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Abstract

This mini-review provides a current opinion on interfacial
challenges in solid-state batteries (SSBs). We focus our dis-
cussion on the effects of mechanical instability, chemical
instability, electrochemical instability, and space charge layer
formation on the interfacial resistance of SSBs. We highlight
that the resulting interfacial resistance of SSBs arises from the
coupling of all these effects. Quantifying the exact contribution
of each effect to the overall interfacial resistance can be very
difficult, if not impossible, because all these effects occur
simultaneously during battery operation, but the dominant
source, which varies with different electrode/electrolyte com-
binations, will need to be determined for future development of
SSBs.
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Introduction
The development of novel batteries has mainly transi-
tioned to the concept of solid-state batteries (SSBs)
which are believed to be able to provide higher energy
density and safety than the conventional liquid-
electrolyte-based batteries (LEBBs). Nevertheless, the
commercialization of SSBs has proven difficult owing to
challenges in both manufacturing and fundamental un-
derstandings of the technology [1]. The critical role of

interfaces between electrodes and electrolytes has been
appreciated in the battery community, and significant
progresses have been made to optimize the interfaces
between electrodes and liquid electrolytes [2].
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Although many approaches used in LEBBs have been
demonstrated to be also effective to lower the interfacial
resistance between electrodes and solid electrolytes
(SEs), the interfacial resistances in many SSBs remain
too high for practical applications [3], highlighting the
importance of understanding the fundamental differ-
ences of the interfaces in LEBBs and SSBs. Although
many comprehensive reviews on various interfaces of
SSBs have been published [3e7], here we aim to pro-
vide a brief overview on the effects of mechanical
instability, chemical and electrochemical instabilities,
and space charge layer formation on the interfacial

resistance of SSBs. SSBs based on two well-studied SE
systems, namely, Li-garnet-oxide Li7La3Zr2O12 (LLZO)
[8] and lithium thiophosphate, Li2SeP2S5 [9] as well as
their derivatives [10,11], will be focused on to frame the
discussion of this review.
Mechanical instability
One key difference between the interfaces in LEBBs
and SSBs is that SEs are not flowable and infiltrative like
liquid electrolytes, so inherently, it is much more diffi-
cult to achieve intimate contact between electrodes and
SEs. The interfacial contacts in the electrodes are quite
different depending on the electrode geometry. For
cathodes, a composite of electrode active material, SE,
and sometimes carbon additive is usually fabricated, and
therefore an intimate three-dimensional contact is

desired, whereas a two-dimensional contact should be
maintained between the SE and planar Li metal anode.
For SSBs with garnet-oxide SEs, a sintering step is
usually needed for the fabrication of cathode composites
to achieve a good contact between electrodes and SEs.
Low melting-point sintering additives such as Li3BO3

[12] and Li2.3B0.7C0.3O3 [13] have been developed to
lower the sintering temperature to mitigate the chem-
ical instability between electrodes and SEs during
sintering process. In terms of the cell fabrication,
lithium thiophosphate-based SEs are superior in their

mechanical properties owing to their low elastic
modulus [14], so cathode composites using them as the
SEs can be fabricated simply by pressing at room tem-
perature [14,15]. Approaches to integrating the Li
anode into the battery are different depending on the
chemical stability between SEs and Li metal: for garnet-
oxide SEs that have an excellent stability with Li metal,
a high pressure seems to be necessary to achieve the
intimate contact between Li metal and garnet-oxide
Current Opinion in Electrochemistry 2022, 33:100933
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2 Energy Storage
SEs [16], whereas minimum pressure is required to
attach Li with thiophosphate-based SEs which can
strongly react with Li [17,18].

Even if intimate interfacial contact has been achieved
for the as-fabricated SSB, maintaining the contact
during battery operation is also challenging, as shown in
Figure 1. Most cathode and anode active materials

experience volume change during charge and discharge.
The exact magnitude of volume change depends on the
structure and the storage mechanism of the electrodes,
and unfortunately, a higher capacity usually comes with
a higher volume change [19,20]. Moreover, the volume
change of the electrodes is usually neither isotropic nor
uniform within the electrode composites [19,21].
Although the volume change of the electrodes has been
reported to facilitate ionic transport owing to the
consolidation of SEs [16,22], in most of the cases, the
volume change of the electrodes deteriorates the per-

formance of SSBs. Contact loss (Figure 1(a)) and crack
formation (Figure 1(b)) have been observed even in the
electrode composites consisting of low-volume-change
(a few percent) layered transition metal oxide cath-
odes and soft lithium thiophosphate SEs [23,24]. Crack
formation was also observed at the interface between
Figure 1

Illustrations of mechanical instability. (a) The contact loss between NCM particl
from Koerver et al. with permission. Copyright 2017 American Chemical Socie
electrode composite after 100 cycles. The charge and discharge voltage rang
permission. Copyright 2021 John Wiley and Sons. (c) Cracks between LLZO
from Liu et al. with permission. Copyright 2017 Elsevier. (d) The cross-section
(top) and 100 �C (bottom) [26]. Reproduced from Yonemoto et al. with permis
Li7La3Zr2O12; NCA, Lithium nickel-cobalt-aluminum oxides; NCM, Lithium nic
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the cathode layer and SE layer for LLZO-based solid-
state batteries (Figure 1(c)) [25]. Even though Li
metal is considered relatively soft, the morphologies of
the Li electrode both at the interface with the SE and
within the bulk Li are highly dynamic, with the forma-
tion of pores/voids even under high-pressure and high-
temperature operating conditions (Figure 1(d))
[16,26e29]. In addition, coatings on cathode particles

can be broken by high local stress [22,30]. Pulverization
of electrodes has also been reported [19]. Although
degradation of battery performance caused by the
volume change of electrodes has also been observed in
LEBBs, the mechanical degradation in SSBs is expected
to be much more severe because liquid electrolytes can
flow into the gaps or cracks, and the flow of liquid
electrolytes can help accommodate the stress generated
in the electrodes.

