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1 | INTRODUCTION

Antonia Kotronia? I
Daniel Brandell!

Nuria Garcia-Araez’ I

Abstract

An electrolyte destined for use in a dual-ion battery (DIB) must be stable at the
inherently high potential required for anion intercalation in the graphite
electrode, while also protecting the Al current collector from anodic
dissolution. A higher salt concentration is needed in the electrolyte, in
comparison to typical battery electrolytes, to maximize energy density, while
ensuring acceptable ionic conductivity and operational safety. In recent years,
studies have demonstrated that highly concentrated organic electrolytes, ionic
liquids, gel polymer electrolytes (GPEs), ionogels, and water-in-salt electro-
lytes can potentially be used in DIBs. GPEs can help reduce the use of solvents
and thus lead to a substantial change in the Coulombic efficiency, energy
density, and long-term cycle life of DIBs. Furthermore, GPEs are suited to
manufacture compact DIB designs without separators by virtue of their
mechanical strength and electrical performance. In this review, we highlight
the latest advances in the application of different electrolytes in DIBs, with
particular emphasis on GPEs.
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lead-acid batteries), or those that operate at exceedingly
high temperatures (e.g., sodium-sulfur batteries). A

Rising demands for scarce and high-cost transition metal
minerals containing, for example, Co or Ni, will make
lithium-ion batteries less appealing for applications
requiring inexpensive and large-scale energy storage
deployment. For instance, batteries meant for stationary
energy storage must use safe, abundant, and cost-
effective resources suited for utility-scale applications.
To date, state-of-the-art stationary batteries are based on
active materials consisting of elements that are expensive
(e.g., nickel-metal hydride batteries and vanadium redox
flow batteries) and toxic (e.g., nickel-cadmium and

viable alternative to current stationary batteries is the
dual-ion battery (DIB), which has emerged as a promis-
ing chemistry for future energy storage applications." In a
DIB, the electrolyte provides charge carriers while acting
as part of the active materials needed for energy storage.
As opposed to the classical “rocking chair” model of
lithium-ion batteries, the charge storage mechanism in a
DIB involves intercalation of both cations (Li*, Na*, K*,
Ca**, or AI*Y), anions (halides, AICl,", Cl0,”, BE, ", PFy,
bis(trifluoromethanesulfony) imide [TFSI], and bis(fluor-
osulfonyl)imide [FSI]) in two graphite electrodes.”® Such a
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versatile working principle provides the possibility to design
stationary energy storage systems that can not only avoid
costly transition metals but also can use a wide selection of
inexpensive electrolytes. This review is intended to cover
some of the latest achievements in the formulation and
application of electrolytes in DIBs. It highlights the salient
features of various types of electrolytes currently in use and
pinpoints their important limitations, as well as ex-
plores research efforts leading toward solid-state DIB
designs. First, let us explore the roles of electrolytes and
graphite intercalation compounds (GICs) in developing
the DIBs.

1.1 | The development of acceptor-type
GICs: A historical timeline

A typical DIB makes use of donor- and acceptor-type
GICs as its negative and positive electrodes, respectively.
Acceptor-type GICs are prepared by oxidative intercala-
tion of anions from electrolytic solutions. The earliest
report about anion-intercalated graphite can be traced
back to 1841 when Schafhiutl” treated graphite and
carbon-containing iron with a mixture of concentrated
sulfuric acid and concentrated nitric acid. As a result of
the oxidizing nature of the reagent, bisulfate anions,
along with some sulfuric acid molecules, were interca-
lated in the graphitic carbon, causing considerable
interlayer expansion. Similar studies were also reported
by Brodie in 1859.% In 1918, Kohlschiitter and Haenni’
presented a detailed study of what they termed
“graphitic acid” prepared by treating graphite with
concentrated sulfuric acid, concentrated nitric acid,
and potassium chlorate. Following the definitive
description of the crystal structure of graphite using X-
ray diffraction (XRD) by Hassel and Mark,'® and
Bernal'’ in 1924, more studies of anion-intercalated
GICs ensued. In particular, Hofmann and Frenzel'* in
1930 used XRD to provide a detailed account of the
structure of H,SO4-GICs, and the stage formation
mechanism of HSO,~ intercalation in graphite in the
presence of various types of oxidizing agents. The
accompanying crystal structure changes were exten-
sively studied by Riidorff and Hofmann'® in 1938. In
essence, a similar approach was employed by Hummers
and Offeman'* to prepare graphitic oxide in a mixture of
concentrated sulfuric acid, sodium nitrate, and potas-
sium permanganate. This approach, now commonly
known as the “Hummers method,” formed the basis for
the production of state-of-the-art graphene oxide.
Following a report by Thiele'> on FeCls-intercalated
graphite in 1932, considerable interest in the synthesis of
complex GICs of halogens, interhalogens, and metal

halides emerged."> ™ Classic examples of GICs based on
metal chlorides include C,CuCl, (where x = 4.9 for Stage
I, and x = 13.4 for Stage II),"”*° C,FeCl; (where x = 5-9
for Stage I and x = 20 for Stage II),"*'” C,AlCl,,,, (Where
x=9-10 for Stage I and x=18 for Stage II),*"** and
C,SbCls (where x =12 for Stage I and x =24 for Stage
I1)."® They are usually prepared at elevated temperatures
by reacting graphite with the molten or vapor phases of
the respective salts in the presence of Cl, gas that is
needed to oxidize the graphite hosts."”*"** In contrast,
most halide and interhalide GICs such as CgCl,'® CgBr,*®
and CgIC1**** were found to be relatively unstable but
could instead be prepared at lower temperatures under
the saturation vapor pressure of the respective halogen
gases. Other examples of GICs with fluorinated anions
which were obtained via chemical routes included
C.AsFg (x=8-16 for Stage I), as shown in Equation
(1). Those were first synthesized by Bartlett et al.*>™*®
in 1978 and extensively studied by others, using
quantitative amounts of dioxygenyl hexafluoroarsenate
(O,[AsF¢]) under reduced pressures.

xC + O}AsF; — (Co)*AsF; + O,. (1)

1.2 | From acceptor-type GICs to DIBs

In addition to the conventional chemical approaches,
acceptor-type GICs can be prepared via the electroche-
mical oxidation of graphite in electrolytic solutions. In
1963, Bottomley et al.*’ concluded, using a chronopo-
tentiometric method, that anodic oxidation of highly
oriented pyrolytic graphite in concentrated acids
such as H,SO,, HCIO, and CISO;H resulted in
C,,"HSO, (2H,S0,), C,4"ClO4~, and C,,"CISO;™(nCl-
SO;H) compounds. Further studies by Beck et al.’® in
1981 verified that electrochemical intercalation of anions
(A) like HSO,~, BF, ", and CIO, in 4M electrolytic
solutions of HA (HA)= H,SO,, HBF,, and HCIlO,
formed GICs with a maximum C,,A(HA), stoichiometry
in which varied amounts of undissociated molecules of
the acids were cointercalated. They also studied the
dependence of the Coulombic efficiency (CE) and
intercalation potential on the electrolyte concentration.
The higher the concentration, the better the CE, and the
lower the onset intercalation potential. Similarly, electro-
chemical anodic intercalation in graphite has been
studied in nonaqueous electrolytes as well. A study from
1972 by Besenhard and Fritz®' detailed the electroche-
mical formation of C,4,A GICs in solutions of LiClO,,
NaBF,, KPF¢, and KAsFg in propylene carbonate (PC),
nitromethane, and acetonitrile (AN) solvents. They
further concluded that solvent cointercalation caused
self-discharge upon storage in the electrolyte for 24 h.
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Solvent cointercalation, along with dramatic swelling of
the graphite electrode, was also observed in 1978 by
Deshapande and Bennion®* who investigated C10,~ and
BF,” intercalation in Li-graphite half-cells using electro-
lytic solutions of LiClO, and LiBF, salts in dimethyl
sulfite (DMS) and PC solvents. Reportedly, 1 M LiClO, in
DMS resulted in higher CE (~95%) as compared to 0.9 M
LiClO4-PC (~42%), 1M LiBF,-DMS (~72%), and 1.55M
LiBF,4-PC (~50%). Further electrochemical and XRD
studies on ClO4-GIC prepared in 2M LiClO4-PC were
reported in 1978 by Ohzuku et al.** who suggested a
Co6ClO4 composition for the GIC. In addition, they
indicated that a specific capacity of 24 mAhg™' with
80%-90% CE could be achieved and that the graphite
electrode disintegrated when overcharged. In 1983, a
comparative study conducted by Matsuda et al.>* estab-
lished that the CE increased in the order Cl10,~ < BF, <
PF¢™ for intercalation in graphite foil and graphite felt in
1M solutions of the respective salts in PC. They also
observed that intercalation capacity increased upon
repetitive cycling. In short, it can be assumed that these
works were particularly important in the development of
the nonaqueous DIB concept. In a work that marked the
beginning of aluminum DIBs (Al-DIBs), Fouletier and
Armand® successfully demonstrated in 1979 the electro-
chemical synthesis of AICl;-GICs in a eutectic melt of
AICl; and LiCl. They proposed the compositions
Ce2"(Al,Cl3,41)” and Cs;*(Al,Cls,,q)” for compounds
obtained, respectively, at 1.8 and 1.95V versus APPY/AL
The next significant development came in the form of a
series of works on the development of room temperature
melts of AlCl;-alkylpyridinium chlorides.*®*” A seminal
report in 1982 by Wilkes et al.*® on the synthesis of
dialkylimidazolium chloroaluminate electrolytes paved
the way for the advent of more efficient electrolytes for
DIBs. Later in 1988, Gifford and Palmisano®® demon-
strated a rechargeable AI-DIB in which Al plating
and stripping, and AICl,” intercalation in graphite
were conducted in a room-temperature ionic liquid (IL)
composed of AICl; and 1,2-dimethyl-3-propylimidazolium
chloride (DMPICI).

Patents filed in 1989 by McCullough et al.*>*
described DIB prototypes consisting of graphitized
carbon cloths as positive and negative electrodes, both
immersed in an electrolyte composed of 15 wt% LiClO, in
PC. It was reported that some cells could deliver up to
69 mAh g~" and sustain thousands of cycles with >90%
CE.*' In 1989 and 1990, Maeda** employed in situ
thermal energy measurement to show that intercalation
of cations and anions in graphite involved exothermic
changes, while deintercalation displayed the reverse,
using electrolytic solutions of 2M LiClO4, 2M KCIlO,,
and 1 M NaBF, in AN, dimethyl sulfoxide (DMSO)** and

CARBON ENERGY-WI LEY—L 2%

PC* solvents. Afterward, Carlin et al.**** in 1994 and
1996 explored the electrochemical intercalation of anions
from IL electrolytes based on room or low-temperature
molten salts of substituted imidazolium cations (1-ethyl-
3-methylimidazolium  [EMI"] or 1,2-dimethyl-3-
propylimidazolium [DMPI*]) and anions (AICl,~, BF,,
PFs, CF3SOF;, and C4HsCO, ). At the same time, a
prototype of a graphite-graphite full-cell was reported by
Santhanam and Noel*® in 1995 using 0.65M tetrabuty-
lammonium perchlorate (TBA-CIO,) in PC as the
electrolyte, and making use of TBA cation and ClO,~
anion intercalation. Although this was a demonstration
that dual-graphite cells can be operated, the CEs were
typically low, ranging from 14% to 57%.

Another significant contribution to the development of
the DIB concept could be credited to Seel and Dahn*”*®
who in 2000 verified using in situ XRD that electro-
chemical PFs~ intercalation in Li-graphite and
graphite—graphite cells is dependent on the salt concentra-
tion and type of solvent used in the electrolyte (2 M LiPFy
in ethyl methyl sulfone [EMS] and 1-3M in ethylene
carbonate [EC] and diethyl carbonate [DEC]). They
concluded that the electrolyte based on EMS solvent had
higher oxidative potential and gave rise to discharge
capacities of 95-98 mAh g~' (with an initial CE [iCE] of
83%). Accordingly, the design of better DIBs requires
selecting solvents with high oxidative stability and
optimizing salt concentrations. Increasing salt concentra-
tion beyond a critical limit leads to lower ionic conductiv-
ity as a result of increasing electrolyte viscosity and the
formation of salt aggregates. In this regard, the so-called
sulfonylimide salts such as LiN(SO,F), (LiFSI) and LiN
(SO,CF3), (LiTFSI) have generated particular interest as
they are highly soluble in most organic solvents, allowing
for the preparation of >3M concentrations. Chemical
preparation of TFSI-intercalated GIC was demonstrated
for the first time by Zhang et al.*’ in 1999 by oxidizing
graphite flakes using K,MnF; dissolved in a mixture of HF
and LiTFSI. A series of TFSI-GICs with compositions
varying between C;0,;TFSI to C;,TFSI were obtained and
studied using XRD. Later in 2001, Yan and Lerner’® from
the same research group prepared Stage I GICs containing
TFSI anions via electrochemical oxidation in a 0.33 and
0.66 M solution of LiTFSI in nitromethane and in EMS,
respectively. In the former electrolyte, a discharge capacity
of up to 97 mAh g~* was achieved at 5.25V, corresponding
to the C,,TFSI composition, but with very poor CE (only
22%). Higher intercalation overpotentials were observed in
the EMS-based electrolyte, which also showed slightly
better anodic stability.

