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CONSPECTUS: With the ever-growing demand for high energy density and high safety of

energy storage technologies, all-solid-state lithium metal batteries (ASSLMBs) including s
all-solid-state lithium ion batteries (ASSLIBs) and all-solid-state lithium—sulfur batteries
(ASSLSBs) have received considerable attention in recent years. To realize ASSLMBs,
various solid-state electrolytes have been rapidly developed. Among them, sulfide
electrolytes (SEs) demonstrate the highest ionic conductivity (>10 mS-cm™) and the g
most favorable mechanical properties. However, the commercialization of SE-based 2

ASSLMBs has been stymied by sluggish interfacial ion and electron transport kinetics, cutfur/SE nterfac® &y

which arises from the detrimental interfacial reactions, poor interfacial solid—solid contact, s,
and lithium dendrite growth. To overcome the interfacial challenges, an insightful
understanding of the complex interfacial ion and electron transport processes in SE-based
ASSLMBs is of the foremost importance. Although most of the previous review papers
underscored the interfacial challenges and summarized the corresponding strategies, a
fundamental understanding of the interfacial ions and electron-transport kinetics in SE-based ASSLMBs has not yet been presented.
This Account therefore primarily summarizes our recent understanding of SE-based ASSLMBs from the perspectives of interfacial
ion and electron transport, aiming to provide an insightful understanding of interfacial kinetics.

We first compare various solid-state electrolytes including SEs, oxide electrolytes, halide electrolytes, polymer electrolytes,
borohydride electrolytes in terms of their ionic conductivity, electrochemical stability windows, and mechanical properties, aiming to
justify the advantages of SEs in ASSLMBs. Then, the interfacial challenges at both cathode and anode interfaces of SE-based
ASSLIBs and SE-based ASSLSBs are presented, respectively. These interfacial challenges significantly hinder the interfacial ion and
electron transport. To boost the interfacial charge transfer kinetics, our recent research advances related to the cathode interface
between transition-metal oxides (TMOs) and SEs are then discussed. In parallel, our latest progress on SE-based ASSLSBs is also
summarized from the perspective of interfacial kinetics. At the anode interface, our innovative strategies to enhance interfacial Li ion
transport between Li metal and SEs are recapped. Finally, conclusions and our perspectives on SE-based ASSLMBs are presented.
We believe that this specific Account provides an insightful understanding of interfacial ion and electron transport behavior in SE-
based ASSLMBs.
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1. INTRODUCTION

Commercial lithium ion batteries (LIBs) have successfully
dominated consumer electronics and electric vehicle markets for
decades. However, concerns about their safety have become the
most prominent issue with the continuous increase in energy
density. The serious safety hazards originate from the toxic and
flammable organic liquid electrolytes and thermally unstable
polymeric separators. In this scenario, developing solid-state
electrolytes to replace conventional flammable liquid electro-
lytes and polymeric separators is the ultimate solution to
eradicate the safety issues of LIBs. To this goal, various solid-
state electrolytes have been rapidly developed over the past
decades, including solid-state oxide electrolytes, solid-state
sulfide electrolytes (SEs)," solid-state halide electrolytes,®””
solid-state polymer electrolytes,” and solid-state borohy-
drides.'”"! Nevertheless, these solid-state electrolytes have
their respective advantages and disadvantages. For example,
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oxide-based solid electrolytes demonstrate wide electrochemical
windows and good air stability, but their mechanical stiffness is
unfavorable for large-scale roll-to-roll manufacturing. SEs show
the highest room-temperature ionic conductivity among these
choices, but their moisture sensitivity and narrow electro-
chemical windows have limited their application. Recently
revived halide electrolytes demonstrated high ionic conductiv-
ity, high-voltage stability, and favorable mechanical properties;
however, their instability against lithium metal anodes has
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remained a challenge. Solid-state polymer electrolytes have
favorable mechanical properties and wide electrochemical
windows, which are the only solid-state electrolyte that has
been commercialized so far. However, their low room-
temperature (RT) ionic conductivity is unfavorable, particularly
for all-climate batteries. Borohydride-based SSEs illustrate a
high RT ionic conductivity but narrow electrochemical
windows. Moreover, their thermal stability (release of H, at a
moderate temperature) is a potential risk for practical
application. Nevertheless, the narrow electrochemical windows
of solid-state borohydrides also limited their application in high-
voltage all-solid-state lithium metal batteries (ASSLMBs).