One promising strategy to address the mechanical

instability is to develop electrodes with no apparent
volume change. Two nearly zero-strain layered transition
metal oxides, NCM361 (30 wt.% Ni, 60 wt.% Co, and 10
wt.% Mn) and NCM271 (20 wt.% Ni, 70 wt.% Co, and
10 wt.% Mn), have been developed by Janek et al. [31],
and the cathodes demonstrated excellent cycling
es and Li3PS4 SE after 50 cycles in a composite cathode [23]. Reproduced
ty. (b) The cross-sectional image of poly-crystalline NCA/Li6PS5Cl0.5Br0.5
e is 3.0–4.3 V versus Li+/Li [24]. Reproduced from Han et al. with
SE and LCO cathode composite after cycling at 150 �C [25]. Reproduced
al images of Li/LLZO interface after 10 cycles of lithium stripping at 25 �C
sion. Copyright 2017 Elsevier. LCO, LiCoO2; LLZO, Li-garnet-oxide
kel-cobalt-manganese oxides; SE, solid electrolyte.
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performance in SSBs. Although the design of a pure
electrode with zero volume change can be challenging
given the limited types of electrode materials, a net zero
volume change can also be achieved by combining two
active materials with opposite volume change behaviors
during charge and discharge. For example, the combi-
nation of LiCoO2 and NCM811 with a mass ratio of
45:55 exhibits small volume change [19]. Microstruc-

ture control of the composite electrodes is also impor-
tant. Uniform distribution of active materials and SEs
with small particle size and single-crystalline cathode
active materials may help mitigate the reaction hetero-
geneity [32]. Although applying a huge stack pressure
(tens of Megapascal) has been demonstrated to effec-
tively suppress the mechanical instability in lithium
thiophosphate-based SSBs, such a high pressure opera-
tion is unlikely appliable in real-world applications,
mechanical reinforcing hosts or additives may be
necessary for the electrode composites for low or no

pressure operation [19,33].

A series of quantitative studies have been performed to
understand the mechanical effect. Janek et al. [19]
measured the electrode volume change based on the
definition of partial molar volume. Meng et al. [34,35]
investigated the effects of stack pressure during fabri-
cation and testing on cycling stability, capacity reten-
tion, and rate performance of SSBs. Because the stress
distribution in the electrodes and at the electrode/

electrolyte interfaces can be highly heterogeneous, the
mechanical failure of the electrodes is expected to be
initiated and developed at some local positions. Future
studies are needed to probe and quantify the hetero-
geneities of stress distribution in the electrode com-
posites and at the interfaces. Existing studies on
mechanical effect are mainly based on laboratory-scale
SSBs where the SE is fixed at a particular position in the
battery after pressing, whereas the SE can freely move in
a pouch cell. The difference in the cell design (pelleted
cell vs pouch cell) may lead to fundamentally different

mechanical behaviors of the batteries using the same
electrodes, especially in terms of the mechanical ‘cross-
talk’ between the cathodes and the anodes.
(Electro)chemical instabilities
Reactions can occur between electrodes, electrolytes,
and other components in the batteries. In some cases,
the formation of reaction products is desirable. For
example, the reduction of liquid electrolytes in LEBBs
leads to the formation of solid electrolyte interphase,
so-called SEI, which enables the successful utilization
of graphite anodes [36]. Nevertheless, in many cases,
the reactions will result in impedance rise in the bat-
teries. For the purpose of discussing the effects of re-
actions on the interfacial behaviors, reactions in SSBs

are divided into two categories: the reactions that occur
www.sciencedirect.com
during cell fabrication; and the reactions that occur
during cell operation.

Garnet-oxide SEs have been reported to be unstable
with the mainstream cathode materials, such as LCO,
NCM, and Lithium nickel-cobalt-aluminum oxides
(NCA), during high-temperature electrode fabrication
process, as shown in Figure 2(a) [37]. Among these

cathode materials, LCO shows better chemical stability
with garnet-oxide SE LLZO than NCM and NCA. It
would be fundamentally interesting to know which
transition metal element(s) promote(s) the reactions of
NCM and NCA with LLZO during sintering for future
improvement of the chemical stability through compo-
sition optimization. Possible carbothermic reductions
may also need to be considered if carbon is added to the
cathode composites. Even though chemical reactions
occur between electrodes and lithium thiophosphate
SEs during cell fabrication, the reactions are expected to

be less severe than those in the garnet-oxide-based SSBs
where a high-temperature sintering process is usually
needed to achieve intimate contacts between SEs and
electrodes, particularly cathodes [38e40].