Concurrent studies on the synthesis of room-
temperature ILs and a better understanding of their
properties have directly contributed to the progress in
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DIB research. Especially, substituted imidazolium-based
ILs with fluorinated anions were found to have ionic
conductivities ranging from 5 to 14 mScm™' and were
found attractive as electrolytes for batteries.”>* How-
ever, imidazolium ILs such as EMI-FSI and BMI-BF,
have limited cathodic stability,”*>* with the potential
window being typically between 1 and 5V versus
Li*/Li>®> The introduction of LiTFSI in EMI-FSI
increased compatibility with graphite-negative electro-
des.>> However, the most important milestone was
achieved by replacing imidazolium cations with substi-
tuted pyrrolidinium cations, which resulted in increased
reduction stability and better performance in batte-
ries.”®>” Following this, Placke et al.>®**° reported
in 2012 a Li-graphite half-cell and a Li TisOq,
(LTO)-graphite full-cell DIB making use of 1 M LiTFSI
and 1M LiFSI in N-butyl-N-methylpyrrolidinium bis
(trifluoromethanesulfonyl)imide as the main electrolyte.
The results were very promising and clearly established
that discharge intercalation capacity (96-100mAhg™")
increased for cut-off potentials above 5V but at the
expense of the CE. The study provided clear evidence
that the intercalation capacity in a DIB could be limited
by the stability of the electrolytes. Further studies using
similar ILs focused on the role of some additives to
enhance the performance of dual-graphite DIBs.®*°!
Structural investigations using XRD also indicated that
a maximum of 115mAh g™ could be achieved with the
corresponding GIC composition being between C,oTFSI
and C,,TFSL.%>%3

In 2015, Lin et al.** introduced an Al-DIB with a
stable discharge capacity of 66 mAhg™" obtained at
0.1-5Ag™' using AICl,” intercalation in pyrolytic
graphite and Al,Cl;” reduction to Al metal in an IL
electrolyte formed by mixing AICl; with 1-ethyl-3-
methylimidazolium chloride (EMICI) (see Figure 2B).
That inspired intense research efforts to develop electro-
lytes with comparable performance, but more efficient,
cheaper and less corrosive.®

Needless to say, aqueous electrolytes are particularly
interesting as they are safe and cheaper compared to
those based on organic solvents or ILs. Recent studies
have shown that a considerable increase in capacity
can be achieved when halides, interhalides, or
metal-chloride complexes are intercalated in graphite
from concentrated aqueous electrolytes, commonly
known as water-in-salt electrolytes (WISE). In 2019,
Stage I C,[BrCl] GIC was prepared in hydrated salt
electrolytes composed of LiBr-xH,O and LiClx-H,O,
where x = 0.34.°° The GIC cathode exhibited a reversible
capacity >240mAhg~' at 80mAg ' obtained within
3.2-4.9'V versus Li*/Li range. In addition, intercalation
of ICI” in graphite was investigated in an aqueous

mixture of a deep eutectic solvent (DES) choline chloride
(ChCl) and zinc chloride in the presence of KI (typically
120 m (mol kg~") ChCl 4 30 m ZnCl, + 5 m KI). Based on
the intercalation of IC1™, a Zn—graphite DIB could deliver
reversible capacities of 290mAhg™' at 30mAg %
Evidently, the halogen-containing GICs were able to
provide much higher capacities than what could be
obtained in ILs and organic electrolytes (typically
<100 mAh g~ 1)*70163:9871 or with other types of aqueous
electrolytes (typically 20-42mAhg™").”>”® Similarly,
intercalation of magnesium chloro complexes, such as
[MgCl,]*~ and [MgCl;(H,0)]™ have been exploited to
design aqueous DIBs. An electrolyte containing a
mixture of 9 m MgCl, and 30 m ChCl in water resulted
in 150mAhg™"' at 100mAg~'’* A Zn-graphite DIB
using 30m ZnCl, reported by Guo et al.”> exhibited a
discharge capacity of >134mAhg™" attributed to inter-
calation of [ZnCl,]*™™ occurring >1.9V versus Zn**/Zn.
A summary of the historical development and milestones
in the preparation of n-type GICs and their application in
DIBs is presented in Figure 1. Based on this historical
survey, it can be concluded that progress in the synthesis,
stability, and application of anion-intercalated graphite
compounds was clearly influenced by the development of
efficient electrolytes. It should also be noted that other
materials such as conducting polymers and metal-
organic frameworks have been proposed as hosts for
anions. Interested readers are referred to recent reviews
on electrode materials for DIBs.”®7°

2 | DESIGN PRINCIPLES OF
EFFICIENT ELECTROLYTES

The schematic diagrams in Figure 2A,B illustrate the
mechanism of charge storage in two variants of DIB
prototypes. The graphite—graphite cell involves intercala-
tion and extraction of cations and anions in graphite
electrodes. The Al-graphite cell illustrated in Figure 2B
operates by aluminum plating and stripping at the
negative electrode, which is paralleled by intercalation
and extraction of AICl,~ in the positive graphite
electrode. Ideally, Stage I GICs are required to maximize
the capacity of DIBs, but achieving this electrochemically
usually requires stable electrolytes which can resist
degradation at high operating potentials. As can be seen
in Figure 2C,D, the process of anion intercalation in
graphite occurs at high potentials (4-5.2V vs. Li*/Li)
where most electrolytes are prone to oxidative decompo-
sition. Fine-tuning the salt concentration, oxidative
and reductive stability, viscosity, ion conductivity, and
wettability of electrolytes is key to ensuring the optimum
performance of DIBs. The electrochemical stability
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FIGURE 1 Historical milestones in the development of anion-intercalated graphite compounds and their applications: (A) synthesis of

various anion-intercalated graphites in different types of electrolytes since 1840, (B) formation of lamellar anion-intercalated GICs in

concentrated H,SO, acid and elucidation of the associated crystal structures determined by Riidorff and Hofmann,"* (C) simplified

structures of graphene oxide obtained from oxidation and anion intercalation of graphite (Reproduced under the terms of the Creative
Commons Attribution 4.0 International license: Copyright 2020, IOP Publishing”®), (D) representation of the crystal structures and unit cell
parameters of graphite with Bernal stacking, (E) isosurface plot of the electron density difference for the C;3TFSI compound showing

electron gain in yellow and electron loss in cyan (Reproduced with permission: Copyright 2018, Royal Society of Chemistry”’), and (F)
expected theoretical capacities for various types of anion-intercalated graphite compounds.

window (ESW) of electrolytes (see Figure 3) is deter-
mined by the oxidative and reductive stability of solvents
and salts used. The open-circuit voltage (Voc) of a cell is
in turn related to the difference between the electro-
chemical potentials (a measure of the Fermi energy of
electrons) of the negative electrode (1_) and the positive
electrode (u, ) as expressed below:

Voc = _(Mn;e:“—)’ (2)

where e is the electronic charge and #n is the number of
electrons being transferred. An ideal electrolyte must be
stable within these limits of electrode chemical poten-
tials. However, this is usually not the case in DIBs, and
most electrolytes undergo reduction on the negative

electrode and/or oxidation on the positive electrode. In
the presence of some additives (salts and solvents), the
electrolytes are able to form interfacial layers (the solid
electrolyte interphase [SEI] and the cathode-electrolyte
interface [CEI]) that passivate the electrodes by limiting
direct contact with the electrolytes, analogous to Li-ion
batteries. The long-term stability of these layers deter-
mines the efficiency, safety, and longevity of DIBs.
Apart from interfacial stability, the salt and solvent
combination can also dictate the reversibility and
kinetics of the anion intercalation in the positive
electrode. It has previously been shown that the salt
concentration and the interplay between anions and
solvent molecules can influence the onset potential for
anion intercalation, as well as the maximum discharge
capacity and CE. Figure 2C shows the intercalation and
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FIGURE 2 Schematic illustration of (A) a graphite-graphite dual-ion battery using lithium-based electrolyte, (B) an Al-graphite dual-ion
battery involving aluminum metal plating and stripping at the negative electrode and intercalation of aluminum tetrachloro anion complexes

in the graphite-positive electrode, and (C) examples of galvanostatic curves showing the characteristic features of anion intercalation in

graphite and its dependence on electrolyte solvents. Reproduced under the terms of the Creative Commons Attribution (CC-BY): Copyrigt
2021, American Chemical Society.*® All galvanostatic curves except that for 4 M LiFSI-EMC (unpublished data) are based on data reported in
the cited reference. (D) Galvanostatic curves measured at 10 mA g~* for PF,~ intercalation from electrolytes based on carbonate solvents with

varying degrees of fluorination (fluoroethylene carbonate and 2-fluoroethyl methyl carbonate). Reproduced with permission: Copyright 2022,

Wiley-VCH GmbH.*'

extraction processes of FSI and TFSI anions and the
different features in the galvanostatic curves.** The
intercalation potential is also affected by the nature of
the solvents present in the electrolytes. In this respect,
the magnitude of anion charge density, rather than anion
size, and the prospect of inducing ion-pairing and solvent
cointercalation play important roles in deciding the
amount and reversibility of anion uptake. As regards
the nature of the solvent, both capacity and CE have been
observed to increase as the degree of fluorination in the
solvents increased, as shown in Figure 2D in which
examples of galvanostatic charge-discharge curves are

given for different electrolytes based on 1M LiPFy in
ethyl methyl carbonate (EMC) and fluorinated carbonate
solvents.?! In brief, in dual-ion cells, both intercalation
potential and capacity depend on the type and concen-
tration of salt anions and solvent molecules in the
electrolyte under consideration. Host-guest interactions
in the GIC electrodes and ion-solvent interactions in the
electrolyte also determine the cell potential and the ESW
expressed in Equation (2). For instance, Dahn and Seel*®
demonstrated that energy density increased with increas-
ing concentration of LiPFy salt in the electrolyte until
2M, at which a maximum was achieved. In a typical
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FIGURE 3 Schematic illustration showing electrolyte-electrode interfaces and electrochemical stability window of an electrolyte vis-a-

vis the chemical potentials of graphite intercalation compounds used in a graphite-graphite dual-ion battery using LiTFSI salt in the

electrolyte. A graphite-graphite DIB must employ an electrolyte that is stable toward cation- and anion-intercalated graphite compounds.

graphite-graphite DIB based on LiA (A stands for anion)
electrolyte salt, the following reactions take place at the
two graphite electrodes:

xC + Li* + e~ 2 LiC, negative electrode.  (3)
yC + A — e~ 2 AC, positive electrode. 4)

Lit + A + (x + y)C 2 LiC, + AC, cell reaction.
(5)

Assuming infinite dilution limit for a binary LiA salt
electrolyte and combining with Equation (2), these
reactions lead to a cell potential given as*’

1 .
V= ;(#ir — py + K — iy + KT I[LIM[AT]),  (6)

o

where ppi.° and pa_° represent the chemical poten-
tials of the cation and anion, respectively, in 1M
solution, pp; is the chemical potential of Li intercalated
in the graphite-negative electrode, and p, is the
chemical potential of the anion within the graphite-
positive electrode. A direct corollary of this simplified
Equation (6) is that the cell potential can be affected by

salt concentration in the electrolyte. However, it
should be noted that increasing salt concentration
increases viscosity and can, beyond a certain critical
limit, adversely impact the ionic conductivity®* as well
as wetting and percolation of the electrolyte into the
porous structure of the electrodes. Some properties of
the solvent such as melting point, dielectric constant,
and viscosity play critical roles in deciding the
maximum salt concentration that can be attained
without compromising ionic conductivity. Since ionic
conductivity depends upon the mobility of ions in the
electrolyte and is affected not only by ion-ion but also
ion-solvent interactions, it is essential to take the
properties of the solvent into account when formulat-
ing electrolytes for DIBs. The electrolyte must possess
sufficiently high ionic conductivity over a broad
temperature range to ensure optimum power perform-
ance, and it must also contain as much salt as possible
to reach the maximum energy density of DIBs. Last but
not least, safety aspects of the electrolyte including
health and fire hazards must be considered, especially
in DIBs in which high operating potentials can
aggravate decomposition reactions as well as increase
the risk of gassing (pressure build-up) in the cell.
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2.1 | A comparative look at electrolytes
for DIBs

As pointed out in the previous section, typical examples
of DIB electrolytes are concentrated protic acids, molten
inorganic salts, organic electrolytes, room-temperature
ILs, highly concentrated organic electrolytes (HCEs)
deep-eutectic solvent electrolytes, WISE, and gel polymer
electrolytes (GPEs). This section presents an overview of
the characteristic properties of common electrolytes
along with the pros and cons of their use in DIBs.

