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Hybrid solid electrolyte-liquid electrolyte systems
for (almost) solid-state batteries: Why, how, and
where to?7

Henry M. Woolley® and Nella M. Vargas-Barbosa & *b¢

All-solid-state batteries (SSBs) offer an alternative to current state of the art lithium-ion batteries, promising
improved safety and higher energy densities due to the incorporation of non-flammable solid electrolytes
and Li metal as an anode material. Despite this, SSBs face numerous issues, including the tendency for the
solid electrolytes to decompose upon contact with anode and cathode materials as well as during cycling.
In addition, poor particle on particle contact can result in sluggish transport of lithium ions to and from the
solid electrolytes. One potential solution is by combining the solid electrolyte with a liquid electrolyte to
form a hybrid solid-liquid electrolyte system. By using a liquid electrolyte with a wide electrochemical
stability window and good wetting properties some of the problems with solid electrolytes in SSBs may
be overcome. However, due to the reactive nature of solid electrolytes, a new interphase known as the
solid liquid electrolyte interphase (SLEI) forms. This SLEI may be resistive and therefore increase the total
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impedance of the cell, thus making certain liquid/solid electrolyte combinations unsuitable for use in ASSBs.
In this review we discuss the recent history of these systems, look into the ionic transport model and focus

on how the chemical stability of the solid electrolyte with respect to the liquid electrolyte is a vital factor in

the formation of a stable SLEI. In the case of salt-in-solvent systems the stability of the solid electrolyte is

driven by the chemical nature of the solvent, therefore we also discuss what solvent properties-such as
dielectric constant or donor number-may have an effect on the degree of decomposition of the solid

electrolyte used.

Introduction

The growing threat posed by climate change alongside the
increasing demand for technological devices such as laptops
and mobile phones has established the lithium-ion battery (LIB)
as a ubiquitous feature of modern life."* In 1991, the energy
density of a lithium ion cell was just 80 W h kg " at cell level,
which has now tripled to as high as 260 W h kg™ '.* Whilst the
energy density of LIBs has risen steadily over the last 30 years,
the cost of a battery pack has dropped rapidly. In 2010, the
standard price for an automotive battery pack was 1182.2 USD
kW h™, this dropped almost tenfold to 156 USD kW h™ "' in
2019.* The increasing drive to meet the requirements for high
energy density batteries for electrical vehicles®® and stationary
storage use means that in the coming years the theoretical
energy density limit for LIBs (ca. 400 W h kg™ in conventional
LIBs) will be reached.”® It is clear, therefore, that unlocking the
full potential of post-lithium ion batteries has now become an
important research goal.®

Solid state-batteries (SSBs) have been proposed as a viable
alternative to the current state-of-the art LIBs." The main
difference between a conventional LIB and a SSB is that the
liquid electrolyte is replaced with a solid one. This could be in
the form of an inorganic ceramic," a solid polymer>* or
a combination of the two."*'® The standard LIB suffers from
safety issues, especially in high power cells, due to the flam-
mability of organic solvents in liquid electrolytes. Thus, the use
of non-flammable solids in SSBs gives them a safety advantage.
Some solid electrolytes now have Li* ionic conductivities which
are equal or greater than their liquid counterparts at room
temperature.”’** An added benefit of solid electrolytes is the
fact that they are intrinsically single-ion conductors, i.e. lithium
transference and transport numbers ~1. A single type of charge
carrier minimizes the effect of dynamic ion correlations that
could reduce the total ionic conductivity in the bulk.** In
addition, SSBs have revitalized the potential of using lithium
metal, instead of graphite, as anode material.*

Lithium metal has a very high theoretical capacity of
3842 mA h g ' and is widely considered the “holy grail” of
batteries.”** The use of lithium metal in a commercial battery
would allow for much higher energy and power densities.
However, the incorporation of Li metal in a battery poses many
challenges. The most common failure mechanism of lithium
metal batteries is dendrite formation from the anode to the
cathode, which eventually leads to short circuits and cell failure.
As a result of their mechanical hardness, SSBs can potentially
suppress dendritic formation. However, dendrite suppression is
not a solved problem with electrolyte composition, and
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temperature and pressure control being important factors in
whether dendrite suppression can occur.”® Indeed, Li dendrites
can form and grow along the pores between SE crystallites, but
even puncture and break crystallites.””**

The solid-solid interface between the solid electrolyte and
the electrode materials (cathode and anode) is another major
bottleneck for SSBs. High internal resistance often occurs at the
interface between the solid electrolyte and electrodes,* this is
especially an issue in rigid garnet electrolytes such as Li;La;-
Zr,04, (LLZO).** Poor physical contact between cathode active
material and the solid electrolyte results in higher cell resis-
tances as the lithium ions are impeded in their transport across
the electrolyte-active material interface.** Additional issues that
SEs face is their (electro)chemical stability against the cathode
and anode materials (their electrochemical stability
window).**** Whilst some liquid and polymer electrolytes
remain stable at high cathodic potentials and low anodic
potentials,***” certain solid state electrolytes are readily reduced
or oxidized, respectively. The solid electrolyte decomposition
products are often insulators (both ionic and electronic) and
therefore increase the total cell resistance.*®**° Fig. 1 presents
a schematic of the components in a SSB and the issues dis-
cussed above.

Despite these challenges, the commercialization of SSBs is
moving forward as demonstrated by recent press-releases by
QuantumScape Co. and Solid Power.**** A quick glance to some
of the Quantumscape Co. patents demonstrates the imple-
mentation of hybrid electrolytes, as anolyte and catholyte
composites in full cells.**** For example, a “bonding layer”
consisting of a polymer, a Li ion salt and a solvent is sand-
wiched between a garnet oxide solid electrolyte separator and
a layered cathode active material. The patented cell uses
a lithium metal anode, suggesting that dendrite formation has
been successfully stopped for the cells’ cycle lifetime. Therefore,
new hybrid electrolyte concepts are being implemented to push
SSBs to commercialization.