Unlike chemical stability, electrochemical stability
refers to the stability of battery components under
applied potentials. The electrochemical stability win-
dows (ESWs) of both lithium thiophosphate-based and
garnet-oxide SEs were believed to be very wide based on
the cyclic voltammetry measurements of the Li/SE/inert
electrode structure [10,41]. However, recent works
suggest that the wide ESWs measured from the con-

ventional measurements are a result of kinetic stabili-
zation rather than intrinsic thermodynamic property
[17]. A more reasonable way to approach the intrinsic
ESWs of SEs is to add carbon into the SEs to make a Li/
SE/SE-C cell (Figure 2(b)). The largely increased con-
tact between SEs and carbon improves the reaction ki-
netics so that the decomposition reactions can be
detected. The result measured from this modified cell
can also reflect the behavior of SEs in a real battery,
because in many cases the SEs will need to be mixed
with electronic-conductive additives in the electrode

composites. The ESW of Li10GeP2S12 measured by this
modified approach is only about 0.4 V, with the onset for
the oxidation reaction being at 2.1 V and the reduction
reaction starting at around 1.7 V. The results agree very
well with first principles computation results
(Figure 2(c)) [42,43]. Works from Janek et al. [44e46]
Wagamaker et al. [47] and Ceder et al. [6,43] also
demonstrated that the limited ESWs can be generalized
to all thiophosphate-based SEs.

Thermodynamics suggests that LLZO is electrochemi-

cally stable from 0.05 V to 2.91 V [17,42], indicating the
intrinsic instability between the LLZO and Li metal
anode. The reductions of Zr and some dopants such as
Current Opinion in Electrochemistry 2022, 33:10093
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Figure 2

Illustrations of chemical and electrochemical instabilities. (a) The cross-sectional TEM image of LCO/LLZO interface and the EDS line profile from A to B.
Interdiffusion of elements between LCO and LLZO occurs during the 973K-deposition of the thin-film LCO electrode [60]. Reproduced from Kim et al. with
permission. Copyright 2011 Elsevier. (b) Cyclic voltammetry curves of Li/LGPS/LGPS-C in the voltage range of 0–2 V and 1–3.5 V versus Li+/Li [61].
Reproduced from Han et al. with permission. Copyright 2015 John Wiley and Sons. (c) The voltage profile and phase equilibria of LGPS from first
principles calculation [17]. Reproduced from Han et al. with permission. Copyright 2016 John Wiley and Sons. EDS, Energy dispersive spectroscopy;
LCO, LiCoO2; LGPS, Li10GeP2S12; LLZO, Li-garnet-oxide Li7La3Zr2O12; TEM, Transmission electron microscopy.
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Nb and Al have been reported when LLZO is in contact
with Li [17,48]. However, owing to the limited ther-
modynamics driving force (w0.05 eV), the interface
between LLZO and Li is expected to be easily stabi-
lized by kinetics, and LLZO is by far one of the most
stable SEs with Li metal [49]. In addition to the elec-
trochemical decomposition of the SE itself, the elec-
trochemical reactions can also be facilitated by other

components in SSBs such as electrode active material
and carbon additives [50]. A recent report demonstrated
that carbon additives can lead to detrimental effects on
the interfaces owing to the accelerated decomposition
reactions within the electrode composites [51].

Based on the previous discussion, the extent of reactions
depends on kinetics, and the exact magnitude of inter-
facial resistance caused by the reactions depends on the
properties of the reaction products, namely, interphases.
Four classes of interphases can be formed within SSBs

owing to the reactions: (i) ionically conducting but
electronically insulating interphase; (ii) ionically insu-
lating and electronically insulating interphase; (iii)
electronically conducting interphase; and (iv) redox-
Current Opinion in Electrochemistry 2022, 33:100933
active interphase [17,46,52]. The first case is essentially
the same as the formation of the SEI in LEBBs and is
mostly desired. The formation of insulating interphases
will lead to the interfacial resistance. Even though the
electronically conducting interphase itself will not in-
crease the interfacial resistance unless it is also ionically
insulating, the formation of electronically conducting
product in the interphase will promote the continuous

decomposition of SEs, leading to impedance rise of the
cell [44]. Forming a redox-active interphase is expected
to result in interfacial degradation if the lithiation/deli-
thiation of the interphase is accompanied by a large
volume change, although more detailed studies are
needed to quantify this effect.

For thiophosphate-based SSBs, coating on electrode
active materials is an effective way to improve both
chemical and electrochemical stability [53,54]. Never-
theless, the coating on active materials cannot prevent

the reactions at the interface between SEs and carbon,
and future works are needed to study the effect of re-
actions of other components such as polymeric binders
and reinforcing phases on the interfacial behavior. For
www.sciencedirect.com
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garnet-oxide-based SSBs, lowering the sintering tem-
perature, for example, by cold sintering [55], liquid
precursor deposition [56], and aerosol deposition [57], is
the key to mitigate the effect of reactions. Although it is
not possible to change the intrinsic electrochemical
stability of SEs, the properties of the interphases can be
adjusted by tuning the composition of the SEs [58].
Using multiple electrolytes into one battery may be

necessary for future SSB development by taking
advantage of the stability of different SEs with various
voltage ranges [59].
Space charge layer formation
The difference in the electrochemical potential of SEs
and electrodes will also lead to the formation of space
charge layer at the interface [62e64]. Unlike in the
liquid electrolytes where the potential gradient can be
compensated by multiple charge carriers such as anions
and solvent dipoles, the space charge layer formation in
SSBs is solely based on the diffusion of Li ions (in-
terstitials or vacancies), and therefore, a sharp concen-
tration gradient is expected in SSBs [5]. Figure 3(a)
shows the depletion of lithium ions in the lithium
thiophosphate SE at the interface between the thio-

phosphate-based SE and LCO cathode. The space
charge layer formed in SSBs varies significantly with
different electrode/electrolyte combinations [65,66]
and with the state of charge for a particular combination
of the electrode and electrolyte [67]. A work from Luntz
et al. highlighted that the formation of space charge
layer will lead to a higher resistance at the cathode/SE
interface than at the Li/SE interface (Figure 3(b))
owing to the greater potential difference [5].
Figure 3