2.1.1 | Molten inorganic salt electrolytes
Early on, it was realized that molten salt electrolytes could
play a crucial role in the synthesis and study of various
acceptor-type GICs. In particular, eutectic mixtures of
inorganic salts have been proved valuable to prepare GICs
in the absence of solvents which usually complicate
structure determination and worsen the stability of the
GICs. For instance, a NaCl-AlCl; molten salt electrolyte
(eutectic at ~110°C) was used in an Al-graphite DIB which
maintained a reversible capacity of 60mAh g™ after 5000
cycles.®® Furthermore, a quaternary mixture of AICLs;, NaCl,
LiCl, and KClI salts was prepared at 75°C. At 90°C, an Al-
DIB using this electrolyte offered a discharge capacity of
~115mAhg™" at 200mA g~ with stable performance for
over 1500 cycles.** More recent studies have shown that
molten salt electrolytes based on sodium bis(fluorosulfonyl)
imide (NaFSI) and KFSI salts can offer novel characteristics
which are appealing in DIBs.* For instance, a eutectic
mixture of 56% NaFSI and 44% KFSI salts was observed to
melt at ~60°C.* The molten salt electrolyte was found to be
stable up to 5.2V and exhibited an ionic conductivity of
33mScm™ at 90°C.* Operating at 90-120°C and at a
current density of 20 mA g™*, a typical DIB cell using these
electrolytes delivered a reversible capacity of 108 mAh g™
with an average potential of ~4.2 V (vs. Na*/Na) and a CE
of 97%— 98%.%° The absence of solvent molecules in the
electrolyte could help prevent Al dissolution,®”*” which is
commonly encountered in organic electrolytes based on FSI
and TFESI salts, in which the formation of [AI(FSI),J*™
complexes has been detected." The main drawback of
molten salt electrolytes is the comparatively high operating
temperature required for cell operation, making them less
attractive for most practical applications.***%%!

2.1.2 | Tonic liquids

Room temperature ionic liquids (RTILs) possess physi-
cochemical properties suited for use as electrolytes and

solvents in DIBs.”*?* As opposed to electrolytes contain-
ing organic solvents, these are nonvolatile, non-
flammable, and more stable at higher potentials and
higher temperatures.”>** It should be pointed out,
however, that pure IL electrolytes have high melting
points and suffer from poor rate performance at freezing
temperatures as a result of a drastic decrease in ionic
conductivity.’>?® Nevertheless, improvements have been
made using eutectic mixtures of different ILs””*® and
also by adding organic solvents.””'°* Common cations in
ILs are imidazolium, pyridinium, pyrrolidinium, ammo-
nium, and phosphonium. The counterpart anions are
selected from TFSI, FSI, chloroaluminate (AICl,"), BF,,
PFs~ and halides such as CI".

The introduction of ILs has contributed toward con-
siderable advances in the development of especially Al-
DIBs. An Al-graphite DIB consists typically of an
aluminum metal anode, an IL electrolyte, and a graphite
cathode.®*'%*71% For instance, room temperature melts
of AICl; and alkylimidazolium chlorides such as 1-butyl-
3-methylimidazolium chloride, EMICL,'%°'** 1-methyl-3-
propylimidazolium chloride,'”>  benzyltriethylammo-
nium chloride,'*® and DMPICI'"” are commonly used
in Al-DIBs. In such devices, AICl, intercalates in
graphite along with concurrent reactions involving the
reduction of AL,Cl;” to Al metal at the negative electrode.
An Al-DIB employing a metallic Al anode and synthetic
graphite as the cathode in 1-ethyl-methylimidazolium IL
electrolyte (AICl;:EMICI) could operate for over thou-
sands of cycles with a reversible capacity of 67 mAh g*.*
However, the ILs listed above are expensive, corrosive,
and sensitive to moisture, which severely limits their
large-scale application in Al-DIBs.''*'%!

Studies have shown that pyrrolidinium- and
piperidinium-based ILs possess higher reductive stability
than imidazolium-based RTILs and are thus more suitable
for application in DIBs.”***!*>!%3 The majority of RTILs
currently used in DIBs are composed of 1-butyl-1-methy-
Ipyrrolidinium (Pyr;,*) or 1-butyl-1-methylpiperidinium
(PP,4") cations, and anions such as bis(pentafluoroethane-
sulfonyl) imide (BETI), fluorosulfonyl (trifluoromethane-
sulfonyl) imide (FTESI), TFSI, and FSL.>*¢-9+1247128 1y pyre
TFSI- and FSI-based IL electrolytes, aggravated dissolution
of the Al current collector produces [AI(FSD),]*™ and [Al
(TFSI),]>™ complexes which destroy the native oxide
passivation layer,*>'*>'** resulting in poor CE, fast
discharge, and disruption of electrical contact to the active
materials. A neat PP,,TFSI IL used in a graphite-graphite
DIB offered a specific capacity ranging from 40 to
80mAh g~ but with only ~66%-80% CE."*"'** Adding a
small amount of salts such as LiBF,, and LiPFg *'**!33 can
promote Al passivation and improve cyclic performance, as
well as ensuring higher specific capacities."**'*> For
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instance, in a pure Pyri,TFSI electrolyte, a graphite-
graphite DIB achieved a reversible specific capacity of
49mAhg " at a current density of 50 mA g~'."** However,
in the same IL, the capacity increased to 98 mAhg™" at
0.1 Ag " in the presence of 1M LiTFSI®” and to ~70 mAh
g~ upon addition of 0.7 M NaTFSL'** In addition, salt or
solvent additives can boost the interfacial compatibility of
common RTILs with negative graphite electrodes.’®*'*
Applying a certain amount of FEC and ethylene sulfite (ES)
in Pyr,TFSI and piperidinium-based RTILs (such as
PP3FSI and PP, TFSI) stabilized the SEI layer, leading to
better performance in graphite DIBs, which otherwise
would suffer from sharp capacity fading.®>'**'*’

2.1.3 | Electrolytes based on DES

DES have been suggested as a cheaper and more
sustainable alternative electrolytes to ILs in Al-DIBs
(among other applications)."**'*> Studies have shown
that DES such as AlCls-urea, which are less expensive
than AICl;-EMICI ILs, can provide comparable perform-
ance,'?%139143:146.197 Typically, an AICl;-Et;NHCI elec-
trolyte can be obtained by mixing AlCl; with triethy-
lammonium chloride (Et;NHCI). In an Al-graphite DIB,
the electrolyte resulted in a capacity of 112mAhg™ at
5A g for over 30,000 cycles with 97.3% retention,'*’
while performing better than the AICl;-urea electro-
lyte 138:139:143.146.147 However, AlC1;-EtsNHCI is corrosive
and moisture-sensitive, similar to the conventional IL
electrolytes employed in Al-DIB. Replacing the Et;NHCI
with ethylpyridine produced an IL that was less corrosive
and more tolerant toward moisture. Even though the
capacity at 25 mA g was comparably good (95 mAh g ™),
the DIB had a lower rate capability.'*

2.14 | Water-in-salt electrolytes

Replacing organic solvents with water is an attractive
approach to make DIBs safer and more cost-
effective.'**'*° However, aqueous electrolytes are prone
to oxygen evolution reaction (OER) at potentials lower
than that required for anion intercalation into graphite.
The reduction of water to H, (called hydrogen evolution
reaction) also occurs before cation insertion,”*****>! and
its corresponding potential is typically <1.5V. Increasing
salt concentration has been found to extend the stability
window."*? Such electrolytes, widely termed as “WISE,”
can reportedly resist oxidative degradation up to 5V
versus Li*/Li.">*'°® The enhanced electrochemical sta-
bility of WISE can be ascribed to the significant reduction
in the number of uncoordinated water molecules. Some
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studies have demonstrated that anion intercalation in
graphite and layered polyaromatic compounds like
coronene can be achieved in WISE.®®*7>!>"1%% For
instance, it was observed that FSI anion intercalation in
1m NaFSI was extremely irreversible with negligible
discharge capacity. The capacity, however, increased to
20mAh g~" only when the salt concentration increased
to 19m’3; even so, the associated CE only rose to a
meager ~40%, making such an electrolyte of limited
importance. To improve the performance of WISE, it will
be necessary to further minimize reductive or oxidative
degradation of water molecules as well as the anions. A
more straightforward approach is to increase the salt
concentration as much as possible so that fewer free
water molecules are available, and also to use salts with
anions that are more stable than FSL.'***°! For instance,
mixing LiTFSI and LiFSI salts raised the potential for
OER from 4.8V in 22m LiTFSI to 5V in 37m LiFSI +
LiTFSI electrolyte.">® The electrolyte was used in a
graphite-activated carbon DIB for which a discharge
capacity of >50mAhg™' was obtained at 500 mA g’
during the first cycle, which later stabilized at ~70 mAh
g! after 50 cycles. In comparison, the 22 m LiTFSI and
30 m LiFSI electrolytes exhibited shorter cycle life, with
the respective discharge capacities reaching 20 mAh
g~! after 50 cycles. Despite this improvement, one
should bear in mind that the CE remained <80%,
which was indicative of the need to further curb
oxidative destruction of the electrolytes. Similarly, the
ESW could be extended to 2.5-2.6V in aqueous
electrolytes consisting of 21 m LiTFSI+ 3 m Zn(OTf),,
and 20m NaFSI+0.5m Zn(TFSI), which proved
valuable for use in Zn-graphite DIBs.'®*'°" Lastly,
recent reports indicate that alkali metal halides can be
employed to realize aqueous DIBs with higher capaci-
ties. As indicated in the preceding section, intercala-
tion of halides (ClI” and Br™) and interhalides (BrCIl™
and ICl") can produce high capacity due to the
formation of GICs in which the carbon to anion ratio
can be as high as 7:1. For instance, intercalation of
BrCl” from a LiBr-xH,O + LiCl-xH,O (for x~0.34)
electrolyte resulted in a discharge capacity of 243 mAh
g at 80mA g™' along with ~82% capacity retention
after 230 cycles.®®'®* Similar studies also demonstrated
that ICI™ intercalation in graphite from 120 m ChCl +
30m ZnCl, + 5m KI electrolyte allowed a reversible
capacity of 291 mAh g™ at 30 mA g .°” These results
demonstrate that the DIB concept holds more potential
in store for the diversification of the energy storage
landscape. Major challenges to the practical applica-
tion of the chloride-based DIB concept are linked to Al
dissolution aggravated by the presence of chloride ions,
the generation of Cl, gas in the cell, and its high
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reactivity toward electrode materials and electro-
lytes.50:109-163.164 ‘The eyolution of Cl, can be sup-
pressed by chemisorption on iodine or ammonium
methyl iodide, by reacting with bromine and iodine to
form interhalide (BrCl and ICl) intercalants in
graphite,®® or by conducting the intercalation process
at low temperature to induce liquefaction of the halide
intercalant.*®>

2.1.5 | Highly concentrated organic
electrolytes

A high salt concentration is essential to maximizing
volumetric and gravimetric energy density, and suppress-
ing parasitic reactions (i.e., Al corrosion, graphite
exfoliation), as well as reducing the flammability of
DIB electrolytes. How much salt can be dissolved in a
given solvent is determined by the strength of the
cation-anion interactions, the ion-solvent interactions,
and solvent properties such as permittivity and viscosity.
In this section, a review of the salts and solvents
commonly encountered in highly concentrated organic
electrolyte (HCESs) is provided along with the impacts on
the performance of DIBs.
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2.2 | Salts
Similar to lithium-ion batteries, salts for DIBs must
ideally possess a range of properties including

+ high ionic conductivity,

« high degree of solubility in common solvents,

« electrochemical stability,

« thermal stability,

« stability against hydrolysis,

« ability to help generate stable SEI and CEI layers, and

« compatibility with the Al current collector or the
ability to passivate it in the course of electrochemical
cycling.