Among those solid-state electrolytes, only SEs displayed the
highest room-temperature ionic conductivity (>10 mS-cm™"),
which even overtakes that of conventional liquid electrolytes
(approximately 10 mS-cm™"), thus being regarded as the most
promising solid-state electrolytes for developing ASSLMBs.
However, SE-based ASSLMBs face significant interface
challenges, such as detrimental interfacial reactions, poor
solid—solid ionic contact, SE decomposition by carbon
additives, polymeric binders blocking ion transport, lithium
dendrite growth, drastic volumetric change upon cycling,
particularly with high-nickel cathodes, sulfur cathodes, and
ultrathin lithium metal anodes. Therefore, addressing interfacial
challenges and understanding interfacial charge transfer kinetics
is of foremost importance for developing ASSLMBs with both a
high energy density and unparalleled safety.

In this Account, we start with the comparison of various solid-
state electrolytes, aiming to justify the advantages of SEs in
ASSLMBs. Then interfacial challenges of SE-based ASSLIBs are
presented in comparison with SE-based ASSLSBs. To overcome
these interface challenges, our research advances related to the
cathode interface between transition-metal oxides (TMOs) and
SEs are summarized from the perspective of interfacial ion and
electron transport kinetics. In parallel, our latest progress on
understanding interfacial charge transfer in SE-based ASSLSBs
is also discussed. Furthermore, the progress and fundamental
understanding of the interface between Li metal and SEs are
recapped. Finally, conclusions and our perspectives in SE-based
ASSLMBs are presented. We believe that this Account willl
provide an insightful understanding of SE-based ASSLMBs,
particularly from the perspective of the interfacial charge transfer
kinetics.

2. COMPARISON OF VARIOUS SOLID-STATE
ELECTROLYTES

A solid-state electrolyte is an indispensable component in
ASSLMBs, which has been remarkably developed over the past
few years. For an ideal solid electrolyte, it should possess a
variety of properties, such as low electronic conductivity, high
ionic conductivity, a unity transfer number, good mechanical
properties, low cost, air stability, and viability for large-scale
production. Here, the mainstream solid-state electrolytes are
compared from the perspectives of their RT ionic conductivity
and electrochemical windows (Figure 1). The representative
solid-state oxide electrolytes include garnet-type Li;La;Zr,0,,
(LLZO), NASICON:-type Li, 4Aly,Ti; s(PO,); (LATP), perov-
skite-type LiyLa,/; ,TiO; (LLTO), and lithium phosphorus
oxynitride (LIPON). Among them, most exhibit a high ionic
conductivity of over 10~*S-cm ™, except for LIPON, which has a
relatively lower ionic conductivity (107° S:cm™) and is
generally used for thin-film batteries. In terms of electrochemical
windows, LATP and LAGP are not stable against lithium metal
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Figure 1. Comparison of room-temperature ionic conductivity (A) and
an electrochemical window (B) of various SSEs. The data of stable
electrochemical windows was adapted from ref 12—14. Copyrights:
2016, Royal Society of Chemistry; 2019, Wiley-VCH; and 2015,
American Chemical Society.

because of the reduction tendency of Ti* and Ge*.'>'°
Comparatively, garnet-type LLZO shows better stability against
lithium metal and demonstrates much wider electrochemical
windows. In addition, oxide electrolytes generally exhibit a high
shear modulus, which is assumed to be beneficial for lithium
dendrite suppression. However, their high mechanical strength
may limit the interfacial ionic contact with electrodes.

Compared with oxygen anions, the sulfur anion is more
polarizable, which facilitates fast lithium ion transport. There-
fore, the room-temperature ionic conductivity of SEs is much
higher than that of oxide electrolytes and the mechanical
property is much softer. Some ternary SEs, ie., Lij(GeP,S;,
(LGPS)"” and Lig,Si; 74P} 4451, -Clys,'"® demonstrate a high
ionic conductivity of over 107> S-cm™'. However, the main
drawback of SEs is their narrow electrochemical windows
(Figure 1), which endows significant interfacial reactions with
electrode materials. Nevertheless, the high moisture sensitivity
of SEs also limited their wide application. Our group has
developed air-stable SEs through the doping of soft acids (Sb*",
Sn*"), which demonstrates not only significantly improved air
stability but also significantly increased ionic conductivity."'**°
To compensate for the narrow electrochemical windows of SEs,
solid-state halide electrolytes with a general formula of A;MXg
(A = Li*, Na*; M = trivalent metal ions; and X = F—, Cl—, Br—,
and I—) have been revisited in recent years because of their high-
voltage stability, high room—temgerature ionic conductivity, and
moderate mechanical property.”"* Our group has developed a
series of halide electrolytes (LiInCly,>® LiyY,_ In Clg,>"
Li;ScClg,™ LisYBrg,™ etc.) with high ionic conductivities
greater than 107> S-cm™' via both mechanochemical synthesis
and liquid-phase synthesis.”*” Our encouraging achievements
in solid-state halide electrolytes have inspired a new wave of
research enthusiasm in solid-state halide electrolytes and their
application in solid-state batteries.”*