A hybrid electrolyte could be one of the following combina-
tions: solid electrolyte-polymer electrolyte (SE/PE), solid elec-
trolyte-liquid electrolyte (SE/LE), or solid electrolyte-solid
electrolyte (SE/SE).** Although the combination of (solid) poly-
mer electrolyte (membranes)-liquid electrolyte is also possible,
we do not consider it a “true” hybrid because most polymer
electrolytes (even commercialized ones) rely on the organic
solvents to increase the mobility of lithium ions in the poly-
meric matrix or improve the mechanical properties of the
polymer membrane itself. Notable exceptions are recently re-
ported solid polymer electrolytes that require no solvent and

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Schematic of a solid-state battery and highlights of the various issues that these systems face, some of which can be addressed by utilizing
liquid electrolytes. Note that, although not shown, dendrites can also puncture the SE crystallites themselves (see text for literature references on

this aspect).

show modest ionic conductivities and Li transference
numbers.*®"

Since SE/PE systems have been recently and extensively
reviewed by others,** the present manuscript will focus on
hybrid SE/LE systems, which remain comparatively unexplored.
In the systems we discuss below, the purpose of the liquid
electrolyte is to improve the ionic connectivity between the solid
electrolyte and the electrode material. The finite and often
heterogenous particle size distribution of the SE results in
voids, inconsistent contact areas as well as multiple interfaces
that increase the cell resistance.® These issues could be
partially mitigated with the use of a LE that can ensure ionic
connectivity between the SE particles and electrode materials by
filling interparticle voids. However, an often-observed side
effect of the SE/LE systems is the formation of new interphases
at the surface of SE particles and microstructural changes to the
SE particles. The newly formed interphases are strongly
dependent on the chemistry of both the SE and LE and can
represent an additional transport limitation in full cells.
Therefore, systematic studies and thorough characterization of
the formation kinetics of such interphases is critical for the

realization of hybrid SE/LE concepts in SSBs.

Hybrid SE/LE systems

In this manuscript we consider solid electrolyte-liquid electro-
lyte hybrid systems that consist of a ceramic solid electrolyte in
contact with a liquid electrolyte that is either a lithium salt
dissolved in an organic solvent or an ionic liquid. Three main
factors should be considered in a hybrid SE/LE system: the
composition and intrinsic properties of (i) the solid electrolyte,
(ii) the liquid electrolyte, and (iii) possible chemical interactions
between the components of the LE and SE phases that might
lead to degradation and formation of new interphases.

The first report on the transport of lithium ions across a SE/
LE interface was presented by Abe and co-workers in 2005.>* For
this study, the SE phases studied were crystalline Liy 3sLag.ss-
TiO; and a Li-Al-Ti-phosphate Ohara glass. The authors’ elec-
trochemical results and their interpretation propose that (de)
solvation of Li ions at the SE/LE interface has a high activation
barrier and causes large interfacial resistances. This hypothesis

This journal is © The Royal Society of Chemistry 2023

was further supported by the fact that when the LE phase con-
tained a pure ionic liquid as a solvent, the activation barrier of
the interfacial resistance was significantly reduced. Therefore,
the use of concentrated lithium liquid electrolytes (with or
without ionic liquids) has garnered interest as an effective
approach to mitigate interfacial ionic connectivity issues in
SSBs.

One aspect that was not considered in the previous report
was whether chemical interactions between components in the
LE phase, specifically solvent molecules, could induce the
degradation of the SE. The formation of such interphases can be
driven due to the mismatch of the electrochemical potential of
Li ions in between the LE and SE phases. Moreover, it is also
possible that the structural units that make up the SE are
susceptible to chemical attack by the solvent molecules in the
LE, which also leads to dissolution/degradation of the SE. The
resulting interphase, known as the solid-liquid electrolyte
interphase (SLEI), will intrinsically affect the kinetics and the
nature of Li" transport in these hybrid systems.

To demonstrate the viability of SE/LE systems, a combina-
tion of fundamental and application-driven studies is needed.
For the fundamental aspect, it is useful to have a theoretical
model that can describe the transport of Li ions across the SE/
LE interface, as well as the newly formed SLEI. For such studies,
electrochemical measurements in reversible symmetric cells,
i.e., Limetal| LE|SE|LE|Lipecal, are often used and can provide
valuable insights to the interphase formation kinetics and
overall stability of the SE/LE system. From a more applied
perspective, the evaluation of SE/LE hybrids in half- and full-
cells is necessary, as only then can we evaluate the interaction
of the SE/LE system against the target cathode active materials
and anode components.

What makes up a SLEI?

At this point, it is useful to reflect on the similarities and
differences between the here-presented SLEI and the more
established but still not fully understood solid electrolyte
interphase (SEI). The SLEI and the SEI are similar in the sense
that they are (1) both made up from the decomposition prod-
ucts of electrolyte components, (2) must remain ionically
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conducting but electronically-insulating, (3) the formation
kinetics and mechanism are not fully elucidated yet, and (4) ion
transport across both interphases is still under study. The key
difference between a SLEI and an SEI is that of the original
pristine interface: whereas for a SLEI we are looking at a new
interphase formed at an electrolyte-electrolyte interface, the SEI
is instead formed at an electrolyte—electrode interface. In fact,
in the battery community it is common to further distinguish an
SEI that is formed at the anode (SEI) and a at the cathode (CEI).
For the reader interested in learning more about SEIs, we
suggest the following reviews: Peled and coworkers,*>** Cheng
et al.,’” Yu and Manthiram,*® Shadike et al.,* Cekic-Laskovic &
coworkers,®® Yamada & coworkers,® Lucht & coworkers,*> Liu
et al.® and Nojabaee et al.**

Since a SLEI can be considered as a more complex type of
SEI, the composition, formation mechanism and microstruc-
ture of a SLEI will depend on the chosen SE and LE. Whilst there
are similarities to the SEI, namely decomposition products from
the liquid electrolyte, there will also be decomposition products
that stem from the SE itself meaning the make up with the SLEI
will contain other, particularly inorganic, compounds. A
manifold of methods are necessary to fully characterize the
resulting SLEIs in hybrid SE/LE systems. From an electro-
chemical properties point of view, a symmetrical cell as well as
two additional reference electrodes on each side of the SE, i.e. 4-
electrode measurement, would be necessary to try and decon-
volute the impedance of the SLEI from that of the SEI at the Li
electrodes. Although such cell setups and measurements can be
challenging, there are reports that demonstrate their
usefulness.®** Surface sensitive methods like X-ray photoelec-
tron spectroscopy (XPS), or hyphenated methods like time-of-
slight secondary ion mass spectrometry (ToF-SIMS) that
allows depth-dependent chemical profiling in flat samples are
well-suited to assess the chemical makeup of the SLEI and
propose formation/decomposition mechanisms. Here we
summarize recent reports that have used such methods on SE/
LE hybrid systems. Note that the content will now shift more to
the oxide-based hybrids because they have been studied for
longer and there is more data on them.