Illustrations of space charge layer formation. (a) Schematic illustration of spac
between LCO and LPS at the initial stage of charge (top). The LNO interlaye
Reproduced from Haruyama et al. with permission. Copyright 2014 American
charge density distribution between the cathode and anode for a Li|SE|C bat
permission. Copyright 2015 American Chemical Society. LCO, LiCoO2; LNO,
electrolyte.
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Although a large amount of theoretical works have been
reported to study space charge layer formation, experi-
mental studies are quite limited. The low-voltage slope
during initial charge was considered as an evidence for
the space charge layer formation [53,62e64,68,69].
Coating electronic-insulating but ionic-conducting
oxides (e.g. LiNbO3) has been demonstrated as an
effective approach to suppress the low-voltage slopes

and improve the rate performance. Concentration
gradient at the interface has been observed by TEM
[70,71]. However, because many SEs are not stable at
the voltage of the electrodes, it is still an open question
whether the low-voltage slope and the concentration
gradient at the interface are also related to the elec-
trochemical reactions of SEs, and for the same reason, it
is not possible to separate the contributions from space
charge layer formation and electrochemical decomposi-
tion. As a result, whether the formation of space charge
layer can lead to significant effect on the interfacial

resistance is still under debate [65]. Further experi-
mental research is still needed to understand the exact
contribution of space charge layer formation to the
interfacial resistance. Utilization of electrochemical
stable SEs such as LLZO or phosphate-based SEs as the
model SE may be considered to isolate the effect from
(electro)chemical instabilities.
Discussion
Although mechanical instability, (electro)chemical in-
stabilities, and space charge layer formation each
contribute to the interfacial resistance of a SSB based on
distinct mechanisms, we would like to emphasize that
these effects are strongly coupled in an operating
e charge layer formation (high-interfacial lithium concentration in the SE)
r can significantly suppress the concentration gradient (bottom) [64].
Chemical Society. (b) One-dimensional model of potential drop and mobile
tery where ‘C’ means the cathode [5]. Reproduced from Luntz et al. with
LiNiO2; LPS, Lithium thiophosphate-based solid electrolyte; SE, solid
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battery. The charge/discharge of a SSB will lead to the
volume change of electrode active materials. The stress/
strain generated owing to the volume change can lead to
mechanical degradation such as contact loss and crack
formation. At different states of charge, the thermody-
namic (electro)chemical stabilities between electrodes
and electrolytes also change. The changing potential of
electrodes will alter the space charge layer formed at the

electrode/electrolyte interface. In addition to the
simultaneous occurrence of these effects, interfacial
degradation caused by one effect may accelerate the
degradations by others. For example, the nonuniform
and dynamic formation of interphases owing to (electro)
chemical instabilities will promote mechanical degra-
dation and also change the space charge layer.
Summary and perspectives
We review the effects of mechanical instability, chemical
instability, electrochemical instability, and space charge
layer formation on the interfacial resistances in solid-
state batteries. We hope to have conveyed the mes-
sage that the resulting interfacial resistance of a SSB
arises from a coupled effect. Separating the effect from
each factor is very difficult, but identifying the

dominant source, which can be performed by estab-
lishing the correlation between each factor and the
observed interfacial resistance, is important for future
development of high-performance SSBs.

A major challenge for studying the interfaces in SSBs is
that the interfaces are usually buried in the battery. We
hope that this short review can call for future develop-
ment of in-situ, nondestructive, and high-penetration-
depth techniques to characterize the interfaces.
Although replacing liquid electrolytes with rigid, single-
ion conducting SEs leads to several unique interfacial

challenges in terms of mechanical instability and space
charge layer formation, the utilization of SEs also elim-
inates the concentration polarization and desolvation
processes which are the major kinetic limitations in the
LEBBs. Because SSBs with a much higher rate perfor-
mance than the LEBBs have been developed [11], in
our opinion, ‘solidifying’ the electrolyte is overall
favorable for high-rate performance. With more efforts
into understanding and addressing the interfacial chal-
lenges in SSBs, we are optimistic to see SSBs as a viable
technology for high-power energy storage in the

near future.
Funding
This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-

profit sectors.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
Current Opinion in Electrochemistry 2022, 33:100933
have appeared to influence the work reported in
this paper.
Acknowledgements
F.H. acknowledges support from the Priti and Mukesh Chatter Career
Development Chair Professorship at the Rensselaer Polytechnic Institute.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Janek J, Zeier WG: A solid future for battery development. Nat
Energy 2016, 1:16141.

2. Xu K: Electrolytes and interphases in Li-ion batteries and
beyond. Chem Rev 2014, 114:11503–11618.

3
* *
. Banerjee A, Wang X, Fang C, Wu EA, Meng YS: Interfaces and

interphases in all-solid-state batteries with inorganic solid
electrolytes. Chem Rev 2020, 120:6878–6933.

A thorough and detailed review on the features of interfaces in SSBs
and the characterization techniques to study the interfaces.

4. Culver SP, Koerver R, Krauskopf T, Zeier WG: Designing ionic
conductors: the interplay between structural phenomena and
interfaces in thiophosphate-based solid-state batteries. Chem
Mater 2018, 30:4179–4192.

5. Luntz AC, Voss J, Reuter K: Interfacial challenges in solid-state
Li ion batteries. J Phys Chem Lett 2015, 6:4599–4604.

6
* *
. Xiao Y, Wang Y, Bo S-H, Kim JC, Miara LJ, Ceder G: Under-

standing interface stability in solid-state batteries. Nat Rev
Mater 2020, 5:105–126.

It is a complete review on the interfacial stability by computational
predictions based on experimental findings.