Solid-state borohydride electrolytes have also been developed
and have been shown to possess high ionic conductivity of over
1073 S:em™."" In addition, solid-state borohydride electrolytes
exhibited good stability against lithium metal. However, their
low oxidization stability has inhibited their development with
high-voltage transition-metal oxide cathodes. Moreover, the low
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Figure 2. Schematic illustration of interface challenges of all-solid-state lithium metal batteries, including all-solid-state lithium—metal batteries and all-

solid-state lithium—sulfur batteries.

thermal stability of solid-state borohydride electrolytes may
limit the operating temperature window of ASSLMBs, which
should be carefully evaluated in the future.

Along with the success of solid-state inorganic electrolytes,
relentless effort has also been expended to develop organic solid-
state polymer electrolytes. The solid-state polymer electrolytes
have wide electrochemical windows, low cost, good flexibility,
and low room-temperature ionic conductivity, these properties
need to be further enhanced to develop ASSLMBs that can be
operated under all weather conditions. Some quasi-solid-state
polymer electrolytes can show a high ionic conductivity (>107*
S-cm™"). However, the safety and high-temperature stability of
solid-state batteries with gel electrolytes cannot compete with
inorganic counterparts. Taking into consideration that none of
the solid-state electrolytes (SSEs) can meet all of the
requirements for use in ASSLMBs, it is anticipated that the
rational design of hybrid solid electrolytes may solve this
dilemma in the near future,”* which is beyond the scope of this
Account.

Although they have high room-temperature ionic conductiv-
ity, SEs suffer from narrow electrochemical windows, which
leads to considerably interfacial reactions against high voltage
and lithium metal anodes. The considerable interfacial reactions

in turn result in large interfacial resistance, thereby limiting
interfacial electron and ijon transport and suppressing the
electrochemical performance of SE-based ASSLMBs. Our group
has been dedicated to addressing the interfacial challenges of SE-
based ASSLMBs for several years and has made some
encouraging progress. In the following section, our recent
understanding of interfacial electron and ion transport in SE-
based ASSLIBs and ASSLSBs was discussed, respectively.

3. SUMMARY OF INTERFACIAL CHALLENGES OF
SULFIDE-BASED ALL-SOLID-STATE LITHIUM
METAL BATTERIES

As depicted in Figure 2A, directly using SEs to develop ASSLIBs
with high-voltage transition-metal oxides (TMOs) (>4 V vs Li*/
Li) faces tremendous challenges. First, TMOs significantly react
with SEs, leading to highly resistive interphases that block the
interfacial ion and electron transport. Second, the large
difference in the electrochemical potential of SEs and TMOs
will lead to the formation of a lithium-ion depletion region at the
interface, the so-called space—charge layer, which also
considerably affects interfacial ion transport.”> To prevent
interfacial reactions and the space—charge effect, interfacial
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Figure 3. (A) TEM image of LiNbOj;-coated LiCoO, (core—shell LNO@LCO). (B) SEM image

H HAADF

of Li;yGeP,S,, (LGPS) uniformly coated on

LiNbO;@LiCo0O, (dual-shell LGPS@LNO@LCO). (C) Rate performance comparison between one-shell LNO@LCO/LGPS and dual-shell
LGPS@LNO@LCO cathode composites. Reprinted with permission from ref 26. Copyright 2019, Wiley-VCH. (D) Impact of interfacial ionic
conductivity on all-solid-state battery performance. Reprinted with permission from ref 37. Copyright 2020, Elsevier. (E) Interface-assisted in situ
growth of Li;InCl, on the LiCoO, surface. Reprinted with permission from ref 38. Copyright 2020, Elsevier. (F) SEM image of single-crystal NMC532.
(G) SEM image of polycrystalline NMCS532. Reprinted with permission from ref 39. Copyright 2020, Elsevier. (H) Dual-functional interface strategy
to improve the NMC811 performance in all-solid-state batteries. Reprinted with permission from ref 40. Copyright 2020, Elsevier.