A first example of this is in the garnet oxide Li;La;Zr,O1,
(LLZO)/LiPFs in DMC/EC hybrid system. Studies show that
garnet oxides are susceptible to H'/Li" exchange where the
lithium ions on the 96 h site of the cubic garnets are replaced by
H' when in the presence of a proton source (i.e. water).®® Such
an exchange reaction is shown below, followed by the subse-
quent reaction of lithium hydroxide with carbon dioxide to form
lithium carbonate:

Li7La3Zr2012 + .XH20 - Li7,A\,HA\,La3La2012 + xLiOH
2LiOH + C02 - L12CO3 + HzO
In this case, because of the solid electrolyte, the SLEI will
contain lithium carbonate, lithium hydroxide and protonated

LLZO. For the protonated LLZO, the Li" ion mobility is reduced
by the presence of H' on the lithium positions (decreasing the
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number of moves that the Li" can achieve as the O-H bond is
strong enough to prevent H' mobility). Such a scenario is sup-
ported by results from molecular dynamic simulations that show
a higher activation energy for the Li" ion transport in the
protonated LLZO is larger (0.85 eV) than that of pristine LLZO
(0.32 eV).* Secondly, in this system the LiPF, (DMC/EC) will also
tend to decompose to form products common in SEIs in LIBs:”

LiPFs — LiF + PFs5

PF5 + H20 g POF3 + 2HF

The likelihood of this reaction occurring in hybrid SE/LE
electrolytes is proven by chemical analysis techniques which
often show that SLEIs contain LiF and PF, species, such as PF;
(decomposition products of PF¢).”* In addition, further
decomposition products from the DMC/EC solvents are also
included in the SLEI (such as Li,CO3; and CH;OLi). These
products are also well known to form in SEIs in conventional
LIBs.”

An interesting idea for limiting SLEI formation in garnet
oxides was demonstrated in a tantalum-doped LLZO/LiPF4 in
EC/DEC hybrid is the use of the n-BuLi superbase.” The use n-
BuLi may prevent LE decomposition, suppresses H'/Li"
exchange and lithiates the interface of the garnet solid elec-
trolyte. Raman spectroscopy of the hybrid treated with n-BuLi
shows that Li,CO; (a decomposition product for both the SE
and LE) is no longer evident at the surface of the pellet.

A recent report by Garcia-Araez and co-workers carefully
studied the role of water content and other additives on the
formation and resulting resistance of SLEIs for the Ohara glass
LATP SE and various lithium liquid electrolytes with and
without water.”* Upon analysis of XPS results of solid electrolyte
samples exposed to such liquid electrolytes, the general obser-
vation is that the composition of the SLEI contains a complex
mixture of inorganic and organic compounds similar to those
reported before for SLEIs and even SEIs. What is most
remarkable of this study is that when water is incorporated as
an additive in the liquid electrolytes, it can significantly reduce
the resistance for ion conduction at the solid electrolyte/liquid
electrolyte interface. The authors propose various explana-
tions to this observation, e.g. improved lithium (de)solvation
kinetics, targeted interactions with the SLEI that aid ion trans-
port across it, among others, but neither has been fully
demonstrated. Nonetheless, it serves as inspiration to test and
identify solvent additives that can help reduce the resistance of
SLEIs in sulfide SE/liquid electrolyte hybrid systems.

Another example, in which the role of additives and salts
typical in the Li-ion battery community were studied, was re-
ported by Sakamoto and co-workers.” Here the Ta-doped Li,-
LasZr,0,, garnet oxide (LLZTO) is tested against a series of salt-
in-solvent LEs. For this study, acetonitrile was used as a solvent
because it has a low viscosity, a low donor number and shows
high solubility for many lithium salts. The latter is particularly
useful to deconvolute solvent from lithium salt effects in such
hybrid systems. The salts studied were LiTFSI, LiBOB and LiPFg.

This journal is © The Royal Society of Chemistry 2023
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The LLZTO was exposed to LEs of 0.2 M lithium salt in ACN for
up to 48 h. During this time, the impedance of the SE and the
SE/LE interface was monitored and showed that all hybrid
systems have an initial interfacial resistance (not present in the
pristine LLZTO) that increases over time. The LiBOB/ACN
system shows the highest impedance with an initial resistance
of ca. 500 Q cm?, whereas the impedances of the LITFSI/ACN
and LiPF¢/ACN systems are in the order of 20 Q cm®. The final
impedances are in the order of 2000, 100 and 60 Q cm?, for the
LiBOB, LiPFs and LiTFSI systems, respectively. Ex situ X-ray
photoelectron spectroscopy was then used to study the surface
of the LLZTO and the formed SLEI For the LiPFs/ACN system
showed a large compositional increase in F whilst a 10%
decrease in Li. It was concluded that LiPF, reacts with the
LLZTO to form LiF, LaF; and ZrF,. For LIBOB/ACN, a decrease in
Li content indicates that the high interfacial resistances could
stem from a SLEI with a depleted Li charge carrier concentra-
tion. The LiTFSI sample showed the smallest compositional
change when compared with the pristine LLZTO sample indi-
cating minimal decomposition of the SE. The main takeaway
from this study is that the solvent alone does not drive the SLEI
formation, but lithium salts in the LE play an active role instead.

The use of LiTFSI as a lithium salt is common in many types
of electrolytes, including ionic liquid and salt in solvent elec-
trolytes. Therefore, LiTFSI is often a key component of solid-
liquid hybrid electrolytes. As LiTFSI can electrochemically
decompose, such products of LiTFSI will also be evident in
SLEIs. Below are a series of decomposition reactions that can
occur during cycling of a cell containing LiTFSI. It is therefore
clear that SLEIs for LiTFSI hybrid systems with contain lithium
nitrides, fluorides and sulfides.”

LiN(SO,CF3), + 2¢~ + 2Li* — Li,NSO,CF; + LiSO,CF3
LiN(SO,CF3), + ne~ + nLi* — LizN + LiOSO, + LiCF;
LIN(SOQCF3)3 +ne + nL1+ - Li28204 + LiF + L13N + CzF,CLl

LizSzO4 + 6e” + 6LIJr - 2les + 4L120

For example, post-mortem analysis of the SLEI of a Li,S-
P,Ss-LiTFSI(DME/DOL) hybrid showed to presence of -
S*0,CF3, LiF and Li,S all decomposition products of LiTFSL.””
Whilst the full composition of SLEIs is not fully understood,
using surface sensitive techniques such as XPS or SEM may help
to investigate SLEIs further. Whilst there is an extensive amount
of literature on SEIs, solid-liquid electrolytes are still in their
infancy. Therefore, due to the general similarities between
SLEIs and SEIs, taking influence from research work done on
SEIs should be an important part of any studies done on hybrid
solid-liquid electrolyte systems.