Various salts containing the anions shown in Figure 4
have so far been studied for DIB applications. Anions
such as chloride (C1),°'%* bromide (Br"),*” tetrachlor-
oaluminate (AICl,),**'®® perchlorate (ClO,"),%*'671%°
tetrafluoroborate (BF,),**'®”'”!  hexafluorophosphate
(PF¢),*” difluoro(oxalato)borate (DFOB),'”*'”®> FSI,**
TFSL3%829 and FTFSI® have been demonstrated to
reversibly intercalate in graphite. The electrochemical
stability, the charge density of the anion in the salt, and
the strength of its interaction with the solvent molecules

F O\\S/N'\ S//O F
F \\) c// F

bis(perfluoroethylsulfonyl)imide

FIGURE 4 Examples of anions that are of interest in dual-ion battery chemistry.
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can affect the intercalation capacity and kinet-
ics 80124174175 gpeaking of electrochemical —stability,
perchlorate (ClO, "), for instance, undergoes less efficient
intercalation as compared to BF,~ and PF4~ due to its
poor reductive stability, inevitably causing excessive
electrolyte decomposition.'**'”® On the other hand, salts
containing BF,~ anions have limited solubility in organic
solvents while PF¢ -containing salts are sensitive to the
presence of water, which restricts their applicability in
DIBs. Salts with weakly coordinating anions such as FSI
and TFSI are highly soluble in most solvents encountered
in batteries and thus are more suited to prepare
concentrated electrolytes with optimum ionic conductiv-
ities."”” High salt concentration substantially improves
stability at high potentials and makes such electrolytes of
particular importance in DIBs.*>'”® Another important
question concerns how the size of a given anion
influences intercalation capacity and kinetics. Intuitively,
smaller anions could be expected to intercalate more
readily, thereby allowing for high discharge capacity.
Experimental data, however, indicate no clear relation
between anion size and intercalation capacity, but rather
that the type of solvent used in the electrolyte has a
remarkable influence on the extent of anion intercala-
tion.5%-01:63.94124 Ror instance, BF,, which is smaller
than most anions mentioned above, has lower intercala-
tion capacity in carbonate solvents as compared to PFq,
ClOy4, FSI, and TFSL'7*'"

Despite the more facile intercalation, electrolytes
containing LiTFSI and LiFSI salts dissolved in organic or
IL solvents cause incessant dissolution of the Al current
collector during anodic polarization (>4.0V vs. Li*/Li),
leading to the formation of soluble [AI(FSI),]*™™ com-
plexes.’**'®® As a consequence, such reactions result in
extensive pitting on the Al surface. These shortcomings
can be remedied using salt additives like LiPFy, LiBF,,
and LiDFOB, which can generate reactive fluoride ions
needed for efficient passivation of the Al current
collectors even above 5.2 V."** Naturally, combining salts
can be a viable strategy to prepare electrolytes with high
ionic conductivity and ability to passivate Al, while also
enhancing anion uptake.”*'®"'®2 For instance, a 0.8 M
KFSI electrolyte has higher conductivity but suffers from
severe degradation even at potentials <4.5V, as opposed
to electrolytes containing a mixture of KFSI and KPFg
salts (1:3 molar ratio). The electrolytes with mixed salts
exhibit electrochemical stability ranging from 4.8 to
5.2V, suggesting that KPFg salt mitigates electrolyte
decomposition and Al corrosion, which in turn increases
the reversible intercalation capacity to 103 mAhg~'.'%!
Another example shows that mixing LiPF¢ salt with
NaPFg and Ca(PF6), salts enables the design of Na- and
Ca-based DIBs with enhanced rate performance, longer
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cycle life, and more stable interfacial layers.'*>'®* A

summary of the advantages and disadvantages of salts
commonly used in DIBs is given in Table S2.

2.3 | Solvents

Different types of solvents including water, carbonates,
carboxylate esters, phosphates, sulfones, ethers, ILs, and
DES have been considered in the preparation of
electrolytes for DIBs. Examples of these solvents and
their relevant properties are provided in Tables 1 and S1.
In addition, some pros and cons of various solvent classes
are presented in Table S3. Structures of representative
examples are shown in Figure 5. When choosing a
solvent, the primary focus must be on its ability to

« withstand reduction and oxidation within the electro-
chemical window required for DIB operation,

« dissolve sufficiently high amount of salt needed to
prepare concentrated electrolytes, and

« maintain safety to ensure a low risk of health and fire
hazards.

Even though ethers are good solvents in electrolytes
desired for high-rate applications, they have limited
stability at potentials beyond 4V versus Li*/Li, and
hence, they are not commonly used in DIBs. However, a
few examples exist in which they are used as diluents in
ILs,'®* or as solvents in the presence of high salt
concentration or additives which can help minimize
oxidative decomposition to some extent.'®

2.3.1 | Carbonates

Carbonates are by far the most common solvents used in
DIB electrolytes (see Figure 5B). They exhibit a range of
dielectric constants, dynamic viscosity, density, and
electrochemical stability depending on chemical struc-
ture and composition. Classic examples are cyclic
carbonates such as EC and PC, and linear carbonates
like EMC, DMC, and DEC.'™'2 Generally, cyclic
carbonates possess a high dielectric constant and are
favorable for dissolving electrolytes salts,'® while linear
carbonates lower the viscosity and enhance ion conduc-
tion as a consequence.'” To prepare concentrated
electrolytes, a high dielectric constant carbonate such
as EC and low-viscosity carbonates such as DMC and
EMC are mixed in specific proportions to achieve a trade-
off between ionic conductivity and salt concentration
required for high power and high energy performance
(see Figure 7A-D).>86183186-188.194-201 R 1 example, the
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TABLE 1 Some solvents commonly used in electrolytes for dual-ion batteries.
Dynamic Density Autoignition
Molar mass viscosity (cP) (gcm™) Permittivity Boiling Melting Flash temperature
Solvent (M) (g mol™) at 25°C at 25°C () point (°C) point (°C) point (°C) (°C)
MA 74 0.36 0.93 6.7 57-58 —-98 -13 454
MDFA 110.06 = 1.26 = 85-87 = 19-24 =
EA 88.11 0.43 0.89 6 76.5-77.5 —84 -4 426-427
MP 88.11 0.43 0.91 6.2 79.8 —88 =2 469
GBL 86.09 1.73 1.12 41.7 208 —44 98 435
DMC 90.08 0.59 1.06 3.2 90 4.6 18 458
EMC 104.10 0.65 1 24 109 -53 23 446
DEC 118.13 0.75 0.97 2.82 127 —43 33 445
FEMC 122 1.4 1.2 7.3 - - - -
MTFEC 158 0.74* 1.33 7.1 90 = 38 =
EC 88.6 1.9% 1.32% 90* 248 38 160 465
VvC 86.05 = 1.36 126 162-178 15-22 72-80 355
PC 102.9 2.51 1.2 65 242 —-49 132 455
BC 116.12 3.2 1.14 56.1 241 —53 135 =
FEC 106.05 - - - 212 18-23 >100 -
EMS 108.16 4° 1.16° 57.5¢ 239-247 32-37 >110 =
SL 120.17 10.44 1.26 43.4¢ 285 20-26 177 528
MSL 134.2 11 1.2 29 276 0.5 154 =
TMP 140.07 1.3 1.2 21.26 197 —46 148 391
TEP 182.15 1.6 1.07 13 216 —56.4 117 454
TPP 224.23 1.01 - - 120-122 252 113 -

Abbreviations: BC, 1,2-butylene carbonate; DEC, diethyl carbonate; DMC, dimethyl carbonate; EA, ethyl acetate; EC, ethylene carbonate; EMC, ethyl methyl
carbonate; EMS, ethyl methyl sulfone; FEC, fluoroethylene carbonate; FEMC, 2-fluoroethyl methyl carbonate; GBL, y-butyrolactone; MA, methyl acetate;
MDFA, methyl difluoroacetate; MP, methyl propionate; MSL, 3-methyl sulfolane; MTFEC, methyl-2,2,2-trifluoroethyl carbonate; PC, propylene carbonate;
SL, sulfolane; TEP, triethyl phosphate; TMP, trimethyl phosphate; TPP, tripropyl phosphite; VC, vinylene carbonate.

“Data at 40°C.
"Data at 35°C.
“Data at 50°C.
dpata at 30°C.

first discharge capacity for a Li-graphite DIB was
observed to reach a maximum as the LiPF4 concentration
in PC increased to about 2M, and then dropped to a
minimum at 3 M. In contrast, in the case of concentrated
LiPF¢ salt in DMC, EMC, and MP, it increased
continuously with increasing concentration of the salt.**?
In a related study, a 5M KFSI in EC + DMC electrolyte
was used in a K-graphite DIB in which the specific
energy increased substantially to ~207 Wh kg~'.'”®
Despite its ability to dissolve salts and create SEI layers
on graphite-negative electrodes, EC has a strong tendency to
coordinate to anions like BF,~ and PF4~, thereby limiting
their intercalation in graphite, as verified using XRD,

electrochemical quartz crystal microbalance (EQCM) and
Raman Spectroscopy.go’l70’171’174’175’186’203'208 In situ XRD
has been used to assess the extent of PF, intercalation in
graphite from electrolytes containing PC and EC sol-
vents.”*”**® The XRD patterns showed that the characteris-
tic (002) peak of graphite experienced a noticeable shift as
the cells containing PC-based electrolytes were charged to
3.7V, indicating the onset of PF4~ intercalation. In contrast,
hardly any shift was observed in the (002) peak position for
the EC-based electrolyte even after charging to 4.7 V, which
verified that EC hampered the electrochemical intercalation
process. However, it is worth noting that EC-based
electrolytes can have low ionic conductivity and high
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FIGURE 5 Solvents and additives for the dual-ion battery chemistry: (A) carboxylate esters such as methyl acetate (MA), methyl

difluoroacetate (MDFA), ethyl acetate (EA), methyl propionate (MP), and y-butyrolactone (GBL), (B) linear and cyclic carbonates including
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), 2-fluoroethyl methyl carbonate (FEMC), methyl-2,2,2-
trifluoroethyl carbonate (MTFEC), ethylene carbonate (EC), vinylene carbonate (VC), propylene carbonate (PC), fluoroethylene carbonate
(FEC), and 1,2-butylene carbonate (BC), (C) sulfones like ethyl methyl sulfone (EMS), sulfolane (SL), and 3-methyl sulfolane (MSL), and
(D) phosphates including trimethyl phosphate (TMP), triethyl phosphate (TEP), tripropyl phosphate (TPP), and tris(1,1,1,3,3,3-hexafluoro-2-

propyl) phosphite (HFIP).

resistive loss which causes a shift in the intercalation
potential. A similar tendency to impede anion intercalation
was also observed in electrolytes containing LiPFg dissolved
in SL, y-butyrolactone (GBL), and trimethyl phosphate
(TMP) solvents, as shown in Figure 6.'7>'89204219 The
addition of low-viscosity solvents such as DMC and EMC is
expected to weaken the interactions between EC and PF4~,
thereby increasing the intercalation capacity.*'2°*2** For
example, a DIB using 1M LiPFs in EC 4+ DMC electrolyte
delivered a discharge capacity of ~48mAhg™.% In the
electrolytes containing 1 M LiPF4 in EC + PC, an increase in

the amount of EC caused a sharp decrease in the discharge
capacity. In contrast, adding 1,2-butylene carbonate (BC) to
a 1M LiPFs PC+BC electrolyte caused the discharge
capacity to decrease from 64 to 52mAhg” where it
stabilized. The discharge capacity of the graphite electrode
in the LiPF4 dissolved in EC is much lower than that in
electrolytes containing PC and BC, conclusively showing
that PF4™ intercalation is severely hampered by the presence
of EC.*" Studies have additionally shown that electrolytes
containing PC and BC solvents allow for a higher amount of
BF,” storage in the graphite electrode in the absence of EC.
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FIGURE 6 Mixing solvents to enhance reversible capacity without affecting ionic conductivity: (A) the benefits of mixed solvents with
different functions, (B) impact of adding EMC to different types of solvents on the ionic conductivity of 1 M LiPFg, (C) trend in discharge
capacity with increasing volume of EMC as a function of solvent mixtures, and (D) the dependence of discharge capacity on salt

concentration and the volume proportion of MA in TMP. Data for these plots were extracted from the different publications cited in this

