| oxides, and nitrides)
in uence of porosity, tortuosity, grain boundaries, physicgbssess a low electrochemical oxidation stability, resulting in the
contact, and other potential factors from electrodes angkidation of SE to form a CEl. On the other hand, except for a
electrolytes should be taken into account. few binary SEs ¢S, LiP, LiN, and LiF etc.), most SEs are not
NMR spectroscopy has been shown & anique and  stable with Li metal and thus form a SEI. SE decomposition
complementary information to EIS due to its high sensitivity taccurs on the electronically conductive surface, such as
Li* mobility in bulk battery materials and its selectivity forelectrode materials, conductive carbon, and current collectors.
charge transfer over phase boundaries by probing spontanephg extent of decomposition depends on the chemical/physical
Li* exchang¥.' This extends the Ldi usion time scale from  properties of SEs, the volume/weight percentage of electrode or
microseconds (with spin relaxation experiments) up to seconglérbonaceous materials in the electrode composite, and the
(with exchange NMR) depending on the NMR characteristics @perating voltage of ASSBs. If the SEI and CEl form irreversibly
the materials. Using exchange NMR, Yu et al. found the selird consists of ionically insulating materials (relative to SEs),

di usion coecient for LiPSCISLi,S exchange (& 10°% irreversible impedance growth will occur duringsheycle.

cn/s) is several orders of magnitude smaller thanyB®RQli Additional impedance in ASSBs arises from interfacial
bulk (9% 10°7 cnf/s), suggesting that crossing the interfacechemical reactions between electrodes and SEs. It has been
presents a major bottleneck forttansport in ASSBS This realized the cathode charge transfer resistance is the bottleneck
problem can be mitigated by making the electrode particlésr high-power ASSBs. A thermodynamically unstable interface
nanosized to establish intimate contact with the' SE. is formed when SEs are coupled with high-voltage oxide

Yu et al. compared the conductivity results from DFT-MDcathodes, resulting in the formation of unwanted interfacial side
calculations, impedance spectroscopy, and NMHRasjiie products which degrades the cathode, lowers capacity, and
relaxation (SLR) and exchange experiiéitsis covers Li reduces the electrochemicakiency of ASSBs. Although
transport over an extremely wide time scale, ranging ¥¥ém 10oxide-based SEs are kinetically stable with oxide cathodes, their
seconds, representing intercage transitions, up to approximabelgrface siters from poor wettability due to the high Y@ung
0.1 s, representing exchange between the SE and electrode. Minidulus (stiness) of the oxide SEs. Therefore, for oxide SEs,
range allows for several bésiebased on simpdid force eld high temperature annealing is required to chemically wet the
potentials or static nudged elastic band calculation, DFT-badaterface which can simultaneously accelerate undesired
MD simulations can be used to predidtinietics for fastionic- chemical reactions at a previously kinetically stable interface
conductive materials resulting in good agreement with the NMihich results in high interface impedance. The kinetics of
SLR experiments, which allows for insights into theiah interfacial reactions is also more pronounced at the charged state
mechanism at the atomic-scale. NMR SLR experiments déan the discharged state. Electronically insulating, ionically
probe up to a few Liransitions whereas EIS probes transporiconductive, and thin coating materials, applied to kinetically
over alonger length scale, typically on the order of tens of nm. piotect the interface, improve the rate performance of ASSBs to
aresult, RT conductivity determined by EIS is smaller than thevels competitive with conventional LE-based batteries.
bulk conductivity measured by NMR SLR experiments since theThe mechanical incompatibility at the elecBBésnterface
former probes both the bulk and grain boundaudi lLision. is another crucial problem in ASSBs. Continuous volume change
NMR exchange experiments make it possible to characterize®@hethe cathode and anode (during charging/discharging)
equilibrium exchange of Li-ions over the electrolyte-electrodigduces stress at the interface, and as a result, delamination of
interface, which is the dominant factor responsible for theither the electrode materials or the protective coating layer
restricted power performance of current ASSBs. occurs. This is a_ccompanied by t_he formation pf cracks/voids at
6.6. Neutron Depth Pro ling (NDP) thg interface which leads to cycling deterioration. Such. cracks/