coatings between TMOs and SEs are a prerequisite. Third, the
poor interfacial solid—solid ionic contact between TMOs and
SEs significantly hinders interfacial ion transport and limits
active material utilization.”® To improve the interfacial solid—
solid ionic contact, a solvent-involved process has been
developed to uniformly coat SE on the electrode material
surface, which improves the interfacial lithium-ion transport
kinetics. Fourth, the conductive carbon agents in the cathode
composites tend to decompose the SE during the charge/
discharge process.””** Therefore, rationally balancing interfacial
ion and electron transport in the cathode composites is very
crucial for SE-based ASSLIBs.”” Finally, polymeric binders,
which are normally required for fabricating the sheet-type

electrodes for solid-state pouch cells, also block the lithium ion
transport if a large amount is added.”® These challenges must be
addressed before the successful commercialization of ASSLMBs.

On the anode side, a lithium metal anode is the ultimate
choice for realizing the high energy density because of its lowest
potential (—3.040 V vs the standard hydrogen electrode) and
largest specific capacity (3860 mAh-g_l).31 However, tremen-
dous challenges hindered the application of lithium metal in
ASSLMBs, such as a low Coulombic efliciency, detrimental
interfacial reactions between lithium metal and SEs, lithium
dendrite growth, and infinite volume change, as illustrated in
Figure 2.
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Sulfur is a promising cathode material for developing high-
energy-density Li—S batteries due to its high capacity (1672
mAh-g™"), low cost, abundance, and high sustainability. Unlike
the high-voltage TMOs cathodes, sulfur cathodes are more
chemically compatible with SEs due to their lower operation
voltage ranges (1—3 V vs Li*/Li).>> When pairing with lithium
metal anodes to form all-solid-state lithium—sulfur batteries
(ASSLSBs), the theoretical energy density can reach as high as
2600 Wh~kg_1.33_35 Therefore, SEs-based ASSLSBs have
attracted intense research interest in recent years. However,
the slow charge transfer kinetics and significant volume change
(~80%) significantly hindered the development of SE-based
ASSLSBs, which originate from the poor electrical conductivity
of elemental sulfur (1.5 X 107"° S-cm™", density = 2.07 g.cm™)
and their discharge product (Li,S, 107" S-cm™, 1.67 g-em ™).
To boost interfacial charge transfer, sulfur should be uniformly
distributed in a conductive carbon matrix in which both high
sulfur content and high sulfur utilization should be guaranteed
for achieving a high energy density (Figure 2B). Simply
increasing the electronic conductivity of sulfur cathodes cannot
guarantee high-performance ASSLSBs because the cycling of
sulfur cathodes also requires efficient ion transport. Therefore, a
triphase interface among sulfur, conductive carbon, and SEs
should be constructed to enable efficient electron and ion
transport in sulfur cathodes, which is very critical for realizing
high-performance ASSLSBs with both high energy density and
high power density. In addition, minimizing the SE decom-
position caused by conductive carbon and the significant volume
change of sulfur cathodes upon cycling are another two
challenges associated with sulfur cathodes.

On the basis of the aforementioned interfacial challenges,
innovative strategies are required to overcome interfacial
challenges and boost interfacial ion and electron transport. In
the following sections, we summarize our recent understandings
on interfacial ion and electron transport kinetics of both all-
solid-state lithium ion batteries and next-generation solid-state
lithium—sulfur batteries, which are categorized as (i) the TMO/
SE interface, (ii) the sulfur/SE interface, and (iii) the Li/SE
interface.

3.1. Regulating Interfacial lon and Electron Transport
between TMOs and SEs

To boost interfacial ion and electron transport at the TMO/SE
interface, the interfacial reactions and space—charge effect
should be suppressed while the solid—solid contact should be
improved.*® To this end, a dual-shell structure has been
designed for cathode composites, in which an inner layer is
devised to prevent the interfacial reactions and space—charge
effect while the outer layer is used to realize intimate solid—solid
ionic contact. To realize the inner layer, sol—gel or fluidized bed
methods have been widely used. However, these methods
cannot control the uniformity of the surface coating layer. Our
group has pioneered the use of atomic layer deposition to
deposit LINbO; (LNO) on the LiCoO, (LCO) surface, which
effectively suppressed the interfacial reactions due to the full
coverage of LNO coatings (Figure 3A).”° Furthermore,
Li oGeP,S;, (LGPS) was further dispersed on the LNO@
LCO surface to improve the solid—solid ionic contact (Figure
3B). As a result, LGPS@LNO@LCO with a dual-shell
interfacial structure LCO demonstrated a high capacity,
negligible polarization, and excellent rate performance (Figure
3C). This dual-shell configuration demonstrates an ideal
interfacial structure for realizing high-performance ASSLIBs.