The tendency of LE decomposition products to be the domi-
nating influence in some SLEIs is shown in a paper from Busche
et al.”® In this case hybrid electrolytes consisting of either LIPON
or Ohara LiCGC and LiTFSI in DME, DOL or the combination of
the two were studied. It was shown that the SLEI when LiTFSI in

This journal is © The Royal Society of Chemistry 2023
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DME is used for the electrolyte TFSI can deprotonate the DME
leading to the formation of ethers and lithium alkoxides. Whilst
when LiTFSI in DOL is used, deprotonation leads to ring opening
and subsequently to the polymerization and formation of poly-
DOLs. In the case of the DME, LiTFSI is then incorporated into
the R-CH,OLi structure where it decomposes leading to the
formation of LiF. However, in DOL this LiTFSI decomposition
occurs less readily leading to a more stable, less resistive SLEL In
this case, the dominating factor in SLEI formation is LE
decomposition however again the SE is still important. In
comparison of Ohara LICGC with LIPON using the same elec-
trolyte the SLEI for the LIPON tends to be larger than for LICGC
indicating that LICGC is more stable than LIPON with respect to
the solvents. This difference, however, is far less marked than the
change when moving from DOL to DME.

In the case of sulfide electrolytes, the dominating case for the
composition of the SLEI is the tendency of thiophosphates to
decompose in the presence of hard bases. Hatz et al. demon-
strated the degradation of thiophosphates when exposed to
alcohol solvents (Scheme 1).

It is likely that a similar mechanism is at play when the
solvent is replaced by an ether. Oh et al.” systematically studied
the effect of free and (under)coordinated triglyme molecules in
solvent ionic liquid electrolytes. The authors show that when all
glyme molecules are bound to the Li" ions in the LE phase,
a greater stability of the sulfide-based solid electrolyte/liquid
electrolyte hybrid is observed. In the presence of free or
undercoordinated glyme molecules, the likelihood of nucleo-
philic attack of the phosphorous cation in the solid electrolyte
increases. The resulting composition of the formed SLEI in such
systems remains elusive due to the lack of chemically specific
characterization of such samples. However, the reported trends
are consistent with the hard and soft acid and bases (HSAB)
theory, in which hard bases (e.g. ether) will preferentially react
with hard acids (the phosphorous cation in the PS,*~ tetrahedra
of the solid electrolytes).

lon transport model in SE/LE systems
and experimental support

Ion transfer across a solid electrolyte SE/LE interface, in its
simplest consideration, can be described as electron transfer
kinetics at electrode-electrolyte junctions (Fig. 2). Specifically,

S
I\ T
P

] ¢ - HO—R—>
s

s S S P+
- “s—7 R
B U s S~ \S/

Scheme 1 Proposed reaction pathway for the degradation of thio-
phosphate units by alcohol solvent molecules. Adapted from ref. 86.
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(de)solvation

vacancy-mediated ion transport

LE phase

SE phase

Fig.2 Schematic of the transport of Li ions across the interface of a LE
in contact with a SE. In the LE, the transport of solvated Li is due to
diffusion. In the SE phase, the ion transport is mediated via vacancies.
For an ion that is moving from the LE to the SE phase, at the LE/SE
interface, the ion must lose its solvation shell prior to “jumping”. The
transport of ions in such a LE/SE hybrid system may be further
complicated by the presence of a solid-liquid electrolyte interphase
(SLEI), a phase for which the energy landscape to describe ion trans-
port across it is not fully understood. The parabolic black lines are
meant to schematically show the thermally activated energetics of ion
transfer (displacement) from one phase to another. The minima of the
parabolas describe local ground states for the ion, and the intersection
of the parabolas show arbitrary transition states that the ion might
experience while displacing from one ground state to another across
the various phases.

the ion transfer across this interface must consider the differ-
ence in electrochemical potential of the ions in both the SE and
LE phases, and the energetics of such process is thermally
activated. A recent study by Korte and coworkers considered two
current limiting scenarios for ion transfer at a SE/LE interface:*”
(a) ion transfer is limited by ion diffusion, i.e. activity gradients;
and (b) ion transfer is limited by thermally-activated charge-
transfer. Using a sophisticated electrochemical cell setup with
2-active Li electrodes and 6 additional electrode probes for
monitoring potential differences under galvanostatic condi-
tions, the authors demonstrated that scenario (b) is at play in
a system that uses a tantalum-substituted lithium garnet
(Lig.¢LasZry ¢Tay 404,) as SE, and liquid electrolyte solutions of
LiPFs in a 1:1 ratio of ethylene carbonate and dimethyl
carbonate. Mathematically, the ion transfer in scenario (b) can
be described as a polarization resistance (R;) that incorporates
a modified Butler-Volmer kinetics model and an additional
constant series resistance to account for the SLEI (Rspg;, eqn
)

R, = I;_Z + RsLer, iOOLC][?iLE &Y
where R, T, F are the ideal gas constant, the temperature and
Faraday's constant, respectively; i, is the exchange current
density of the steady-state ion transfer between the SE and LE
phases at zero overpotential. It was shown that i, depends on
the concentration of lithium ions ¢;; in the LE phase, and that
the a-parameter, i.e. the geometric factor which describes the
symmetry of the transition state, was close to 0.5 for the
previous study. The main limitation of the model presented by
Korte and co-workers is that it does not consider the role of (de)
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solvation on the kinetics of ion transport. However, we know
that solvent dynamics can play a major role in the kinetics and
more refined models such as the Marcus-Hush-Chidsey (MHC)
model are more appropriate to fully describe interfacial charge
transfer kinetics. In the field of Li-ion batteries there are various
works that show the appropriateness of the models, Butler-
Volmer vs. MHC, for Li plating and stripping.®**> Including an
active role of (de)solvation of ions on the ion transport kinetics
at the SE/LE interface could be the next step in the development
of this model. Another limitation is the fact that the model
considers the resistance of the SLEI to be constant, i.e. it will not
be useful for systems in which the SLEI continuously grows/
changes over time.