paper using WebplotDigitizer version 4.4.2%°

In both EC+PC and EC+ GBL mixtures, the initial
discharge capacity for BF,  intercalation decreased signifi-
cantly as the EC content rose.'”" Similar to EC, pure GBL
appeared to suppress PFq  intercalation, as evidenced by
XRD, Raman, and EQCM studies.*'* Interestingly, adding
EMC increased the intercalation capacity. The capacities of
PF¢ intercalation for the electrolytes 1 M LiPFs in EMC
and 1 M LIPFg in GBL, the capacities associated with PFg
intercalation were, respectively, 97 and 21 mAh g_l. These
observations also confirm that EMC is more suitable than
other carbonates for PF, intercalation, as shown in
Figure 6C.*'**'* In line with this conclusion, a higher
PF, intercalation capacity, namely ~110mAhg™' at
200 mA g, was also reported for an Al-graphite DIB using
an electrolyte based on neat EMC solvent.”> Apart from
differences in intercalation capacity, solvents affect the onset

overpotentials required for anion intercalation. Amongst
DEC, DMC, and EMC, for which discharge capacities of
80—95mAhg‘1 were demonstrated, EMC showed less
intercalation overpotential (~0.26 V) as compared to both
DMC and DEC (0.34-0.38 V).*** Furthermore, a recent study
by Wang et al.*' demonstrated the benefits of substituting EC
and EMC with their fluorinated counterparts FEC and
FEMC. Even though a low salt concentration was employed
(1M LiPFg), the highly fluorinated electrolytes exhibited
remarkably high oxidative stability (vis-a-vis 1M LiPFg in
EMC) in Li-graphite DIBs cycled between 3.0 and 5.2V
versus Li*/Li. Optimal performance was achieved in 1M
LiPFg in FEC + FEMC (3:7), which increased the capacity
retention to ~95% after 5000 cycles. Essential performance
metrics of DIBs in different electrolytes are summarized in
Table S4 and Figure 7A-D.
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efficiency values corresponding to the data in (A), (C) a summary of the discharge capacities from graphite electrodes intercalated with anions
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Reproduced with permission: Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA*'® The data shown in the plots in (F) and (G) were data

extracted from the published graphs using WebplotDigitizer version 4.4.2%

2.3.2 | Sulfones

Solvents bearing the sulfone functional group such as
EMS and sulfolane (SL) have notable anodic stability
and possess high dielectric constant allowing for high
salt concentrations, which is desirable for DIB applica-
tions.”'”?*® The electrochemical PF, intercalation

from an electrolyte based on EMS (stable up to 5.6 V)
was reported to be more efficient than that containing
EC and DEC (stable up to 5.2 V).*’ Charging to 5.45V,
a Li-graphite DIB containing a 2M LiPFs in EMS
electrolyte allowed for a discharge capacity of 95 mAh
g~ ! with 83% CE for the initial cycle. Apart from LiPFg,
salts composed of the sulfonylimide anions have also
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been employed together with sulfones. At low salt
concentrations like in 1 M LiTFSI and LiBETI in EMS,
the electrolytes were more prone to degradation when
charged to 5.0-5.6V, resulting in 20%-74% CE in
addition to lower discharge capacity. For example, only
a maximum of 63mAhg™' was achieved for 1M
LiTFSL®' The favorable stability of sulfones is manifest
in a 0.8 m LiFSI in SL electrolyte which allowed for
more reversible intercalation (discharge capacity of
~48 mAh g~! with 64% CE) in the range 3.0-5.2V as
compared to a 0.8 m LiFSI in EC + DMC (1:1 vol/vol)
electrolyte.””! As expected, increasing the salt concen-
tration from 0.8 to 4m in SL further enhanced
oxidative stability with the capacity and CE at 200 mA
g”! increasing to nearly 113mAhg™' and 93%,
respectively. This clearly demonstrates the benefit of
using sulfones and the positive impact of higher salt
concentrations on DIB performance.

SL can extend electrolyte stability to about 6 V versus
Lit/Li allowing for increased capacity. For instance,
intercalation of BF,” in graphite cycled between 4.5 and
5.5V versus Li*/Li in an electrolyte containing 1 M LiBF,
dissolved in a neat SL was characterized by a reversible
capacity of 80 mAh g~'. This is dramatically higher than
what has been observed for BF, in carbonate sol-
vents.”***** Nevertheless, SL has a high viscosity and
high melting point (see Table 1),'”>*** which may limit
the rate capability of DIBs, particularly at low tempera-
tures. Therefore, SL is usually mixed with low-viscosity
carbonates like EMC to prepare electrolytes with a good
balance between ionic conductivity and oxidative stabil-
ity. Introducing EMC or PC into a 1M LiPFg in SL
electrolyte has been shown to increase both PF4~
intercalation and ionic conductivity by reducing the
viscosity of SL (see Figure 6B,C)."7>****° In a
Li-graphite DIB cycled between 3.0 and 5.4V, adding
even 10% EMC increased the cell capacity from ~5 to
~100mAh g™!, which is comparable to that for pure
EMC.'”> The same DIB cell cycled at 200 mAg~" using an
electrolyte based on 1 M LiPF¢ dissolved in a mixture of
SL and EMC (1:4) showed a reversible capacity of
105mAhg™" along with 93% capacity retention over
1000 cycles. Similar behavior has been observed for BF,~
intercalation. In a 1 M LiBF, solution, mixing EMC with
SL and MSL appeared to increase the capacity, with the
effect being more dramatic in the case of MSL.*** As
compared to the neat MSL for which negligible capacity
was obtained (~2mAhg™), a graphite DIB delivered a
discharge capacity >30 mAh g~" upon adding 50% EMC.
It is worth noting that the discharge capacity from BF,~
intercalation in a neat EMC solvent was likewise
negligible.'®*'7°

2.3.3 | Phosphates

Phosphate solvents such as TMP are beneficial to
reducing or eliminating the flammability of electrolytes,
hence ensuring operational safety.**”**® However, most
phosphates possess lower oxidative stability as compared
to carbonates and sulfones. No significant intercalation
capacity can be attained in electrolytes composed of 1 M
LiPF,, LiBF,, LiTFSI, or LiFSI salts dissolved in pure
TMP. Increasing salt concentration has been shown to
alleviate this shortcoming.?*® For 3 M salt concentrations
in these electrolytes, the discharge capacity increased to
40-50 mAh g~ (for a potential cut-off ranging from 5.2 to
5.8 V). However, the potential hysteresis (polarization)
was very high, particularly in the case of LiPFys and
LiBF,. Another comparative study dealing with 3M
LiTFSI in alkyl phosphate solvents including TMP, TEP,
TPP, and TBP further indicated that TMP performed
better in terms of reversible capacity and rate capability
in a Li-graphite DIB charged to 5.2V.*** The study
underlined that the structure and molecular mass of the
phosphates impacted anion intercalation. Moreover, a
hard carbon-graphite DIB using an electrolyte based on
NaTFSI salt in TMP (1:2 molar ratio) exhibited a
reversible capacity reaching ~47 mAhg™" at 500mA g~
within the 2.0-4.6 V range, but the capacity faded to 71%
over 200 cycles.”*’ Adding EMC improves the capacity
and oxidation stability of phosphates, leading to better
results in DIBs. Notably, only limited BF,~ intercalation
(1-3mAh g_l) was observed from a solution of 1 M LiBF,
dissolved in either EMC or TMP, while mixing the two
solvents in a 4:1 ratio increased the capacity to
~27mAh g '."”° In contrast, more efficient and consid-
erable intercalation behavior has been observed in the
range of 3.0-5.2V for electrolytes such as 1M LiPFg in
EMC electrolyte, and 1-3 M LiPFg in a mixture of EMC
and TMP."®® In a 3M LiPF, in a mixture of TMP and
EMC solvents (3:7), a discharge capacity of ~100 mAh g~
and iCE ~85% were observed, which were higher than
those for 1 M LiPF¢ in EMC and 1 M LiPFg in 3:7 of TMP
and EMC (<80mAhg™™).

2.3.4 | Carboxylate esters

Carboxylate esters have a relatively low melting point
and viscosity, which promotes ionic conductivity and
electrochemical performance, even at freezing tempera-
tures (see Table 1).>** Common examples of esters
include MA, MP, and GBL, the structures of which are
shown in Figure 5A. For example, an electrolyte with 2 M
LiPF, dissolved in methyl propionate (MP) could stay
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liquid even at —60°C while the ionic conductivity was
1.89mScm™" (see Figure 7E,F).*'® For this reason, MP
can be chosen as a solvent or cosolvent in battery
electrolytes due to its low melting point of ~—88°C.
Important limitations of MP are related to its poor
reductive stability below 0.5V versus Li*/Li, which leads
to irreversible Li plating as observed in a 2M LiPF¢,-MP
electrolyte.”**> Adding 10% (vol/vol) FEC improved the
anodic stability and reversibility of Li plating as it likely
results in a more stable SEI layer,*** without compromis-
ing its conductivity at low temperatures, as shown in
Figure 7F. A graphite-graphite DIB cycled at —40 and
—60°C was able to retain, respectively, 93% and 84% of its
room temperature capacity (see Figure 7G).*'® PFq
intercalation in pure MP solvent gave rise to a maximum
reversible capacity of ~118 mA h g~ and performed well
as compared to electrolytes based on EMC solvent.'”!
Increasing salt concentration was observed to improve
both intercalation capacity, CE, and long-term capacity
retention, although the ionic conductivity decreased. For
instance, in a 3.5M LiPFg in MP electrolyte a discharge
capacity of 110mAhg™' was obtained with a 90%
retention after 300 cycles for a Li-graphite DIB cycled
in the range 3.0-5.2V.>*? In essence, mixing carbonates
and carboxylate esters can help achieve electrolytes with
sufficient oxidative stability and enhanced performance
at low temperatures. A mixed electrolyte based on 1 M
LiPFs in EMC + MA (1:1, vol/vol) exhibited an ionic
conductivity of ~12mS cm ™ (Figure 6B). The electrolyte
performed well at —25°C in a Li-graphite DIB which
delivered a discharge capacity of ~40 mAh g™' with 70%
capacity retention after 200 cycles, which was much
higher than that for 1 M LiPFs in EMC (~9 mAhg™") at
the same temperature.”**

In addition to poor reductive stability, carboxylate
esters possess low flash points and are highly flammable,
and thus they present a serious fire hazard (see Table 1).
In general, adding flame-retardant solvents such as TMP
can be an effective remedy to boost safety. As shown in
Figure 6C, pure MA resulted in a reversible capacity of
60mAh g™ for PFs intercalation, unlike the negligible
capacity in pure TMP.>*> A DIB using 3M LiPFs-MA
electrolyte could maintain about 77 mAh g™ with <80%
CE for only 100 cycles, which may be related to the lower
oxidative stability of MA. When 50% TMP was added into
this electrolyte, however, the initial discharge capacity
increased to roughly 90 mAh g™ with the CE improving
to over 97%. Nevertheless, an optimum amount of TMP
should be used to avoid performance degradation. The
discharge capacity varied between 47 and 77 mAh g™ as
the volume of TMP decreased from 50% to 20% in the 3 M
LiPFg in MA + TMP electrolyte (see Figure 6D).

CARBON ENERGY-WI LEY—L 7ot

2.4 | Interfacial reactions on anion-
intercalated graphite electrodes

Indisputably, the DIB technology can be an attractive
alternative energy storage system from the perspective of
materials sustainability and availability. Besides, high
cell voltages of DIBs will ultimately offer the benefit of
fairly high energy density. This advantage, however,
comes at the expense of increased chances of parasitic
reactions at both the negative and positive electrodes,
since the electrode reactions lie outside the ESW of most
electrolytes (see Figure 3). As discussed in the previous
sections, the majority of electrolyte salts and solvents are
not stable at both potential extremes. In particular, the
relatively high potential (>4.3V) needed for anion
intercalation subjects the DIB concept to severe electro-
lyte degradation and corrosion which result in limited
cycle life and rapid self-discharge. Such side reactions
most often entail the reductive/oxidative decomposi-
tion of salt anions and solvents in the electrolyte, while
other seemingly inactive cell components such as
the binders and current collectors can degrade in the
course of cell operation. Apart from the deterioration
of cell performance, parasitic reactions eventually lead
to electrolyte dry-up and gas pressure build-up causing
swelling of the cell**® as well as loss of mechanical
integrity and electronic contact within the electrodes.
Hence, suppressing side reactions at both
electrode-electrolyte interfaces is a research topic of
paramount importance as far as improving the
performance, lifetime, and safety of dual-ion cells
are concerned. In this section, highlights of studies
dealing with interfaces in DIBs are presented.