The ionic conductivity of the coating layer itself also makes a
difference in the interfacial ion transport. To understand the
effect of interfacial ionic conductivity on interfacial ion
transport, we designed interfacial coating layers with various
ionic conductivities. It is found that the higher ionic conductivity
of the interfacial coatings shows a lower energy barrier for
interfacial ion transport (Figure 3D) ,*” which endows ASSLIBs
with excellent rate performance. More importantly, the critical
interfacial ionic conductivity of the coating layer should be less
than 107 S-cm™. To further verify the importance of interfacial
ionic conductivity, a thin layer of Li;InCl, (LIC) with high ionic
conductivity (>1 mS-cm™") in situ grew on the LCO surface
(Figure 3E). Owing to the strong interfacial interaction, high
interfacial ionic conductivity (>1 mS cm™), and excellent
interfacial compatibility, LCO with 15 wt % LIC exhibits a high
initial capacity of 131.7 mAh-g™" at 0.1C (1C = 1.3 mA-cm™?)
and can be operated to up to 4C at room temperature.”” This
research progress suggests that boosting the interfacial lithium
ion transport is paramount for realizing high-performance
ASSLIBs.

In addition to the interfacial ion transport, electron transport
is also extremely crucial for the TMO/SE cathode composites.
To enable fast interfacial electron transport, conductive carbon
additives are added to increase the electronic conductivity.
However, carbon additives generally decompose solid-state SEs,
which is harmful to the electrochemical performance of
ASSLIBs.”” To address this issue, we have devised PEDOT-
coated carbon nanotubes (PEDOT@CNTS) as the conductive
agents to boost the electrons in the cathode composites, which
also effectively alleviated the side reactions between the carbon
and SEs.””

The stress and strain induced by the TMO volume change is
another critical challenge in SE-based ASSLIBs. The first
solution is to use single-crystal TMO materials in ASSLIBs,
which can reduce the internal stress upon cycling and enable fast
ion transport kinetics.*""** As shown in Figure 3F,G, we have
systematically compared single-crystal LiNi, sMnj;Co,,0,
(NMCS32) with its polycrystalline counterpart, and it was
found that single-crystal NMC532 possess fast ion transport
kinetics as well as good tolerance to stress upon cycling in
ASSLIBs.”” The second solution is to tailor a dual-function
interface”* in which a surface coating was diffused into the
grain boundaries of secondary polycrystalline particles via
postannealing. This grain boundary engineering effectively
alleviates intergranular cracking and the layered-to-spinel
phase transformation. To verify this, a dual-function solid
Li;PO, (LPO) electrolyte was infused into the grain boundaries
of polycrystalline LiNi; gMn,;Co, ;O, (NMC811) (Figure 3H).
After thermal infusion, the surface was further covered by LPO
to prevent interfacial reactions between NMC811 and SEs. It
was found that the dual-function LPO modification not only
significantly suppresses the side reactions with SEs but also helps
to alleviate the deterioration of the microstructural cracks.*’ The
advances in the cathode interface design provide several
indications: First, an interfacial coating layer with high ionic
conductivity is required to ensure fast ion transport with low
energy barriers. Second, carbon additives should be added to
provide sufficient interfacial electron transport providing that SE
decomposition by carbon is well-balanced. Third, the significant
stress/strain induced by the volume change of cathode particles
upon cycling should be tailored either by using a single-crystal
TMO cathode and grain boundary engineering.
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Figure 4. (A) Schematic illustration of SE-based all-solid-state lithium—sulfur batteries with P,S,,,, cathodes, which was enabled by self-generated
lithium ion pathways. (B) Long-term cycling stability of P,S,,,,/C cathodes. Reprinted with permission from ref 46. Copyright 2020, Elsevier. (C)
Ilustration of all-solid-state lithium—selenium batteries highlighting the significantly higher electronic conductivity of selenium compared to that of
elemental sulfur. (D) Discharge/charge curves of the Se/Li;PS,/Li—Sn all-solid-state cell at 50 mA g_l. (E) Representative discharge/charge curves at
different current densities (inset: rate performance at current densities ranging from S0 to 800 mA-g™"). (F) Cycling performance at 50 mA g™" and
corresponding Coulombic efficiencies. Reprinted with permission from ref 47. Copyright 2018, Royal Society of Chemistry. (G) Cycling performance
of SeSx—LPS—C cathodes at 0.4 A-g~" at 60 °C. (H) Rate capability of SeSx—LPS—C cathodes at different current densities from 0.2 to 1 A-g™" at 60

°C. Reprinted with permission from ref 32. Copyright 2019, Wiley-VCH.