Janek and co-workers have pioneered experimental
approaches to demonstrate that the formation of the SLEI is
a dynamic process.®®”® The nature of the solvent used was
shown to be a driving factor in SLEI formation in LiPON SE thin
films. Time-dependent impedance studies showed that when
dimethyl ether (DME) was used as a solvent, Rgyg; increased
from 539 Q cm? after 24 h of exposure to 1511.7 Q cm? after
144 h, whilst with dioxolane (DOL) the Rg; g shifted from 67.7 Q
cm? to 129.2 Q cm? at the same time points. A separate study by
the same group evaluated the formation of SLEIs on sputtered
LiPON thin films using in situ neutron reflectometry (NR),
quartz crystal microbalance (QCM) and impedance measure-
ments.** Here, the interaction between LIPON and LEs
composed of LiTFSI salt in DME, DOL and diglyme solvents and
the resulting SLEIs was reported. The NR experiments
confirmed previous observations that the SLEI is primarily
composed of lithium carbonate species. However, there was
a mismatch in terms of the estimated thickness of the SLEIs
because the QCM results suggested a continuous SLEI forma-
tion due to the perpetual mass increase observed, whereas NR
results propose a fixed thickness for the formed SLEIs. Based on
impedance results, it is proposed that the growth of the SLEI is
not uniform (dense) and pinholes in the SLEI allow for ion
transfer from the LE to the SE phase until the SLEI densifies,
becomes chemically stable and a constant Rg; g; is attained. The
presence of pinholes that allow for the percolation and further
transport of ions and molecules across SEIs in model carbon
electrodes has been recently demonstrated by Roling and
coworkers.**%¢

Fig. 3a presents a selection of SE/LE systems recently re-
ported in the literature. A more comprehensive survey has been
compiled by Weiss et al.** Note that, although the formation of
the SLEI is a time-dependent process, it tends to a constant
value in all the oxide and LiPON SE/LE systems. This is
consistent with the model discussed above that allows for
a constant Rgpgr. Therefore, the initial assessment by Abe and
co-workers regarding the (de)solvation of Li ions as the rate-
limiting process is likely correct. Irrespective if the SE is
oxide- or sulfide-based, we observe that stable hybrid systems
show stabilized SLEI resistances that range between 100 and
1000 Q cm?. These values translate to a gravimetric energy
density loss of at least 18% in model Li-S SSB cells (assuming
100% sulfur utilization and a rate of 1C, Fig. 3b).®* As shown
before,* practical energy densities are achieved at a separator
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thickness below 10> m, irrespective of the presence of the SLEL
Replacing the separator with a faster conductor, does not
mitigate the energy density losses because Rgy gy is not thickness
dependent. Despite these energy loses we must underscore that
adding liquid electrolytes may prevent the safety issues associ-
ated with thermal runaway under applied external heat as
shown in a recent paper by Bates et al.*” At a fixed separator
thickness, we can estimate the effect of Rgpg; on the round-trip
efficiency of a model Li-S solid-state battery at various C-rates
(Fig. 3c). We considered typical ionic conductivities for both
oxide (0.01 S m™') and sulfide (1 S m™') solid electrolytes.
Assuming 100% sulfur utilization, we observe that the fast-
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conducting sulfide-based hybrid electrolytes only make sense
if we can limit the value of Rgg; to ca. 10 Q@ cm?. In the case of
the sulfide-based SEs, one observes that the resistances tend to
increase over time, consistent with sample degradation and/or
the persistent formation of a highly resistive SLEIL. However,
specific systems show appropriate initial Rg;g; values (e.g. Lijo-
GeP,S1,|7 M LIiTFSI in DOL/DME:TTE) or rapid stabilization of
Rspgr (e-g B-LizPS4|(MeCN),-LiTFSL:TTE) and serve as the foun-
dation for identifying suitable sulfide SE and LE combinations
that result in stable hybrid electrolyte systems. In the latter
systems, the TTE was incorporated to lower the viscosity of the
LE phase.

B-LisPS4/1-M LiTFSI-in DOL/DME o @
; ; ; @ start of experiment
-LisPS4#/1-M LITFSIin DME
e BLLpSITMLIESHR L * ® 50h 100 h
9 B-LisPS/1-M-LITFSI-in-DOL- o e
g B-LisPS4#/(MeCN)-LiTFSETTE o ®
wn
L LizP3S1/7-M-LiTFS}in DME/DOL:TTE ) o
ﬁ Li1eGeP:S1:/7-M-LiTFStin DME/DOL:TTE @ )
o LigskasZrisTagiOra/x M LiPFgin EC/DMC o)
.-g Ohara-glass-ceramic/4-M-LiTFSI-in-DME/DOL: o
o)
> |LiP;ON/1-MLiTFSHn-DME/DOL: L 1¢
L Lis sk-85ZF1.5Ta050+2/4- M LiPFe-in EC/DMC ® O
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Fig. 3

(a) The temporal evolution of the aereal resistance of the solid liquid interface (SLEI) for a series of solid electrolyte—liquid electrolyte

hybrid systems reported in the literature. Although the sulfide-based systems show lower initial resistances than the oxide-based hybrids, the
final resistances are in the order of 100 up to 1000 Q@ cm?. Note that the system used by Korte and coworkers to develop the model that describes
ion transport in these hybrid systems, i.e. Lig LasZrg g Tag 4012/1 M LiTFSI in EC/DMC, shows a constant resistance of 350 Q cm? as this value was
not directly measured via impedance spectroscopy but rather extracted from polarization experiments (more details, see ref. 67). The corre-
sponding citations as well as the exact resistance values used to generate (a) are available in the ESI.} (b) Loss in energy density of a Li—S solid-
state battery due to the overpotentials of the separator and the SLEI as function of separator thickness at a fixed rate of 1C (adapted from ref. 65).
(c) C-rate dependent losses in round-trip efficiency for a Li—S solid-state battery with a separator thickness of 10™> m as a function of electrolyte
conductivity (osg) and resistance of the SLEI (Rs ). As the value of Rg g, increases, the 80% RTE cut-off is attained at lower C-rates and the use of
faster conductors is only practical when the Rs; g is limited to <10 © cm?. Details about how plots (b) and (c) were generated are available in the
ESIf
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The theoretical framework built by Korte combined with the
experimental demonstrations of the Janek group can be applied
to numerous combinations of liquid and solid electrolyte, for
this review the focus will shift to the fast ion conducting sulfide
electrolytes, which despite their high ionic conductivities, are
often unstable in full cells and thus benefit from coatings or the
use liquid electrolytes. However, their intrinsic reactivity means
the fast formation of SLEIs and/or irreversible SE degradation
and thus careful studies must be applied to hybrid sulfide-
liquid electrolyte systems.