2.4.1 | The CEI layer

Reactions at the interface of the positive electrode and
the electrolyte can entail anion intercalation, solvent
cointercalation, oxidation of solvent molecules and
anions, anodic dissolution of the Al current collector,
and binder degradation. To combat undesired reactions
at the interface, strategies focusing on the modification of
the electrode-electrolyte interfaces have become com-
mon. As illustrated in Figure 8A, the principal aim is to
create

« a thin, uniform protective layer on the positive
graphite electrode that is electronically insulating to
prevent side reactions but permeable to anions, and

« a passivation layer on the Al current collector that
renders it inaccessible to solvent molecules.
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FIGURE 8 Understanding the nature of interfacial reactions in a DIB and mitigating their impact on cell performance: (A) schematic
illustration showing the structure of graphite and the cathode-interface layer on the surface, and (B) oxidative polymerization of the

VC additive indicated in the differential capacity plots for two cycles. Reproduced with permission: Copyright 2023, Elsevier Lt

d 237

(C) Comparisons of the C 1s XPS for graphite electrodes before and after cycling in 4 M LiTFSI and 1 M LiPF4 in EC-DEC electrolytes.
Reproduced under a Creative Commons Attribution (CC-BY): Copyrigt 2021, American Chemical Society.** (D) Galvanostatic curves at
500 mA g~ for a selected number of cycles in 3 M LiPF, in EMC electrolyte with and without FEC additive. Reproduced with permission:
Copyright 2020, Elsevier B.V.**® (E) The chemical structure of triallyl phosphate. (F) SEM images of graphite electrodes after 100 cycles in
6 m KTFSI in DMC electrolytes with and without TAP additive, and (G) extended cycling at 50 mA g~" and associated Coulombic efficiency
of MoS,-graphite KDIBs employing an electrolyte consisting of 6 m KTFSI in DMC with and without TAP additives.®? Reproduced under the

Creative Commons License (CC-BY): Copyright 2021, Cell Press.®*
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Unlike in a lithjum-ion battery,>*° the CEI layer in a
DIB is supposed to conduct only anions while keeping
solvent molecules at bay. In fact, inorganic decomposi-
tion products that form in the presence of EC and LiPF,
for instance, are highly undesirable as they hamper the
intercalation of anions in graphite.*® It is also important
to note that other cell components like binders can
impact or even modify the electrode—electrolyte interface
as they are in intimate contact with the active materials
and current collectors.>*® The formation of a stable CEI
can be carried out in situ or ex situ in the dual-ion cells.
These approaches adopted in the design of the CEI layer
include

« coating the pristine graphite electrodes before cell
assembly®” or precycling the electrodes in the presence
of interface modifying additives, and

« adding critical amounts of cosolvents and/or salt
additives'****%2*°2%3 which can induce the formation
of stable interfacial layers.

Examples of the first instance are thin layers of
titanium and aluminum oxides coated onto graphite
electrodes to mimic stable CEI layers. A thin coating of
LTO on graphite electrode has been reported to improve
capacity retention (~85% after 2000 cycles)*** attributed
to its structural stability,”*> although it has a suspected
ability to catalyze electrolyte decomposition®*® and
polymerization of some solvents like SL. Likewise, an
Al,03 (ALO) thin film has been proposed to alleviate side
reactions occurring during anion intercalation.'”® Per-
formance enhancements related to the ALO-coated
graphite (capacity retention of 82.3% after 1000 cycles)
were attributed to ALO leading to the generation of a CEI
rich in organic species in a 4 M LiPF¢ in EMC electrolyte.
This was different from the electrode cycled without
modification, in which case the CEI contained predomi-
nantly LiF and Li,PF,O, species. The increased contribu-
tion from polymerized CEI species with the ALO coating
was suggested to enhance the flexibility of the CEI, and
subsequently, its ability to withstand volumetric changes
experienced in the course of anion intercalation and
extraction cycles.

In the second instance, some additives in the
electrolyte can help create an efficient CEI layer during
cycling. In particular, critical proportions of monomers
with vinyl or allyl moieties can be included in the
electrolyte formulation and later allowed to polymerize
in situ on the electrode surface either electrochemically
or chemically using radical initiators.*>?***>**” In this
regard, there are a few examples of additives such as EC,
fluoroethylene carbonate (FEC), vinylene carbonate
(VC), and triallyl phosphate (TAP) (structures shown in
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Figures 5 and 8B) used to enhance the CEI layer on
graphite electrodes.

Incorporating only a critical amount of salt and
solvent additives can improve the electrochemical
performance of DIBs.?*®**?* The additives preferen-
tially decompose to generate stable SEI and CEI layers
that can inhibit further electrolyte decomposition. The
addition of 0.03M LiNO; to a 4M LiPFs EMC (with
3vol% VC) electrolyte is able to enhance the cycling life
of Li—graphite DIB, leading to ~80% capacity retention
over 1000 cycles in the range of 3.4-5.0 V.**’ Salts with
reactive fluorinated anions can produce hydrofluoric acid
(HF) which further reacts with the ALO layer on the Al
surface, giving rise to a passivation layer composed of
AlF;."*? In Al-graphite DIB, adding 2 wt% AlFs; to the 3
M LiPFs EMC + DMC electrolyte with 3 wt% VC enabled
intercalation of PFs~ and AlF,” anions, resulting in a
specific capacity of ~100mAhg™" at 0.2 Ag™' while
preventing Al dissolution.**°

Solvent additives or cosolvents can also improve
oxidative stability and reduce the corrosive tendency of
electrolytes, leading to longer cycle life of DIB prototypes.
Adding 1-5wt% VC was observed to effectively enhance
the cycling stability of the Al-graphite DIB. A VC
additive in 4 M LiPFg in EMC decomposed at ~4.37V,
forming a protective layer on the Al anode®”' as well as
undergoing oxidative polymerization at ~4.6V versus
Li*/Li (as shown in Figure 8B)*** to generate a poly(VC)
film that suppressed electrolyte decomposition.*****2>3
Another type of additive, ES, improved the SEI layer on
the graphite anode, increasing the discharge capacity of
graphite-graphite DIB from 50 to 97 mAh g~'. This is of
vital importance in DIBs, given that concentrated
electrolytes with sulfonylimide anions often fail to
generate stable CEI layers, while those based on PFg¢~
are prone to excessive decomposition resulting in thick
coverage on the surface as X-ray photoelectron spectros-
copy (XPS) studies have verified (see Figure 8C). In
particular, fluorinated solvents and ethers such as FEC,
FEMC, methyl difluoroacetate (MDFA), and tris
(1,1,1,3,3,3-hexafluoro-2-propyl) phosphite (HFIP) (see
Figure 5) are considered suitable cosolvents or additives
in DIB electrolytes. For instance, improved passivation of
Al can be achieved in an electrolyte containing 1M
LiTFSI dissolved in MDFA.™® In a 1.7M LiPF, in
FEC + EMC (4:6 wt/wt) electrolyte, adding 5 mM HFIP
was reported to improve cycle life and delivered a specific
capacity of 85mAh g™ in the potential range 4.0-5.2V
versus Lit/Li.”! In addition, fluorinated carbonates can
enhance the stability of the SEI layer on negative
electrodes as well as impart oxidative stability. It was,
for example, reported that adding 1-10wt% FEC in IL
electrolytes can improve the capacity from ~29 to
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80mAhg™" and the cycle life of an Al-graphite DIB,
with the CE rising from ~83% to 90%. Incorporating
2vol% FEC in 1 M LiPF, in a mixture of EC, DEC, and
EMC (1:1:1, vol/vol/vol) was reported to improve DIB
performance as a more stable SEI layer formed.*>* There
are also some reports which claim that FEC can help
create thinner CEI layers on the positive graphite
electrode, leading to more reversible PF,~ cycling.**®
For instance, a Li-graphite DIB using 3 M LiPF4 in EMC
containing 5% FEC as the electrolyte could cycle with
~99% CE and ~85% capacity retention over 5000 cycles
with a cut-off voltage of ~5V (see galvanostatic curves in
Figure 8D). However, it is important to note that there is
no consensus on whether FEC helps in the CEI layer
formation on positive electrodes. Possibly, fluorinated
monomers can impart further stability to the CEI layer;
otherwise, the monomers can be used together with salt
additives that can supply labile fluorine species formed
during cycling. Another class of additives that will likely
enhance the cyclability of DIBs are monomers which can
polymerize before or in the course of anion intercalation.
Examples include TAP and diethyl vinyl phosphonate
which can be polymerized electrochemically or chemi-
cally using 2,2-azobisisobutyronitrile (AIBN) as an
initiator.***>> An interfacial layer formed from such
polymers is anticipated not only to improve charge
efficiency and cycle life but also to prevent excessive
solvent cointercalation and graphite exfoliation, which is
a common problem in DIBs (see Figure 8E-G).

2.4.2 | Detection and mitigation of gaseous
decomposition products

Gas release can be a good indication of electrolyte
decomposition. Identifying the evolved gases and their
respective sources is necessary to gaining an in-depth
understanding of degradation mechanisms.**® Quantita-
tive measurements of gases given off during cycling have,
for instance, been achieved both in commercial pouch cell
setups, by measuring either the cell thickness or making
use of Archimedes principle, as well as in lab-scale
prototype cells such as modified Swagelok cells equipped
with pressure transducers.””” To identify the gases,
additional techniques such as gas chromatography
combined with time-of-flight mass spectrometry (GC-
MS) and electrospray ionization-high resolution mass
spectrometry (ESI-HRMS) are necessary. While GC-MS is
suitable for the identification of highly volatile species,
ESI-HRMS extends the analysis regime down to moder-
ately volatile compounds, including oligomers of polym-
erized solvent molecules. Ultimately, it is most useful to
perform an operando gas analysis, which is feasible via

the use of differential electrochemical mass spectrometry
(DEMS) or online electrochemical mass spectrometry
(OEMS) measurements.”*® Few studies have dealt with
gas evolution in DIBs thus far. Using pouch cells (and
based on Archimedes principle), the evolved gas volumes
were compared for LTO-graphite cells containing the
following electrolytes: (1) a mixture of 1.8 M LiPFg and
0.2 M LiBF, in DMC, EMC, and PC (1:1:1, wt/wt/wt),
(2) 2 M LiBF, in PC, and (3) 2.0 M LiBE, in DMC. While
volume changes were negligible in the cells containing
LiBF, in PC and LiBF, in DMC, the cells containing LiPF¢/
LiBF, in DMC/EMC/PC exhibited a dramatic volume
increase in the first 1035 cycles, reaching 702 cm?®g~*.**® In
a follow-up study combining gas volume estimation with
gas chromatography, alternative electrolyte formulations
helped suppress parasitic side-reactions to an even greater
extent.”” In this study, the mixture 1.8 M LiPF4 and 0.2 M
LiBF, in DMC:EMC:PC (1:1:1, wt/wt) electrolyte was
compared to an electrolyte based on pure LiPF salt and to
an electrolyte composed of 1.6M LiPFs and 0.3M
tetraesthylammonium tetrafluoroborate (TEABF,). After
approximately 1020 cycles, the pure LiPFg electrolyte
resulted in gas generation amounting to 276 + 53 cm® g™,
while the LiPFg electrolyte containing LiBF, and TEABF,
led to 179+19 and 54+18cm®g™", respectively. Gas
chromatography revealed that H, was the dominant gas
formed in the presence of the LiBF, and TEABF, additives
(on the LTO negative electrode), along with trace amounts
of CH, and C,H¢ for the LiPFg+ LiBF, composition. In
addition, CO and CO, gases were detected in conjunction
with the analysis of the graphite-positive electrode,
although in a less amount from the cell using the
LiPF¢ + TEABF, electrolyte.