7. Kerman K, Luntz A, Viswanathan V, Chiang YM, Chen ZB:
Review – practical challenges hindering the development of
solid state Li ion batteries. J Electrochem Soc 2017, 164:
A1731–A1744.

8. Murugan R, Thangadurai V, Weppner W: Fast lithium ion con-
duction in garnet-type Li7La3Zr2O12. Angew Chem Int Ed Engl
2007, 46:7778–7781.

9. Tatsumisago M, Hayashi A: Superionic glasses and glass-
ceramics in the Li2S-P2S5 system for all-solid-state lithium
secondary batteries. Solid State Ionics 2012, 225:342–345.

10. Kamaya N, Homma K, Yamakawa Y, Hirayama M, Kanno R,
Yonemura M, Kamiyama T, Kato Y, Hama S, Kawamoto K,
Mitsui A: A lithium superionic conductor. Nat Mater 2011, 10:
682–686.

11. Kato Y, Hori S, Saito T, Suzuki K, Hirayama M, Mitsui A,
Yonemura M, Iba H, Kanno R: High-power all-solid-state bat-
teries using sulfide superionic conductors. Nat Energy 2016,
1:16030.

12. Ohta S, Komagata S, Seki J, Saeki T, Morishita S, Asaoka T: All-
solid-state lithium ion battery using garnet-type oxide and
Li3BO3 solid electrolytes fabricated by screen-printing.
J Power Sources 2013, 238:53–56.

13. Han F, Yue J, Chen C, Zhao N, Fan X, Ma Z, Gao T, Wang F,
Guo X, Wang C: Interphase engineering enabled all-ceramic
lithium battery. Joule 2018, 2:497–508.

14. Sakuda A, Hayashi A, Tatsumisago M: Sulfide solid electrolyte
with favorable mechanical property for all-solid-state lithium
battery. Sci Rep 2013, 3:2261.

15. Schnell J, Gunther T, Knoche T, Vieider C, Kohler L, Just A,
Keller M, Passerini S, Reinhart G: All-solid-state lithium-ion and
lithium metal batteries – paving the way to large-scale pro-
duction. J Power Sources 2018, 382:160–175.

16
* *
. Krauskopf T, Hartmann H, Zeier WG, Janek J: Toward a

fundamental understanding of the lithium metal anode in
www.sciencedirect.com

http://refhub.elsevier.com/S2451-9103(21)00247-7/sref1
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref1
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref2
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref2
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref3
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref3
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref3
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref4
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref4
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref4
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref4
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref5
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref5
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref6
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref6
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref6
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref7
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref7
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref7
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref7
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref8
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref9
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref10
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref10
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref10
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref10
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref11
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref11
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref11
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref11
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref12
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref13
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref13
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref13
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref14
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref14
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref14
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref15
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref15
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref15
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref15
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
www.sciencedirect.com/science/journal/24519103


Solid-state batteries Huang et al. 7
solid-state batteries – an electrochemo-mechanical study on
the garnet-type solid electrolyte Li6.25Al0.25La3Zr2O12. ACS
Appl Mater Interfaces 2019, 11:14463–14477.

A kinetic model is provided to explain the interfacial resistance between
lithium metal and LLZO SE. The interfacial contact is improved by
external pressure. The vacancy diffusion and the pressure-induced
plastic deformation would determine the electrochemical performance
of the lithium metal anode.

17
* *
. Han FD, Zhu YZ, He XF, Mo YF, Wang CS: Electrochemical

stability of Li10GeP2S12 and Li7La3Zr2O12 solid electrolytes.
Adv Energy Mater 2016, 6:1501590.

The thermodynamic ESWs of SEs are calculated by the first-principle
computation methods, and the intrinsic ESWs of SEs are experimen-
tally measured by a Li/SE/SE-carbon cell, which confirms that the
stability of ESWs is overestimated in previous studies.

18. Krauskopf T, Richter FH, Zeier WG, Janek Jr: Physicochemical
concepts of the lithium metal anode in solid-state batteries.
Chem Rev 2020, 120:7745–7794.

19. Koerver R, Zhang WB, de Biasi L, Schweidler S, Kondrakov AO,
Kolling S, Brezesinski T, Hartmann P, Zeier WG, Janek J:
Chemo-mechanical expansion of lithium electrode materials
– on the route to mechanically optimized all-solid-state bat-
teries. Energy Environ Sci 2018, 11:2142–2158.

20. Obrovac M, Chevrier V: Alloy negative electrodes for Li-ion
batteries. Chem Rev 2014, 114:11444–11502.

21. Woodford WH, Carter WC, Chiang YM: Design criteria for
electrochemical shock resistant battery electrodes. Energy
Environ Sci 2012, 5:8014–8024.

22. Zhang WB, Weber DA, Weigand H, Arlt T, Manke I, Schroder D,
Koerver R, Leichtweiss T, Hartmann P, Zeier WG, Janek J: Inter-
facial processes and influence of composite cathode micro-
structure controlling the performance of all-solid-state lithium
batteries. ACS Appl Mater Interfaces 2017, 9:17835–17845.

23. Koerver R, Aygun I, Leichtweiss T, Dietrich C, Zhang WB,
Binder JO, Hartmann P, Zeier WG, Janek J: Capacity fade in
solid-state batteries: interphase formation and chemo-
mechanical processes in nickel-rich layered oxide cathodes
and lithium thiophosphate solid electrolytes. Chem Mater
2017, 29:5574–5582.