Sulfide-based hybrid systems

Sulfide electrolytes display excellent ionic conductivities
above 107% S cm ' at room temperature, approaching and in
some cases surpassing liquid electrolytes.**>*%%%° Despite the
excellent bulk ionic transport properties of these materials
issues remain, especially with regards to their chemical and
electrochemical stabilities.?"* Fast ionic conductors such as
Li;(GeP,S;, have a high ionic conductivity of 1.2 X
1072 S em™ ' at room temperature,'® however are unstable
against lithium metal. The electrochemical window of thio-
phosphate electrolytes has been studied both experimentally
and computationally.®*-**>3%4% Stepwise cyclic voltammetry
experiments show the practical oxidative stability of LPS
(Li,P-P,S5 70: 30 and 75 : 25 glasses), LGPS and the LigPS5Cl
argyrodite are limited to a range of 2.8-3.1 V vs. Li/Li".*
This means that thiophosphate electrolytes will oxidize
upon contact with state-of-the-art commercial cathode active
materials such as LiCoO,, LiNi,Mn,Co0,0, or LiNi,Co,Al,O,
all of which operate at potentials above 4 V vs. Li/Li".*°
Furthermore, studies of thiophosphate electrolytes with Ni-
rich cathode materials show that the oxidation of the elec-
trolyte material causes a resistive layer in between the ca-
thode and electrolyte causing poor performance of the cell
after 200 cycles.’® Interparticle contact between the electro-
lyte and cathode active materials has also proved to be
an transport bottleneck for solid state batteries.®* All these
issues have meant that despite their high ionic conductivities
sulfide electrolytes are yet to reach their full potential in
SSB systems. As with the oxide, LIPON and NASCION
solid electrolytes the concept of applying a small amount of
liquid electrolyte to the surface is a possible solution to these
issues.

Sulfide SE against neat solvents

Due to their inherent reactivity, the study of sulfide electrolyte's
sensitivity to solvents is of importance. Firstly, to achieve
commercial viability sulfide electrolyte separators and cathode
composites may need to be prepared in via slurry method
analogous to cathode preparation in conventional
electrolytes.®”*® Moreover, the typical liquid electrolytes used
for lithium-ion batteries, tend to be “salt-in-solvent” type, which
means that one should expect a certain amount of free solvent
molecules that can react with the SE. As mentioned before,
solvents are commonly used in liquid electrolytes, and therefore

1090 | J Mater. Chem. A, 2023, 11, 1083-1097

View Article Online

Review

it is vital we understand the role of electrolyte solvents in hybrid
systems. Several parameters can be used to predict the tendency
of a specific solvent to cause solid electrolyte decomposition
such as the dielectric constant, relative polarity, and donor
number of the solvent. The donor number (DN) was defined by
Viktor Gutmann as the enthalpy for the reaction of a donor and
SbCl; in a 0.0001 M solution of dichloroethane (i.e. a donor
number of 0 for DCE).' The dielectric constant and relative
polarity are intrinsic properties of a solvent that define how
electron density is distributed within a solvent. Lee et al.
examined the stability 75Li,S-25P,S5 glass ceramic against
several solvents and showed that the decomposition of the SE
increases with increasing solvent polarity.'* Yamamoto et al.
showed a direct relationship between a solvent's DN when in
contact with LPS and the ratio of ionic conductivity of the bare
and solvent treated LPS pellets.’” As seen in Fig. 4 the use of
non-polar solvents such as toluene or decane results in
a smaller decrease in ionic conductivity when compared with
highly polar solvents such as glymes, 1,4-dioxane and PC. These
solvents, which have donor numbers greater than 15 kcal per
mole, cause the ionic conductivity to reduce ten-fold. These
polar solvents used in liquid electrolytes therefore can be
detrimental to the performance of solid-state electrolytes when
used in tandem.

Ruhl et al. showed that the ionic conductivity of the argyr-
odite LigPS5Cl decreases when solvent processed.'® This effect
is less pronounced for solvents such as THF or toluene which
have lower dielectric constants. XRD patterns of solvent-
processed solid electrolyte show the presence of LiCl and Li,S
(precursors to argyrodite synthesis) in the samples that were
processed in more polar solvents.

In a recent paper Hatz et al. reported the stability of the
sulfide superionic conductor tetra-Li,SiPSg (LiSiPS) with
a series of solvents.'® In a similar vein to LigPS5Cl, the LiSiPS
solid electrolyte showed chemical stability against solvents
with low donor numbers such as hexane, toluene as well as
acetonitrile. Based on their observations, and consistent with
previous reports, a threshold DN of 14 kcal mol™' was
proposed to ensure a high enough ionic conductivity (¢ > 1
mS cm™ )1 for a solid electrolyte sample after solvent pro-
cessing. Note that the conductivity of pristine LiSiPS is ca. 4
mS cm~'. Moreover, the use of protic solvents, especially
alcohols, should be avoided as they fully degrade the thio-
phosphate electrolyte. The degradation of the SE can be
partially reversed by high-temperature processing, consistent
with previous reports on liquid-based syntheses of thio-
phosphate electrolytes.'*®'*” Interestingly, irrespective of the
solvent used, all samples showed some morphological
changes after processing. Although LiSiPS is considered
a glass-ceramic'® and the solvents mainly interact with the
glassy phase, it is clear that particle microstructure and
perhaps newly formed interphases (e.g. a SLEI) plays a crucial
role in the resulting ionic conductivity of the samples.

We note that although all four thiophosphate SE presented
in this section contain PS>~ tetrahedra that could be prone to
attack by polar solvent molecules, all materials have entirely
different structures which can also affect the reactivity.

This journal is © The Royal Society of Chemistry 2023
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general, high dielectric solvents and solvents with donor numbers > 15 kcal mol~! are unsuitable for processing these electrolytes and retaining
the initial ionic conductivities. The exact values used to generate these plots, along with the respective citations are available in the ESI.{

However, irrespective of the SE, we observe a qualitative trend
that with increasing DN, the ionic conductivity of the processed
SE decreases. Conversely, the dielectric constant of the solvent
shows significant scatter in the data and is not a good predictor
for the effect of solvent processing on the resulting ionic

porous\separator

conductivity of the sulfide SE. We acknowledge that the truly
interesting systems to study the stability and reactivity of sulfide
SEs is against LEs and not neat solvents, but the results
summarized here can serve as an initial guide to the selection of
compatible LE systems.

e Improved ionic contact area with AM

% Unpredictable interphase formation

Q Protective interphase formation

% Not easy to deconvolute new interphases

a Prevent electrode cross-talk

% New interphases tend to be resistive

Fig. 5 Advantages (represented with a plus sign icon) and challenges (represented with a puzzle piece icon) for hybrid solid electrolyte/liquid
electrolyte systems for next-generation batteris.
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Sulfide SEs against lithium liquid electrolytes and their
electrochemical performance

Gewirth and coworkers examined the effect of highly fluori-
nated ether cosolvents on the stability of B-Li;PS, and Lijo-
GeP,S;, against ether-based LEs.'” The advantage of
fluorinated cosolvents has been demonstrated before and
mostly impact the formation of (more) stable SEIs at Li metal
anodes and result in less flammable electrolytes."****> Imped-
ance spectroscopy results in reversible symmetric cells show
that the B-LizPS,-hybrid system has a higher cell resistance
than the pristine B-Li;PS, system. Conversely, the Li;(GeP,S;,—
hybrid system shows lower cell resistances than the pristine SE.
The authors attribute such differences in performance to the
varying solubilities that the SEs have in the LE, namely the B-
Li;PS, has a higher solubility which produces a thicker SLEI
that increases the overall impedance.