A study using an OEMS setup was conducted on
MnO-graphite DIBs containing 4 M LiPF4-EMC electro-
lyte to verify the formation of volatile decomposition
products.**' In the mass spectra, the signals at m/z ratios
of 47 and 48 were, respectively, tentatively assigned to PO
radical species and CH;CH,F, which indicated the early
decomposition of the electrolyte in the voltage ranging
from 3.0 to 4.5V range. Gas evolution intensified at
voltages between 4.5 and 5.0V, where a significant
amount of CO, (m/z = 44) was also detected. In addition,
VC was used to passivate the reactive cathode-electrolyte
interfaces in the cell. The corresponding OEMS data
indicated early decomposition of VC, shown by substan-
tially enhanced CO, gas evolution around 3.5V. The
formation of poly(VC) suppressed the signals from PO
and CH;CH,F during subsequent cycles; however,
recurring CO, gas evolution around 3.5V indicated the
continuous reformation of the poly(VC) based SEI/CEL
Since these measurements were conducted in single-
compartment full-cells, it is difficult to trace the causes of
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gas evolution back to a specific electrode. Another study
by Tong et al.**! evaluated the electrochemical stability
and gaseous decomposition products of electrolytes like
0.8 m LiFSI in EC + DMC (1:1 vol/vol), 0.8 m LiFSI in
tetramethylene sulfone (TMS) and 4.0 m LiFSI in TMS
employed in Li-graphite half-cells (at 0.1mVs™,
between 3.0 and 5.2V). Interestingly, 0.8 m LiFSI in
EC + DMC resulted in considerable amount of CO gas at
potentials above 3.2V versus Li*/Li, while H, was the
main gas formed in the cell containing LiFSI in TMS
electrolyte. Furthermore, increasing the electrolyte con-
centration minimized the amount of H, detected;
however, the impact of the high electrolyte viscosity on
gas transport properties must be further studied to render
these systems comparable. A study by Han et al.***
indicated that the major gas formed when charging a Li-
graphite cell with a 1.0 M LiPFs in EMC + SL electrolyte
was CO, accompanied by trace amounts of SO, gas, and
the latter was most likely released from SL- radicals.

Gel polymer electrolytes employed in the design of
semi-solid-state DIBs can be expected to reduce gassing,
as a result of the low or negligible amount of free solvent
present. This was also observed in a study where the
electrolyte contained microporous poly(vinylidene
fluoride-co-hexafluoropropylene) (PVdF-HFP) mem-
branes impregnated with LiPFg in EMC + 3 wt% VC.*®
Comparing the in situ gas partial pressures of cells
subjected to a charging step at 5.0 V and employing either
the gelled electrolyte or merely the liquid component
(LiPFg in EMC + 3 wt% VC) showed that H, generation is
more extensive in the latter case. Furthermore, lowering
the potential to 4.8 V for the cell with a gelled electrolyte
completely diminished the H, release. Further improve-
ment in the interfacial properties of PVdF-HFP mem-
branes can be achieved by introducing 40% polyvinyl
acetate (PVAc).?!” In this case, the membranes were
soaked in 1.0 M LiPF4 in EMC + SL (1:4 vol:vol), which
also served as the control liquid electrolyte. DEMS
measurements during the first cycle suggested that less
amount of CO, is evolved at elevated potentials (>5.0V
vs. Li*/Li) in the case of the gelled electrolytes.

2.43 | Stability of current collectors

Although most studies focus exclusively on the interface
between the active material and the electrolyte, inter-
facial contact between the electrolyte and the current
collector, and the binder are just as important. In DIBs,
an interface of particular interest is that between the Al-
current collector and the electrolyte. The stability of the
Al current collector suffers in the expanded electroche-
mical potential window of DIBs. Numerous studies have

CARBON ENERGY-WI LEY—L 2ot

reported anodic dissolution of Al current collectors at
potentials >4.0 V versus Li*/Li, especially in electrolytes
containing some of the most commonly used salts in
DIBs, such as LiFSI'* and LiTFSL.>*"*%?

The use of HCEs*?%2% and ILs*'%* has proved
successful in alleviating Al dissolution. As few noncoordi-
nated solvent molecules exist in HCEs, the solubility of
Al**-anion complexes diminishes considerably, which in
turn kinetically hinders Al corrosion. Some salts with
labile fluoride ions such as LiPF,, LiBF,, and LiDFOB can
be included to further enhance the stability of the Al
current collector in HCEs and ILs. Anodic dissolution of
Al in a LiTFSI in N-methyl-N-propyl-pyrrolidinium bis
(fluorosulfonyl)imide (Pyr,3-FSI) electrolyte can, for ex-
ample, be inhibited with the help of LiPF, additive.'*® In
particular, the suggested 0.9M LiTFSI+ 0.1 M LiPF4 in
Pyr;5-FSI electrolyte formulation exhibited Al passivation
as AlF; formed when the native oxide layer reacted with
HF originating from PFgs~ hydrolysis. Similarly, the
inclusion of 0.5wt% of LiPF,, LiBF,, LIDFOB, or MDFA
additives in a 0.3 M LiFSI in Pyr,,FSI electrolyte (baseline
electrolyte) impacted the stability of Al current collectors
to varying degrees.'*® Based on chronocoulometric mea-
surements performed at 5.0V versus Li*/Li for 72 h, the
stability of the Al current collector is enhanced in the
increasing order of LiDFOB < baseline electrolyte <
MDFA < LiPF¢ < LiBF,. Depositing corrosion-resistant
films on the Al current collector has provided an
alternative strategy to improve cell performance. For
example, magnetron sputtering has been employed to
deposit chromium nitride (CrN and Cr,N) coatings on the
Al current collector.”®” The coated Al showed more
enhanced stability as compared to the bare Al in
coulometric experiments performed in 1M LiTFSI in
EC:DMC (1:1, wt/wt) and 1 M LiTFSI in EMS electrolytes.
Other similar materials like TiN thin films have also been
used for the same purpose.”*® A TiN coating sputtered on
stainless steel and polyimide substrates demonstrated
good oxidative stability in AICl;-EMICI, outperforming
pristine stainless steel, aluminum, molybdenum, tungsten,
and titanium substrates.

3 | GEL POLYMER
ELECTROLYTES

3.1 | General characteristics

A solvent-free electrolyte that is capable of conducting
both cations and anions to the same extent is desirable to
ensure optimum performance in a DIB. So far, no such

fully solid-state electrolyte has been developed and
implemented in DIBs. Nevertheless, various types of
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GPEs are considered promising for DIB applications.
GPEs consisting of polymeric frameworks and liquid
electrolytes usually show higher ionic conductivity than
solid polymer electrolytes (SPEs), and can easily be
fabricated into forms and sizes to fit the desired
applications.”®® Simply put, a GPE is made up of a
polymeric matrix plasticized with a specified amount of
solvent sufficient for salt dissolution and ionic transport
(see illustration in Figure 9).>’?’? The polymeric
component imparts mechanical integrity as well as
acting as a host for the liquid electrolyte, which is
needed to enhance ionic conductivity.?’” The polymer
host must satisfy some requirements. To operate with
no or limited amounts of liquid electrolyte, it must (i)
have high chain segmental motion, (ii) possess
functional groups needed to coordinate salt ions, (iii)
support high ionic conductivity, (iv) possess low glass
transition temperature, (v) be stable within a wide
electrochemical window, and (vi) possess high thermal
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stability.>”>7® If a liquid electrolyte phase is present,
such as in GPEs, it is enough if the polymer can swell
in it and retain the liquid, while still maintaining
chemical and mechanical stability, but it is never-
theless desirable if it can also aid in the transport of
ions. Most GPEs used in DIB prototypes are fabricated
using commonly available polymer materials (see
Figure 10A) such as poly(ethylene oxide) (PEO),**?
polyamide,*®* poly(vinyl alcohol) (PVA),*** PVAc,*'’
PVdF,?’” PVAF-HFP,*°%?77:285  poly(acrylonitrile),?*°
and polyacrylamide.?”® Most of these polymers contain
both ion-coordinating and noncoordinating parts.
Amongst all these, PVdF-HFP is commonly used in
GPEs proposed for DIBs mainly as it

- withstands oxidative degradation at high potentials
due to its highly fluorinated nature,

+ soaks up and retains liquid electrolytes, and

« functions as a mechanically pliable separator?’%7%2%>287

(C)

Liquid phase

Polymer phase

- mechanical integrity
- ion conduction

- interface modification
- oxidative stability

FIGURE 9 Schematic illustrations of (A) a typical DIB with a porous separator impregnated with a concentrated electrolyte, (B) a more
compact DIB design based on gelled polymer electrolyte, and (C) a gelled-polymer electrolyte and description of its constituents.
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FIGURE 10 Gel polymer electrolytes in dual-ion batteries: (A) structures of polymers commonly used in the preparation of GPEs for
dual-ion batteries: poly(ethylene oxide) (PEO), poly(acrylamide) (PAA), poly(ethyl acrylate) (PEA), poly(methyl methacrylate) (PMMA),
poly(amide) (PA), poly(vinylidene difluoride-co-hexafluoropropylene) (PVdF-HFP), poly(vinyl alcohol) (PVA) and poly(vinyl acetate)
(PVACc), (B) comparison of ionic conductivities at different temperatures for liquid electrolytes and different types of GPEs (GPE-1: poly
(ethoxylated pentaerythritol tetraacrylate) gelled with a 0.5 M NaPF¢-PC:EMC:FEC (1:1:1 by volume) + 4 wt % PS, GPE-2: crosslinked poly
(diethyl allyl phosphate) consisting of 1 M LiPF4 dissolved in a 1:6:3 volume mixture of fluoroethylene carbonate (FEC), 2,2,2-
trifluoroethylmethyl carbonate (FEMC), and 1,1,2,3,3,3-hexafluoropropyl-2,2,2-trifluoroethylether (HTE), and 1 M LiPF4 EMC-VC
electrolyte contained in porous polymer electrolytes (PPE) prepared from different compositions of PVdF-HFP, SiO,, and dibutyl
phthalate plasticizer), and (C) ionogel electrolytes used in AIDIBs (IGEs based on PAA and PEA polymers gelled, repspectively, with
Et;NHCI-AICl; DES and EMICI-AICI; ionic liquid), KDIBs (IGE-1 to IGE-4 consisted poly[diallyldimethylammonium bis
(trifluoromethanesulfonyl)imide] (pDDA-TFSI), KFSI salt and Pyr,4FSI ionic liquid in different proportions), and LiDIBs (IGE-5 to
IGE-8, which consisted of different proportions of PVdF-HFP, 1-butyl-1-methylpyrrolidinium trifluromethanesulfonate (BMPyrrOTY),
lithium trifluromethanesulfonate (LiOTf) and succinonitrile (SN)). Data shown in (B) and (C) were extracted using WebPlotDigitizer

version 4.4°° from plots in references.?>260-77-281
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However, PVAF-HFP is not in itself a good ionic
conductor and possesses very little ion dissolving
properties. The liquid phase (plasticizer) in GPEs can
be based on aqueous electrolytes,”**?**?% organic liquid
electrolytes conducting univalent or multivalent cations
and anions,217’260’279’282 ILs 272,280,281,290,291 Wlth and
without additional salts, and DES containing the
desired concentration of salts.’’®*** Apart from salts
and solvents, GPEs can incorporate fillers such as
nanosized Si0,**° and Al,O; particles,?** which enhance
mechanical and thermal performance as well as provide
additional coordinating sites*** for cations and anions.
All in all, GPEs can potentially help develop semi-solid-
state DIBs by reducing the amount of solvent used in the
electrolytes while retaining ion transport properties.

As compared to liquid electrolytes, GPEs can often
ensure a better combination of safety, ionic conductivity
(both anions and cations), mechanical flexibility, and
resilience toward stress caused by volume variations in
the active materials. At the same time, they can suppress
dendrites and lower the risk of electrolyte leakage.”*****2%’
Apart from these benefits, GPEs can effectively remove the
necessity for thick separators normally required by liquid
electrolytes employed in DIBs. This in turn is anticipated to
allow for the reduction in electrolyte volume while
eliminating the separator. Ideally, the polymeric compo-
nent in a GPE should also function as a binder in the
electrodes, as well as modify the interfacial contact
depending on the functional groups that it is composed
of. Such a multifunctional role of GPEs will result in
considerable weight- and volume-saving, which in turn will
enable the design of DIBs with better energy and power
densities.”® A range of electrolyte properties must be
investigated to fully unlock the potential of so-called “quasi-
solid-state DIBs.” To start with, the ionic conductivities of
the GPEs must be reasonably comparable to that of liquid
electrolytes to ensure the desired rate performance. Also, a
critical amount of salt concentration is required to support
high ion conduction while supplying sufficient ions to be
stored in the electrodes.”® Figure 10B,C provides
conductivity-temperature plots for selected liquid electro-
lytes and GPEs including ionogel electrolytes (IGEs). In
IGEs, the ionic conductivity usually increases as the
proportion of the IL is raised. For instance, the ionic
conductivities at 20°C of the poly(acrylamide) hosts
containing EMICI-AICI; varied between 5.29x 107> and
1.66 x10>Scm ™" as the proportion of the IL increased
from 50 to 80 wt%.>*" Although, such an increase in the IL
content comes at the expense of the mechanical stiffness
that the polymer component affords.*®" For instance, a
system of ternary IGE prepared from KFSI (18%), poly
[diallyldimethylammonium bis(trifluoromethanesulfonyl)
imide] (pDDA-TFSI) (41%), and Pyr4FSI (41%) had the

highest conductivity at 25°C as compared to other
compositions with lower contents of IL, but it was
mechanically feeble to be used in a DIB.**' Thus, an
optimum trade-off should be maintained between the
conflicting electrical properties and mechanical rigidity of
IGEs to ensure acceptable performance in DIBs.