3.2. Understanding Interfacial lon and Electron Transport
between Sulfur and SEs

Compared to ASSLIBs, all-solid-state lithium—sulfur batteries
(ASSLSBs) could achieve a much higher energy density beyond
500 Wh-kg ™", which is therefore regarded as the most promising
energy storage technology.31‘34‘44’45 The fatal weaknesses of

ASSLSBs are poor lithium ion (Li*) and electron transport

between sulfur and SEs, which arises from the low electronic
conductivity of elemental sulfur and discharge product Li,S, SE
decomposition by carbon, and the significant volume change.
Therefore, it is critical to construct a triphase interface among
the sulfur cathode, SEs, and conductive carbon matrix for
ASSLSBs, which can facilitate the high Li* and electron transport
simultaneously. With this understanding, our group first
synthesized a series of unique P,S)y,, cathodes for high-
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lithium metal surface via molecular-layer deposition (MLD). (C) SEM image of a pristine lithium metal surface. Reprinted with permission from ref 56.
Copyright 2018, Elsevier. (D) SEM image of a Li;PS,-decorated lithium metal surface. (E) SEM image of a Li,SiS,-coated lithium metal surface.
Reprinted with permission from ref 57. Copyright 2018, Wiley-VCH. (F) TGA profiles of Li,SiS, coated lithium metal. (G) Long-term cycling stability
of symmetric cells with the structure of Li-Li,SiS,-Li;PS,-Li,SiS -Li with a capacity of 0.5 mAh:- cm 2, Reprinted with permission from ref 58. Copyright
2019, Wiley-VCH. (H) Schematic diagram of the L1@LPSC10'3FO'7/ LPSCl//LCO@LNO/LPSCl ASSLMBs with the highlighted fluorinated interface

layer. (I) Current density (1.27 mA-cm™2) and cutoff capacity (1 mAh-cm™2). Current density (6.37 mA-cm™) and cutoff capacity (5 mAh-cm™2).
Reprinted with permission from ref 59. Copyright 2020, ACS.

performance SE-based ASSLSBs. Synchrotron-based X-ray lithium ion inside C/P,S;y,, cathodes (Figure 4A). As a result,

absorption near-edge structure and Raman analyses indicate P,S;,/C-based ASSLSBs show a highly reversible capacity of
that ionically conductive Li;PS, together with Li,P,S 883 mAh-g~' and stable cycling performance over 180 cycles
components can be self-generated electrochemically during with a high active material content of 70 wt % (Figure 4B).*
the initial lithiation process, which can effectively conduct a This strategy of self-generating ion-conductive pathways from
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the electrode itself can effectively facilitate Li* migration within
electrodes in ASSLSBs. Second, compared to sulfur, selenium
(Se) has a much higher electronic conductivity (1 X 107> vs § X
1072% S-cm™ at room temperature). Therefore, Se should have
much better electrochemical kinetics than sulfur due to its fast
charge transfer capability. For this reason, all-solid-state Li—Se
batteries were successfully constructed for the first time."”
Significant improvements in both ionic and electronic
conductivities of the cathode were achieved by ball-milling Se,
LiyPS,, and acetylene black, which facilitate the fast ion transport
and feasible charge transfer during electrochemical reaction
processes. Specifically, Li* transport over the Se—Li;PS,
interface is as high as 1.4 X 1075 S-cm™. As a result, all-solid-
state Li—Se batteries with a configuration of Se/Li;PS,/Li—Sn
delivered a high reversible capacity of 652 mAh-g™' at SO0 mA-
g~!, achieving 96% of the theoretical capacity. In addition, the
initial Coulombic efficiency is as high as 97% in the first cycle
(Figure 4D). Moreover, high reversible capacities of 652, 649,
642, 611, 574, and 462 mAh-g_1 were attained under current
densities of 100, 150, 200, 300, 400, and 800 mA g_l,
respectively (Figure 4E). Figure 4F also demonstrated the
ultrastable cycling performance of all-solid-state Li—Se batteries.
A capacity of 585 mAh-g! and a correspondingly retention of
90% were retained after 100 cycles, indicating that the large
volume change of the Se cathode was successfully minimized via
external pressure.