An earlier study on the potential of sulfide solid electrolytes
alongside liquid electrolytes was done by Oh et al.” Here, they
used LizPS,; and Li;(GeP,S;, alongside a solvate ionic liquid
electrolytes Li(G3),TFSI and Li(G3)TFSI where G3 is triethylene
glycol dimethyl ether (triglyme). For their studies, pellets of the
SEs were exposed to the two solvate LEs as well as pure triglyme
and characterized using time-dependent impedance measure-
ments. Note that the only difference between the Li(G3),TFSI
and the Li(G3)TFSI electrolytes is the molar ratio between Li"
and G3 molecules. Specifically, in the case of Li(G3),TFSI, one
can find free and as well as undercoordinated G3 molecules that
are not fully bound to Li'. In the case of the Li;,GeP,S;, hybrid,
the system showed excellent stability against both liquid elec-
trolytes, with only a small increase (in the order of 10 Q) in total
impedance compared to the pristine LGPS for up to 20 h of
exposure. The latter suggests that SLEI formation in this system
is quite rapid and self-limiting. Similarly, for the Li;PS,-based
hybrids, the impedance after 3 h compared to the analogous
LGPS system was larger (by about a factor of 5), albeit with very
little change over the course of 20 h of exposure. This hints that
the SLEI, despite being more resistive, is stable after its initial
formation. Due to the lower impedances of the Li;oGeP,S1,
hybrids, the authors tested its performance in half-cell config-
uration using In/InLi as an anode, LiFePO, as a cathode, and
the Li;(GeP,S;,/Li(G3)TFSI hybrid as an electrolyte. Such solid-
state batteries showed stable cycling and initial discharge
capacities up to 144 mA h g7,

Fan et al.'* tested the susceptibility of thiophosphate SEs to
react with an ether-based LE. Two types of electrolytes, B-Li;PS,
and Li,P5Sq; (Li,S : P,Ss glass-ceramic), were exposed for 48 h to
a commercially available LE, namely 1 M LiTFSI in DOL/DME
(1:1 vol%) with 1% LiNOs;. Both SEs were characterized with
impedance spectroscopy in ion-blocking symmetric cells to
monitor how the impedance at the SE/LE interface changed
during exposure. Within 48 h, the interfacial resistance of both
systems increased similarly, up to ca. 88 Q cm?. Although the B-
LizPS,-based system maintains such an interfacial resistance
value after 200 h of exposure, the interfacial resistance of the
Li,S : P,Ss continues to increase up to 700 Q cm®. Based on the
Raman spectra, the authors propose the formation of an ether-

1092 | J Mater. Chem. A, 2023, 11, 1083-1097

View Article Online

Review

solvated PS,’” moiety at the surface of PB-Li;PS,;, which
presumably prevents the decomposition of the SE. Such
protection layer, which can also be considered as a SLEI, is not
observed in the case of the Li,S:P,Ss glass-ceramic SE, and
instead the material continues to decompose after exposure to
the ether-based LE. Similarly, the electrochemical stability of -
LizPS, hybrid system against Li metal is greater than that of the
Li,S: P,Ss hybrid system. Taking all these results together, the
authors design a three-component layered hybrid electrolyte
system for the efficient cycling of Li-S solid-state batteries:
a Li,S: P,Ss pellet (ca. 1 mm thick) is coated with a thin layer of
B-Li3PS, (ca. 1 um thick) and is then exposed to the LE. Here, the
dense glass-ceramic separator prevents the shuttling of poly-
sulfides as well as ensures high lithium ionic conductivity
across the cell, the LE ensures good interparticle connectivity at
the cathode-side and the formation of a stable solid electrolyte
interface at the Li metal anode, and the B-Li;PS, protects the
separator from degradation due to exposure to an ether-based
solvent. Such three-component hybrid electrolyte Li-S solid-
state cells show cycling stabilities that are better than refer-
ence cells that utilize a commercial polymer-based separator.
Moreover, it is an example in which B-Li;PS, is stable in an
ether-based LE as well as underscores the crucial role additives
(here 1% LiNO3) play in the preparation of stable and efficient
sulfide-SE/LE systems.

Umeshbabu et al. report on the stability of Li;,GeP,S;,
against 1 M LiTFSI in N-methyl-N-propylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (Pyr;;TFSI) and its application in
a hybrid Li-S solid-state battery.™* Impedance spectroscopy
measurements show that the resistance at the Li metal/
electrolyte interface of the hybrid SE/LE system is much lower
than with the pristine Li;oGeP,S;,, 142 and 2021 Q cm?
respectively. Similar results were reported by the same group for
the Li;(SnP,S;, solid electrolyte when tested with 1.5 M LiTFSI
in Pyr,;TFSI as LE," namely the Li metal/electrolyte interfacial
resistance of the hybrid system was in the order of 200 Q cm?,
whereas the pristine system showed a value up to 1500 © cm?.
The Li;oSnP,S;,-ionic liquid hybrid systems served as good
electrolytes for cycling Li|hybrid electrolyte|LiFePO, cells.

Taken together, these reports demonstrate the potential of
sulfide-based SE/LE systems for applications in solid-state
batteries. Moreover, it underscores the fact that the resulting
solid-liquid electrolyte interphase (SLEI) caused by the
decomposition of the electrolytes is not necessarily a hindrance
for applications. Similar to the solid electrolyte interface (SEI)
that enabled Li-ion batteries,"*® the resulting SLEIs can be
exploited to design better performing and longer-life solid-state
batteries.