e voids expose new electrode surfaces to the SE which react
Because of the high sensitivity of neutrons to light elements sugtemically and electrochealic further lowering cyclic
as Liand Na, NDP is a powerful tool to analyze Li distributior ciency and capacity. With cracks and voids, Li stripping will
and transport in ASSBs. After the reaftitionn ~ “He (2055 then occur on selective contact surfaces, creating voids in one
keV) +3H (2727 keV) takes place, the generated particles logg#ectrode, while Li metal plating in a limited area will increase
energy to the matrix at a spedirate, which can be used to localized current density, generating hot spots for dendrite
identify the initial location of the reaction and the countgyrowth. A lithophilic coating layer or melted Li metal treatment
indicate the abundance of Li at the corresponding®dépth. on LLZO have been applied to minimize Li/LLZO interstitial
Both Wang et al. and Han et al. establisheduNDP to gaps to promote homogeneous Li metal deposition.
monitor the Li plating-stripping process at the surface of In addition, the ISSE interface can be also mechanically
electrolyte and the substrafég(re 3d).>*®** The counts  wetted through Li metal creeping by applying uniaxial stack
within the surface region show a linear dependence on tipeessure. Although a high stack pressure is required to better wet
amount of Li transfer, which increases during Li plating arttie interface, a lower stack pressure is preferred for long cycling.
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The mechanical properties of the SE are also quite important
with regards to Li dendrite growth (according to the M8nroe
Newman criteria, the sheer modulus of the SE must be twice that
of Li for dendrite prevention). Although oxide-based SEs satisfy
these criteria, dendrite growth is still noticeable at current
densities above 0.5 mAf&cm

Despite the sigrdant progress so far in ASSBs, many
challenges remain in terms of the SE, electrode materials, and
their interfaces.

I. Although the current ASSB research trend involves
development of new highly ionically conductive SEs to
compete with LE conductivity, unfortunately, the

electrod8SE charge transfer resistance is not considered V.

while designing new SEs. For example, LGPS and
LSiPSCI, which have ionic conductivities exceeding
those of LEs, are not stable with Li metal, thus exhibiting
the lowest CE when using a high voltage cathode. This
ultimately makes the electrolytes impractical. Although
the incorporation of I, Br, or Se increases the ionic
conductivity of SEs, they also cannot be used with high-
voltage oxide cathodes as there are multiple anionic redox
processes during charging, which results in a thicker,
irreversible SEI and high interfacial resistance. Therefore,
compositional screening of SEs based on their interfacial
properties with specielectrodes must be prioritized and
carried out before considering conductivity and ultimately
experimental synthesis.

Il. Low capacity, poor CE, high polarization, and capacity
fade of ASSBs originate from sluggish interfacial charge
transfer kinetics, which results from chemical reactions,
electrochemical decomposition, and loss of interfacial
mechanical integrity. However, there is no quantitative
estimation of the participation of each of these
components on the sluggish kinetic behavior. Quantita-
tive estimation will help to design better SEs, identify
suitable cathodes and allow for an optimal composite
electrode composition for highegency cycling.

structure and their ects on battery cycling need to be
investigated. Precise mechanical and chemical modeling
of the interface with/without electrield (static and
dynamic changes) need to be analyzed. Moreover, the
mechanical stress of ASSBs can propagate over a long
distance. For example, thick Li metal deposition on the
anode induces stress, which can propagate through the SE
to the cathode compositeeating the chemical and
mechanical integrity of the cathode composite during
cycling. Full cell-level stress characterization will be
necessary and is more relevant rather than character-
ization of individual components in the ASSB.

A full understanding of the interfacial properties in ASSBs
requires using various characterization tools to cover a
wide range of spatial and temporal scales. The spatial scale
includes phenomena such as charge transferysardi

the space charge layer, phase transitions, grain boundaries,
and physical contact, while the time scale includes charge
transfer, ion transport, exchanges between the electrolyte
and electrode, and dynamic interface evolution as a
function of the state of chardex situand in situ
experiments should be combined to isolate and identify
di erent interfacial components. Spatly,in situor
operando experiments are highly encouraged to monitor
real-time interfacial changes while simultaneously avoid-
ing potential contaminations and artifacts that can be
present inex situexperiments. Because of the fragile
nature of the interface, SEs, and Li metal, cryogenic
protection may be needed to stabilize the samples to
minimize potential beam damage. In addition, it is
important to develop and customize new techniques
with integrated functions to enable information acquis-
ition about the structure, composition, and kinetics. Both
computation and experiments require high-throughput
screening, diagnosis, and interfacial design for ASSBs.
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