Even though all-solid-state Li—Se batteries demonstrated
superb electrochemical performance, selenium has a lower
specific capacity (680 mAh-g™') than the high theoretical
capacity (1672 mAh-g™") of sulfur, which is not beneficial to
achieving a high energy density. To further improve the energy
density of ASSLSBs, we developed a series of Se—S solid
solutions. By introducing Se into sulfur to form SeS, solid
solutions, the electrochemical reaction kinetics and active
material utilization could be significantly improved.”” As a
result, the reversible capacities obtained at the fifth cycle were
1086, 1116, 883, and 733 mAh-g™" for SeS, solid solutions with
increasing Se content, corresponding to 87, 99, 91, and 90% of
the theoretical specific capacities (Figure 4G). Figure 4H shows
the rate capabilities of the SeS,—LPS—C cathodes over a current
density range from 0.2 to 1 A-g”". The SeS,—LPS—C cathode
exhibited the best rate capability, with high reversible capacities
of 1024, 970, 949, and 887 mAh-g~" achieved at 0.2, 0.4, 0.6, and
1 A-g™", respectively. Moreover, high-loading cells can achieve
high areal capacities of up to 12.6 mAh-cm™>. As confirmed by
the experimental results, the ionic and electronic conductivities
of the SeS,—Li;PS,—C cathodes can be favorably tuned by the
ratio of Se to S in SeS, solid solutions. This work deepens the
understanding of Se—S solid solution chemistry and offers a new
strategy to achieve high-performance S-based cathodes for
application in ASSLSBs.

As a brief summary, our group has developed high-
performance ASSLSBs via self-generating Li* conductive
pathways inside the C/P,S;,,, cathode, used electronically
conductive Se as the cathode, and synthesized Se—S solid
solutions to regulate interfacial Li* and electron transport.
Several important conclusions can be drawn from these
works:** " (i) the triphase interface among sulfur, SE, and
the conductive agent should be sufficiently constructed to
ensure high active material utilization; (ii) improving the
electronic and ionic conductivities of cathode composites is very
crucial for fast interfacial charge transfer; and (iii) external

pressure is normally required to suppress the significant volume
change of sulfur cathodes upon cycling.

3.3. Understanding Interfacial Lithium lon Transport
between Li Metal and SEs

To address the challenges between Li metal and SEs, the most
common strategy is to construct an artificial solid electrolyte
interphase (SEI) (Figure 5A)** which allows fast interfacial Li*
transport but blocks electron transport. Thus, interfacial
reactions between Li metal and SE can be avoided. In addition,
the fast Li* transport capability of the SEI can realize
homogeneous Li* deposition, thus alleviating lithium dendrite
growth. Following this strategy, we have designed an inorganic
and organic interfacial layer (ie., alucone) by molecular layer
deposition (Figure SB), which not only suppressed the
reduction of Li;,SnP,S;, by lithium metal but also inhibited
the lithium dendrite growth. As a result, ASSLMBs with the
alucone-coated lithium metal anode demonstrated an elongated
cycling life. Furthermore, we have chemically modified pristine
lithium with P,S;,/NMP (N-methyl-2-pyrrolidone) solutions.
Because of the self-limiting reactions between P,S;4 and Li
NMP, a lithium ion conductive Li;PS, with a thickness of 60 nm
was formed in situ on the Li metal surface (Figure SC,D).
Because of the high ionic conductivity and low electronic
conductivity of Li;PS,, the intimate protection layer of Li;PS,
not only prevented the formation of Li dendrites but also
suppressed interfacial side reactions and improved the electro-
chemical performance. Although the Li;PS, thin film exhibits
high ionic conductivity, they have poor air stability and are not
favorable for processing lithium foil in a dry room. We further
developed an air-stable Li,SiS,-coated lithium metal via the
chemical reactions among Li,Sg, SiCl,, and Li. As shown in
Figure SE, porous Li,SiS, was used to decorate the Li metal
surface. Because the Li,SiS, layer is chemically inert,
impermeable to dry air, and robust against oxidation, Li,SiS,-
coated lithium metal demonstrated excellent air stability in an
ambient environment, which was confirmed by thermal
gravimetric analysis (TGA) in Figure SF. The Li,SiS,-coated
lithium metal shows a slight weight increase within 24 h,
implying that the parasitic side reaction between Li metal and
dry air is effectively blocked by the Li,SiS, coating layer. In terms
of electrochemical performance, highly stable Li cycling for over
2000 h in symmetrical cells was achieved with a capacity of 0.5
mAh-cm™ (Figure 5G). Meanwhile, we also have developed a
gradient interfacial SEI layer by rationally using advanced atomic
layer deposition (ALD) and molecular layer deposition
(MLD).5>5*