Conclusion and outlook

Although the number of reports on sulfide-based SE/LE systems
is not as extensive as for the oxide SEs, it shows that hybrid
sulfide SE/LE systems may be effective in addressing some of
the challenges in solid-state batteries. However, more system-
atic and fundamental studies are necessary to increase our
understanding of the underlying chemistry as well as
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comparability between reported data. For example, we know
that the synthesis conditions as well as the sample morphology
can affect the initial ionic conductivity of the SE.*’ Similarly,
variability in the conditions for pellet preparation and electro-
chemical measurements can influence the obtained ionic
conductivities.""*'*® Therefore, we should expect these param-
eters to also play a role in the reactivity of the SE against LEs,
and the resulting degradation products and SLEIs. Moreover, it
is possible to tune the reactivity of the SE against a LE via
chemical modification of the solid electrolyte itself, namely
through substitutions. Therefore, systematic studies of the
reactivity on substituted series of sulfide-based solid electro-
lytes that are prepared and processed under the same condi-
tions might provide some guidelines that help us design better
hybrid sulfide SE/LE systems.

Shifting the focus to the use of SE/LE hybrids to address the
stability of sulfide-based SEs against Li metal, the field of solid-
state batteries could surely benefit from the strategies and
additives already reported for liquid electrolyte cells. At this
point it is important to mention that in LE systems, the solvent
as well as the nature and concentration of the lithium salt and
additives are parameters to explore, making this a multicom-
ponent and very challenging optimization problem. Moreover,
the analysis of electrochemical results, in particular impedance
data, must be done carefully because we need to consider both
the SEI formed at the Li metal as well as the SLEI formed at the
SE surface, both of which could have similar time constants and
be difficult to deconvolute from one another. To aid in this
challenge, the combined spectro-electrochemical approach to
the characterization of SE/LE hybrid systems by Janek and
coworkers should be the pursued.®®”®* From a purely electro-
chemical approach, the 4-electrode measurements can be
described as “tricky” though. For the analysis of impedance
spectra based on such measurements to work in a straightfor-
ward manner, it is necessary that the 2 reference electrodes are
at the same distance from the separator as well as the 2 active
(anode and cathode) electrodes. Achieving this configuration is
not trivial and requires a design that can fix/seal the separator
pellet on both sides without destroying it. Moreover, the cells
need to be leak-proof and sealed against water and air. This
means that researchers need to design home-made cells that
adapt to their own independent sample requirements
(regarding the mechanical and chemical properties of their SE/
LE system), and it is therefore an iterative process that can
produce a lot of frustration. Although there are some
commercial options that could be adapted to these kinds of
measurements, some trial and error will be needed to optimize
the cell design and obtain high quality data. We hope however,
that by emphasizing the value of such measurements for the
characterization of interfacial processes and interphases, we
encourage more researchers to use this approach.

From a more fundamental perspective, the formation of
a double layer at the LE/SE interface should be expected because
the SE will intrinsically have some sort of surface charge that
will be compensated by the ions in the LE phase. The nature,
structure, and dynamicity of such a double layer will naturally
depend on the stability of the LE/SE interface and, should a SLEI

This journal is © The Royal Society of Chemistry 2023
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form, then the double layer would change to accommodate the
surface charge present at the SLEI It is well-established that the
double layer can influence the charge transfer kinetics of simple
electron transfer reactions."® Therefore we should expect that it
could also play a role in the ion transfer kinetics in these LE/SE
systems. Space-charge layers will also form at the surface of the
SE phase, but these have been demonstrated to play a negligible
role in causing resistive losses to ion transport, in specific SE-
electrode material interfaces.*

With respect to the dynamicity of the two phases, namely the
double layer and the SLEI, it is difficult to tell which one is more
dynamic. An experimental method to identify and distinguish
the double layer from the SLEI is quite challenging. If the
resistance and dielectric properties of the SLEI are significantly
different than that of the double layer formed, such that the
time constant of both differ significantly, then one could
perhaps use impedance spectroscopy. The challenge is of
course the design of the experimental set up: one would need
reference electrodes, and work under symmetrical cell condi-
tions, likely with reversible electrodes. This would only work if
one knew that the formed SLEI is dense. If the SLEI is porous,
then the (dis)charging of the double layer would show a signif-
icant spread/distribution of time constants and would make it
very challenging to distinguish the SLEI from the double layer.
Alternatively, one could envision using spectroscopic, diffrac-
tion and/or reflection methods that are surface sensitive, and
one studies model thin film solid electrolyte systems exposed to
liquid electrolytes. Since the preparation of sulfide-based solid
electrolytes in controlled thin film configuration with physical
methods such as pulsed laser deposition, chemical vapor
deposition, atomic layer deposition, among others, is an
underdeveloped field of research, it is unclear if we could even
prepare such model samples for characterization. We believe
that the community will have to rely on theoretical/
computational methods to learn more about double layers,
space charge layers and SLEIs in SE/LE hybrid electrolyte
systems for a while.

So far, most half- and full-cell demonstrations of sulfide-
based SE/LE hybrids have focused on composite sulfur-
carbon and LiFePO, cathodes. However, incorporating these
hybrid systems to high-potential cathode cells should be
pursued as there is more interest from companies for
commercial applications. It is likely that the ether based LE
systems studied so far are not stable enough themselves and we
need to look again at the state-of-the-art in LE cells. (Solvate)
ionic liquids are examples of such systems that show stability
with respect to both high voltage cathodes and to solid
electrolytes.'”'** A recent report by Bates et al.*’ challenges the
generally accepted idea that SSBs are intrinsically safer than
LIBs. Here, the authors considered cells that contained a Li
metal anode, an oxide garnet SE, a porous LiNij33C0033-
Mn, 330, cathode and an ethyl methyl carbonate-based lithium
liquid electrolyte. The authors use thermodynamic models to
demonstrate that if the failure mechanism of SSBs is that of Li
dendrite penetration and short-circuiting the temperature rise
due to released heat can range from 100-1800 °C, irrespective if
the cells incorporate a small amount of LE in the cathode
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compartment. For comparison, the range of temperature rise
for a LIB is in the order of 1200-1400 °C. If the failure scenario is
thermal runaway due to external heating, the SSBs show
significantly reduced temperature rises when compared to LIBs.
The latter results serve as motivation for evaluating the
compatibility of ionic liquids as solvents due to their intrinsic
negligible flammability, as it could allow a way forward for safer
and possibly commercially viable hybrid solid-liquid electrolyte
systems. Hybrid solid-liquid electrolytes are an exciting new
solution to the interfacial and cell resistance problems that has
prevented several solid electrolytes from becoming successful
candidates to replace the conventional liquid electrolytes.
Nonetheless, there are many challenges that need to be
addressed to make such hybrid systems an applicable tech-
nology for next-generation energy storage devices (Fig. 5).
Further exploration of them could make this seem a much more
viable reality.
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