24. Han Y, Jung SH, Kwak H, Jun S, Kwak HH, Lee JH, Hong ST,
Jung YS: Single- or poly-crystalline Ni-rich layered cathode,
sulfide or halide solid electrolyte: which will be the winners
for all-solid-state batteries? Adv Energy Mater 2021, 11:
2100126.

25. Liu T, Zhang YB, Chen RJ, Zhao SX, Lin YH, Nan CW, Shen Y:
Non-successive degradation in bulk-type all-solid-state
lithium battery with rigid interfacial contact. Electrochem
Commun 2017, 79:1–4.

26. Yonemoto F, Nishimura A, Motoyama M, Tsuchimine N,
Kobayashi S, Iriyama Y: Temperature effects on cycling sta-
bility of Li plating/stripping on Ta-doped Li7La3Zr2O12.
J Power Sources 2017, 343:207–215.

27. Nagao M, Hayashi A, Tatsumisago M, Kanetsuku T, Tsuda T,
Kuwabata S: In situ SEM study of a lithium deposition and
dissolution mechanism in a bulk-type solid-state cell with a
Li2S-P2S5 solid electrolyte. Phys Chem Chem Phys 2013, 15:
18600–18606.

28. Kasemchainan J, Zekoll S, Spencer Jolly D, Ning Z, Hartley GO,
Marrow J, Bruce PG: Critical stripping current leads to
dendrite formation on plating in lithium anode solid electro-
lyte cells. Nat Mater 2019, 18:1105–1111.

29. Wang MJ, Choudhury R, Sakamoto J: Characterizing the Li-
solid-electrolyte interface dynamics as a function of stack
pressure and current density. Joule 2019, 3:2165–2178.

30. Zhang WB, Schroder D, Arlt T, Manke I, Koerver R, Pinedo R,
Weber DA, Sann J, Zeier WG, Janek J: (Electro)chemical
expansion during cycling: monitoring the pressure changes
in operating solid-state lithium batteries. J Mater Chem 2017,
5:9929–9936.

31
*
. Strauss F, de Biasi L, Kim AY, Hertle J, Schweidler S, Janek J,

Hartmann P, Brezesinski T: Rational design of quasi-zero-strain
www.sciencedirect.com
NCM cathode materials for minimizing volume change effects
in all-solid-state batteries. ACS Mater Lett 2020, 2:84–88.

NCM361 (60% Co) and NCM271 (70% Co) are considered as low-
strain electrode active materials with minor volume changes up to
4.5 V vs Li+/Li.

32. Wang C, Yu R, Hwang S, Liang J, Li X, Zhao C, Sun Y, Wang J,
Holmes N, Li R: Single crystal cathodes enabling high-
performance all-solid-state lithium-ion batteries. Energy
Storage Mater 2020, 30:98–103.

33. Oh DY, Nam YJ, Park KH, Jung SH, Kim KT, Ha AR, Jung YS:
Slurry-fabricable Li+-conductive polymeric binders for prac-
tical all-solid-state lithium-ion batteries enabled by solvate
ionic liquids. Adv Energy Mater 2019, 9:1802927.

34. Doux J-M, Yang Y, Tan DH, Nguyen H, Wu EA, Wang X,
Banerjee A, Meng YS: Pressure effects on sulfide electrolytes
for all solid-state batteries. J Mater Chem 2020, 8:5049–5055.

35
* *
. Doux JM, Nguyen H, Tan DHS, Banerjee A, Wang XF, Wu EA,

Jo C, Yang HD, Meng YS: Stack pressure considerations for
room-temperature all-solid-state lithium metal batteries. Adv
Energy Mater 2020, 10:1903253.

The behaviors of lithium metal are studied in SSBs as a function of
stack pressure at room temperature. The in-situ characterization of the
interfaces suggests that a reasonable stack pressure enables the
application of lithium metal anode in SSBs.

36. Xu K: Nonaqueous liquid electrolytes for lithium-based
rechargeable batteries. Chem Rev 2004, 104:4303–4417.

37. Ren YY, Liu T, Shen Y, Lin YH, Nan CW: Chemical compati-
bility between garnet-like solid state electrolyte
Li6.75La3Zr1.75Ta0.25O12 and major commercial lithium battery
cathode materials. J Materiomics 2016, 2:256–264.

38. Kato Y, Shiotani S, Morita K, Suzuki K, Hirayama M, Kanno R:
All-solid-state batteries with thick electrode configurations.
J Phys Chem Lett 2018, 9:607–613.

39
* *
. Lee Y-G, Fujiki S, Jung C, Suzuki N, Yashiro N, Omoda R, Ko D-

S, Shiratsuchi T, Sugimoto T, Ryu S: High-energy long-cycling
all-solid-state lithium metal batteries enabled by silver-
carbon composite anodes. Nat Energy 2020:1–10.

Ag–C composite anodes enable the uniform lithium plating and strip-
ping in NMC-SSBs, leading to high specific capacity (>210 mA h/g),
high areal capacity (>6.8 mA h/cm2) and long cycling performance.

40. Takeuchi T, Kageyama H, Nakanishi K, Tabuchi M, Sakaebe H,
Ohta T, Senoh H, Sakai T, Tatsumi K: All-solid-state lithium
secondary battery with Li2S-C composite positive electrode
prepared by spark-plasma-sintering process. J Electrochem
Soc 2010, 157:A1196–A1201.

41. Ohta S, Kobayashi T, Asaoka T: High lithium ionic conductivity
in the garnet-type oxide Li7−X La3(Zr2−X, NbX)O12 (X[0–2).
J Power Sources 2011, 196:3342–3345.