Apart from the rational design of an artificial SEI layer on a
lithium metal surface, tailoring SE composition, such as through
introducing halide elements (e.g, F, I) into SEs also can
effectively suppress lithium dendrite formation in ASSLMBs by
in-situ-formed SEI. For example, we have synthesized a
fluorinated SE with a chemical formula of LisPS;Cl,,F,-
which can react with Li metal during the Li" platting and
stripping process. As a result, a highly fluorinated interface was
formed in situ on the Li metal surface (Figure SH). This highly
fluorinated interface can serve as an SEI, stopping further
interfacial reactions and suppressing lithium dendrite growth. As
a result, all-solid-state lithium symmetric cells with a
configuration of Li/Li LigPSsCly4Fy;/Li can be stable even
under a large current density (6.37 mA-cm™?) with a large
capacity of 5 mAh-cm™2 Furthermore, the introduction of
iodine into the SE also can produce an iodinated interface
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between the Li metal and SEs.”” Under a high current density of
1.26 mA-cm > and a cutoff capacity of 1 mAh-cm™?, the Li/
Lig24P0.823900,17754 58109/ L1 symmetric cell can still display very
stable Li plating and stripping behavior for 200 h (125 cycles) at
room temperature. We believe that this strategy can be
transferred to other halide elements, including Br, CI, and
even binary halide electrolytes.

In summary, constructing an interfacial SEI layer on the Li
metal surface and tailoring the SE composition to form a stable
SEI in situ can overcome the interfacial challenges between Li
metal and SE to some extent. However, the current density and
cycling capacity of most Li/SE/Li symmetrical cells reported in
previous work are limited and far from the practical require-
ments. To the best of our knowledge, a large areal capacity of 4
mAh-cm™ is required to realize a high energy density. In
addition, ultrathin Li metal (<40 um) instead of thick lithium
foil (~460 pm) is suggested for future studies.””>> More
importantly, both the suppression of the lithium dendrite
growth and the high Coulombic efficiency (>99.98%) of
ultrathin Li metal are important for ASSLMB’s long cycle life.
To address the volume change issues of ASSLMBs, external
pressure should be optimized without compromising the cost
and high energy density. The high Coulombic efficiency of
ultrathin Li is a prerequisite for the long lifespan of ASSLMB:s.

4. SUMMARY AND PERSPECTIVES

In this Account, we provided a systematic review of our recent
progress on the interface understanding of ASSLMBs with SEs.
First, the advantages of SEs over other solid-state electrolytes
were presented, particularly their outstanding RT ionic
conductivity. Then, interfacial challenges of SE-based ASSLIBs
and ASSLSBs were summarized, including their detrimental
interfacial reactions, space—charge layer, poor solid—solid ionic
contact, considerable volume change, and lithium dendrite
growth. At the TMO/SE interface, we have proposed a series of
innovative strategies, including designing an interfacial coating
layer with high ionic conductivity and good conformability,
engineering a core—shell—shell interfacial nanostructure, using
single-crystal TMOs cathodes, and minimizing the detrimental
effect of carbon additives. These innovative interfacial
approaches significantly facilitate the interfacial ion and electron
transport, enabling high-performance SE-based ASSLIBs. At the
triphase interface among conductive carbon, sulfur, and SEs,
ultrafast electron and ion transport were realized via self-
generating Li* conductive pathways inside C/P,S,,,, cathodes
using high electronically conductive Se as the cathode and
regulating Se—S solid solutions. At the Li/SE interface, the
design of an artificial SEI layer via self-limiting reactions or
atomic/molecular layer deposition as well as tailoring SE
composition through introducing halide elements (e.g,, F, I) can
form a stable SEI between Li and SEs.

Although innovative interfacial strategies can successfully
demonstrate high-performance SE-based ASSLMBs, further
effort is still required in the coming years to realize their
successful commercialization. First, continuous research effort
on accelerating the interfacial ion and electron transport is still
necessary, particularly for high-energy-density SEs-based
ASSLMBs based on thick cathode composites (>4 mAh-
cm™?) and ultrathin Li metal (<40 ym). Second, the significant
volume change of SE-based ASSLMBs should be accommo-
dated via rational interface design, material advances, and even
optimal external stacking pressure. Third, the high stacking
pressure needs to be reduced to meet the practical application

requirements. Fourth, advanced characterizations and theoreti-
cal calculations are highly recommended to better understand
the interfacial ion and electron transport process with more
realistic parameters. Finally, lowering the material price and
fabrication cost is also crucial to the commercial success of SE-
based ASSLMBs. We believe that the continuous advances in
solid-state electrolytes and ASSLMBs will eventually lead to

their great success in the market.
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