42. Zhu Y, He X, Mo Y: Origin of outstanding stability in the
lithium solid electrolyte materials: insights from thermody-
namic analyses based on first-principles calculations. ACS
Appl Mater Interfaces 2015, 7:23685–23693.

43. Richards WD, Miara LJ, Wang Y, Kim JC, Ceder G: Interface sta-
bility in solid-state batteries. Chem Mater 2016, 28:266–273.

44. Wenzel S, Randau S, Leichtweiss T, Weber DA, Sann J,
Zeier WG, Janek J: Direct observation of the interfacial
instability of the fast ionic conductor Li10GeP2S12 at the
lithium metal anode. Chem Mater 2016, 28:2400–2407.

45. Wenzel S, Weber DA, Leichtweiss T, Busche MR, Sann J, Janek J:
Interphase formation and degradation of charge transfer ki-
netics between a lithium metal anode and highly crystalline
Li7P3S11 solid electrolyte. Solid State Ionics 2016, 286:24–33.

46. Koerver R, Walther F, Aygun I, Sann J, Dietrich C, Zeier WG,
Janek J: Redox-active cathode interphases in solid-state
batteries. J Mater Chem 2017, 5:22750–22760.

47. Schwietert TK, Arszelewska VA, Wang C, Yu C, Vasileiadis A, de
Klerk NJJ, Hageman J, Hupfer T, Kerkamm I, Xu YL, van der
Maas E, Kelder EM, Ganapathy S, Wagemaker M: Clarifying the
relationship between redox activity and electrochemical sta-
bility in solid electrolytes. Nat Mater 2020, 19:428–435.
Current Opinion in Electrochemistry 2022, 33:100933

http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref16
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref17
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref18
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref18
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref18
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref19
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref19
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref19
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref19
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref19
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref20
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref20
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref21
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref21
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref21
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref22
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref22
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref22
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref22
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref22
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref23
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref24
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref24
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref24
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref24
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref24
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref25
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref25
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref25
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref25
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref26
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref27
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref28
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref28
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref28
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref28
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref29
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref29
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref29
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref30
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref30
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref30
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref30
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref30
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref31
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref31
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref31
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref31
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref32
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref32
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref32
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref32
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref33
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref33
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref33
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref33
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref33
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref34
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref34
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref34
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref35
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref35
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref35
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref35
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref36
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref36
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref37
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref38
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref38
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref38
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref39
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref39
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref39
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref39
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref40
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref41
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref42
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref42
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref42
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref42
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref43
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref43
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref44
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref45
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref46
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref46
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref46
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref47
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref47
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref47
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref47
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref47
www.sciencedirect.com/science/journal/24519103


8 Energy Storage
48. Zhu YS, Connell JG, Tepavcevic S, Zapol P, Garcia-Mendez R,
Taylor NJ, Sakamoto J, Ingram BJ, Curtiss LA, Freeland JW,
Fong DD, Markovic NM: Dopant-dependent stability of garnet
solid electrolyte interfaces with lithium metal. Adv Energy
Mater 2019, 9:1803440.

49
*
. Connell JG, Fuchs T, Hartmann H, Krauskopf T, Zhu Y, Sann J,

Garcia-Mendez R, Sakamoto J, Tepavcevic S, Janek Jr: Kinetic
versus thermodynamic stability of LLZO in contact with
lithium metal. Chem Mater 2020, 32:10207–10215.

This work applies XPS method to indicate the kinetic barrier to LLZO
reduction by lithium metal.

50. Zhu YZ, He XF, Mo YF: First principles study on electro-
chemical and chemical stability of solid electrolyte-electrode
interfaces in all-solid-state Li-ion batteries. J Mater Chem
2016, 4:3253–3266.

51. Zhang WB, Leichtweiss T, Culver SP, Koerver R, Das D,
Weber DA, Zeier WG, Janek J: The detrimental effects of
carbon additives in Li10GeP2S12-based solid-state batteries.
ACS Appl Mater Interfaces 2017, 9:35888–35896.

52. Wenzel S, Leichtweiss T, Krüger D, Sann J, Janek J: Interphase
formation on lithium solid electrolytes – an in situ approach
to study interfacial reactions by photoelectron spectroscopy.
Solid State Ionics 2015, 278:98–105.

53. Ohta N, Takada K, Sakaguchi I, Zhang L, Ma R, Fukuda K,
Osada M, Sasaki T: LiNbO3-coated LiCoO2 as cathode mate-
rial for all solid-state lithium secondary batteries. Electrochem
Commun 2007, 9:1486–1490.

54. Ito S, Fujiki S, Yamada T, Aihara Y, Park Y, Kim TY, Baek SW,
Lee JM, Doo S, Machida N: A rocking chair type all-solid-state
lithium ion battery adopting Li2O-ZrO2 coated LiNi0.8Co0.15A-
l0.05O2 and a sulfide based electrolyte. J Power Sources 2014,
248:943–950.

55. Liu Y, Sun Q, Wang D, Adair K, Liang J, Sun X: Development of
the cold sintering process and its application in solid-state
lithium batteries. J Power Sources 2018, 393:193–203.

56. Uhlenbruck S, Dornseiffer J, Lobe S, Dellen C, Tsai CL, Gotzen B,
Sebold D, Finsterbusch M, Guillon O: Cathode-electrolyte ma-
terial interactions during manufacturing of inorganic solid-
state lithium batteries. J Electroceram 2017, 38:197–206.

57
*
. Iwasaki S, Hamanaka T, Yamakawa T, West WC, Yamamoto K,

Motoyama M, Hirayama T, Iriyama Y: Preparation of thick-film
LiNi1/3Co1/3Mn1/3O2 electrodes by aerosol deposition and its
application to all-solid-state batteries. J Power Sources 2014,
272:1086–1090.

The aerosol deposition method can fabricate thick NMC composite
(~7 mm) film which works well in SSBs.

58. Suzuki K, Sakuma M, Hori S, Nakazawa T, Nagao M,
Yonemura M, Hirayama M, Kanno R: Synthesis, structure, and
electrochemical properties of crystalline Li-P-S-O solid elec-
trolytes: novel lithium-conducting oxysulfides of Li10GeP2S12
family. Solid State Ionics 2016, 288:229–234.
Current Opinion in Electrochemistry 2022, 33:100933
59. Shin BR, Nam YJ, Oh DY, Kim DH, Kim JW, Jung YS:
Comparative study of TiS2/Li-In all-solid-state lithium batte-
ries using glass-ceramic Li3PS4 and Li10GeP2S12 solid elec-
trolytes. Electrochim Acta 2014, 146:395–402.

60. Kim KH, Iriyama Y, Yamamoto K, Kumazaki S, Asaka T,
Tanabe K, Fisher CAJ, Hirayama T, Murugan R, Ogumi Z:
Characterization of the interface between LiCoO2 and
Li7La3Zr2O12 in an all-solid-state rechargeable lithium battery.
J Power Sources 2011, 196:764–767.

61. Han F, Gao T, Zhu Y, Gaskell KJ, Wang C: A battery made from
a single material. Adv Mater 2015, 27:3473–3483.

62. Takada K: Interfacial nanoarchitectonics for solid-state
lithium batteries. Langmuir 2013, 29:7538–7541.

63. Ohta N, Takada K, Zhang LQ, Ma RZ, Osada M, Sasaki T:
Enhancement of the high-rate capability of solid-state lithium
batteries by nanoscale interfacial modification. Adv Mater
2006, 18:2226–2229.

64. Haruyama J, Sodeyama K, Han L, Takada K, Tateyama Y:
Space-charge layer effect at interface between oxide cathode
and sulfide electrolyte in all-solid-state lithium-ion battery.
Chem Mater 2014, 26:4248–4255.

65. de Klerk NJ, Wagemaker M: Space-charge layers in all-solid-
state batteries: important or negligible? ACS Appl Energy
Mater 2018, 1:5609–5618.

66
* *
. Cheng Z, Liu M, Ganapathy S, Li C, Li Z, Zhang X, He P, Zhou H,

Wagemaker M: Revealing the impact of space-charge layers
on the Li-ion transport in all-solid-state batteries. Joule 2020,
4:1311–1323.

2D NMR exchange experiment on LixV2O5/LLZO interface confirms
that the presence of space charge layers increases the interfacial
resistance and the activation energy for lithium exchange.

67. Swift MW, Qi Y: First-principles prediction of potentials and
space-charge layers in all-solid-state batteries. Phys Rev Lett
2019, 122:167701.

68. Takada K, Ohta N, Zhang LQ, Xu XX, Hang BT, Ohnishi T,
Osada M, Sasaki T: Interfacial phenomena in solid-state
lithium battery with sulfide solid electrolyte. Solid State Ionics
2012, 225:594–597.

69. Takada K, Ohno T: Experimental and computational ap-
proaches to interfacial resistance in solid-state batteries.
Front Energy Res 2016, 4:10.

70. Yamamoto K, Iriyama Y, Asaka T, Hirayama T, Fujita H,
Fisher CA, Nonaka K, Sugita Y, Ogumi Z: Dynamic visualization
of the electric potential in an all-solid-state rechargeable
lithium battery. Angew Chem Int Ed 2010, 49:4414–4417.

71. Wang L, Xie R, Chen B, Yu X, Ma J, Li C, Hu Z, Sun X, Xu C,
Dong S: In-situ visualization of the space-charge-layer effect
on interfacial lithium-ion transport in all-solid-state batteries.
Nat Commun 2020, 11:1–9.
www.sciencedirect.com

http://refhub.elsevier.com/S2451-9103(21)00247-7/sref48
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref48
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref48
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref48
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref48
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref49
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref49
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref49
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref49
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref50
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref50
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref50
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref50
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref51
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref52
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref52
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref52
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref52
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref53
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref54
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref55
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref55
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref55
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref56
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref56
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref56
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref56
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref57
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref58
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref59
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref60
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref61
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref61
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref62
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref62
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref63
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref63
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref63
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref63
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref64
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref64
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref64
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref64
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref65
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref65
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref65
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref66
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref66
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref66
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref66
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref67
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref67
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref67
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref68
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref68
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref68
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref68
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref69
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref69
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref69
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref70
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref70
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref70
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref70
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref71
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref71
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref71
http://refhub.elsevier.com/S2451-9103(21)00247-7/sref71
www.sciencedirect.com/science/journal/24519103

	Interfacial challenges in all-solid-state lithium batteries
	Introduction
	Mechanical instability
	(Electro)chemical instabilities
	Space charge layer formation
	Discussion
	Summary and perspectives
	Funding
	Declaration of competing interest
	Acknowledgements
	References