Furthermore, it is important to note that the
electrochemical/electrical behavior of GPEs can be
dominated by ion mobility either in the liquid phase or
along the polymer backbone, or both, which is usually
revealed in the conductivity-temperature relations. In
the former case, the polymer component in the GPE
performs only mechanically and plays the same role as a
separator, which is still a very essential role. Since the
conduction of ions involves a vehicular mechanism of a
liquid phase with low Ty, a linear relationship (similar to
ionic hopping in a fixed lattice) is generally observed for
log(o) versus T~ ' plot according to the Arrhenius
relation:

o= erXP(_ kEa ] (7)

B

where o, is the pre-exponential factor, E, the activation
energy, kg is the Boltzmann constant, and T is the
temperature of measurement.”*® In ILs, the ionic
transport can also occur through a Grotthuss-type
mechanism rather than in a vehicular mode, whereby
the conductivity also follows an Arrhenius relationship
as a function of temperature. In contrast, ionic conduc-
tivity dominated by the mobility of polymer chains gives
rise to log og. versus T ' trend governed by the
Vogel-Tammann-Fulcher (VTF) equation®”*~":

E,
ke (T — To)}’ ®

0ac(T) = AT‘l/zexp[—
where A is the pre-exponential factor, E, is the
pseudoactivation energy linked to the free volume for
ionic conduction, kg is the Boltzmann constant, and T,
is the equilibrium Vogel scaling temperature. In an
Arrhenius plot, this gives rise to a bent curve. In this
scenario, the polymer host plays a multifunctional role
as it provides a conduction medium for ions as well as
ensuring mechanical rigidity and physical separation
of the two electrodes. Thus, it is important to study the
dependence on temperature of the ionic conductivity
to gain insight into the role of each component in
the GPE (see Figure 10B,C). It is observed that the
plots of log o4, versus T~ ' for some ionogels obey a
VTF-type behavior, indicating that ion transport can be
strongly influenced by the dynamics of the polymer
chains.?””?%°
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3.2 | Synthesis of GPEs
Broadly speaking, a GPE for a DIB application can be
prepared by

« extraction of a solvent from a polymeric membrane
followed by liquid electrolyte infiltration,*®°

« a casting method in which the polymer host, the
plasticizing solvent, and the electrolyte salt are mixed
in a volatile solvent which is evaporated after-
Ward’281,285,302,303 and

« in situ polymerization of a monomer initially added to
the liquid electrolyte,>>278280-291

In the first instance, an example includes a micro-
porous polymer electrolyte (PPE) that was prepared by
extracting dibutyl phthalate (DBP) plasticizer from a
composite of PVAF-HFP polymer and 30nm SiO,
particles, and subsequently infiltrated with LiPFs-EMC
liquid electrolyte with a 3wt% VC.**° The membrane
consisting of 15 wt% PVdF-HFP, 25 wt% SiO,, and
60 wt% DBP was able to retain up to 70% of the initial
electrolyte volume, and its ionic conductivity was
~2.40mS cm™"'.*° Using this electrolyte, a DIB can be
charged to 4.8 V, allowing for a reversible discharge
capacity of ~80 mA h g~" over 1000 cycles.”*® Similarly, a
flexible and free-standing PVdF-PVAc (40 wt% PVAc)
GPE membrane immersed in 1.0 M LiPF¢ in EMC + SL
(1:4 wvol/vol) provided an ionic conductivity of
4.8x107*Scm™" at room temperature.”’” A DIB making
use of the GPEs exhibited an encouraging performance
in the voltage range from 3.00 to 5.35V versus Li*/Li
with the initial discharge capacity being 93 mA hg™' and
a CE of 71% for the initial cycle and 92% after two cycles.
In contrast, the first three CEs of the DIB using the liquid
electrolyte were only 61%, 79%, and 80%, respectively.
However, increasing the amount of PVAc resulted in
lower iCEs due to its poor oxidative stability, although in
the subsequent cycles, the CE gradually increased to 95%.
Further studies have shown that improvements can be
achieved when some additives such as VC are included
in the electrolyte formulation. A flexible Al-graphite DIB
operating in the potential range of 3.0-4.95V can be
fabricated employing a GPE consisting of composite
membranes of PVAF-HFP, PEO, and GO soaked with 4 M
LiPF¢-EMC with a 2% VC additive leading to ionic
conductivity of 2.1mScm'.**? The cell exhibited a
discharge capacity of ~100 mAh g™ at 500 mA g~* with
an average voltage of 4.0V and capacity retention of 92%
after 2000 cycles.”®* Apart from GO*** and Si0,,**° other
nanoparticles such as Al,0;*°* can also be added to
PVAF-HFP polymer to form microporous GPEs. When
nanosized Al,O; particles (5 wt% of Al,O; nanoparticles)

CARBON ENERGY-WI LEY—L 2o

were dispersed in the PVAF-HFP matrix, a three-
dimensional (3D) framework with continuous porosity
was generated, as a result of which enhanced ionic
conductivity and mechanical stability were achieved. The
membrane produced a semi-transparent gel after soaking
up a liquid electrolyte (1 M NaPFy in EC-DMC-EMC 1:1:1
vol/vol/vol), with its ionic conductivity reaching up to
1.3x10°Scm™.** A tin-graphite DIB using this GPE
could deliver nearly 100 mAh g~ at 200 mA g~ with about
98% capacity retention after 600 cycles at 500 mA g~ over a
wide temperature range (-20°C to 70°C).**

Polymerization of monomers dissolved in the liquid
electrolytes to in situ prepare GPEs can be a neat strategy
(Figure 11) to prepare GPEs within the electrode before
electrochemical cycling. Monomers such as acrylamide,
ethyl acrylate (EA), diethyl allylphosphonates, and
pentaerythritol tetraacrylate (PETA; see Figure 11A,B)
are polymerized thermally or using radical initiators. For
instance, ethoxylated pentaerythritol tetraacrylate (EPE-
TA) monomer was polymerized using radical initiators
such as AIBN in the presence of 0.5M NaPFg in
PC + EMC + FEC (1:1:1, vol/vol/vol) electrolyte contain-
ing FEC cosolvent and 1,3-propanesultone (PS) addi-
tives.”” The additives FEC and PS (4%) are expected to
inhibit electrolyte degradation by enhancing the stability
of the SEI and the CEI, respectively. The Na-graphite cell
employing the electrolyte was able to deliver a specific
discharge capacity of 115mAhg™' at 10mAg™' and
better rate performance as compared to cells based on
just the liquid electrolytes (0.5 M NaPF¢-PC + EMC, 0.5 M
NaPF¢-PC + EMC + FEC, and 0.5M NaPF4-PC + EMC +
FEC + PS). Similarly, another type of GPE was synthesized
in situ by copolymerization of 3 wt% diethyl allyl phosphate
monomer and 1.5wt% PETA crosslinker in the presence of
an electrolyte containing fluorinated solvents.*** To prepare
the liquid electrolyte, 1M LiPFg salt was dissolved in a
mixture of FEC, 2,2,2-trifluoroethylmethyl carbonate
(FEMC), and 1,1,2,3,3,3-hexafluoropropyl-2,2,2-trifluo-
roethylether (HTE) in 1:6:3 volume proportion. The FEC
was meant to increase compatibility with Li metal, while
FEMC allows for reversible PFy intercalation in the
graphite-positive electrode. Likewise, the presence of
fluorinated solvents was meant to reinforce the nonflamm-
ability of the GPE without compromising its ionic
conductivity (1.99 mS cm™" at 25°C), to extend the electro-
chemical window (up to 5.5V versus Li*/Li) and to boost
interfacial compatibility against Li metal anode (manifest in
99.7% CE for lithium plating and stripping). In the
Li-graphite DIB, the GPE demonstrated a discharge
capacity of 89.8 mAh g~" with a capacity retention of 93%
after 1000 cycles, while the CE stabilized at ~99%. Hence,
the GPE was instrumental in ensuring highly reversible
intercalation of PFg .
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FIGURE 11 Preparation of GPEs via in situ polymerization and their use in a dual-ion battery: (A) common monomers and crosslinkers
used in GPE preparation, (B) a description of the synthesis of a GPE based on highly crosslinked poly(ethyl acrylate) with EMI-AICl, ionic
liquid on polished Al electrode, and (C) schematic illustration of the components of Al-DIB and redox reactions at each electrode. (D)

Galvanostatic curves recorded at 200 mA g~' and showing the charge and discharge features of the Al-DIB reactions during the initial and
the 500th cycles®® and (E) extended cycling performance of the same cell cycled at 200 mA g~*. Reproduced with permission: Copyright

2021, Elsevier B.V.%%°

3.3 | Ionogel electrolytes

Since ILs are able to dissolve polymers and salts, they
offer a unique opportunity to design gelled electrolytes,
commonly known as IGEs, with high ionic conductivity
and the ability to transfer mechanical load. IGEs are
obtained when room-temperature IL electrolytes or their
analogues are confined within polymer hosts (see
Figure 12). A large number of IGEs were reported in
previous literature.*°>°” In particular, some polymerized
ionic liquids (PILs)’*® with cationic chains such as
pDDA-TFSI shown in Figure 12A have attracted
considerable attention as electrolytes in electrochemical
devices.>*>*'® The fact that the anions are mobile is
particularly interesting for their use as electrolytes,
binders, or interface layers to modify graphite electrodes

in DIBs. Adding ILs or liquid electrolytes can enhance
ionic conductivity as well as make the PILs mechanically
pliable so that they can be handled without damage
during cell fabrication.”®*"** For instance, Kotronia
et al.?®' demonstrated the synthesis of ternary ionogels
using the IL, PIL, and KFSI salt and fabricated a compact
MoS,-graphite DIB, as shown in Figure 12B-D.**'

A lot of progress has been made in recent years in the
development of Al-DIBs based on IGEs. Mostly, polymers
or monomers are blended with ILs obtained by reacting
anhydrous AICl; with imidazolium or other quaternary
ammonium chlorides. For example, a GPE was prepared
via free-radical polymerization of acrylamide monomer
dissolved in a mixture of AICI;-EMICI IL and in
dichloromethane solvent.””" The GPE exhibited revers-
ible aluminum deposition and stripping even after
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FIGURE 12 Preparation of ternary IGEs and their use in a dual-ion battery: (A) radical polymerization®*** of an ionic liquid to obtain
poly(ionic liquid) material needed to prepare IGEs; the A™ can be any anion including CI~ and TFSI, (B) structures of the pyrrolidinium-
based ionic liquid with FSI anion, and the KTFSI salt, (C) a photo of the freestanding, flexible and transparent IGE is shown along with a

schematic illustration of its composition, and (D) galvanostatic charge-discharge curves at 20 mA g~" for a MoS,-graphite pouch cell KDIB
with both electrodes infused with a ternary IGE in a plain weave glass fiber fabric (40 um). Reproduced under the Creative Commons
License (CC-BY): Coyright 2021, John Wiley & Sons.”®! Inset is a schematic of the pouch cell.

exposure to air, which suggested that its sensitivity to
moisture is lower when contained in a polymer matrix. A
flexible quasi-solid-state Al-DIB was developed using a
similar IGE as the separator and ion-conduction
medium.>*® The pouch cell Al-graphite DIB was able
to deliver a reversible ~120mAhg™' at 60 mA g~' with
~90% CE and ~90% capacity retention after 100 cycles. A
GPE was also obtained from EA as a monomer and IL as
the electrolyte.”® The EA in the IL was mixed with a
cross-linking agent N,N’-methylene-bis-acrylamide in an
appropriate ratio and in situ polymerized with AIBN
initiator, resulting in crosslinked polymer chains in
which the anions and cations of the IL could be stored.
As far as DIBs are concerned, GPEs possess competitive
advantages over liquid electrolytes in terms of cell design,
safety, cycle life, and mechanical adaptability. The rate
capabilities of some selected DIBs designed using
lithium-, sodium-, potassium-, and aluminum-based
GPEs are shown in Figure 13A. As shown in
Figure 13B, GPEs can deliver comparable rate

performance as liquid electrolytes used in DIBs, which
confirms the efficiency and feasibility of the GPEs in
practical DIBs.

3.4 | Advantages of GPEs

Regarding safety, a fire hazard is a critical aspect to
considering during cell operation.*’* It has been
demonstrated that infusing liquid electrolytes within a
polymeric host considerably reduces the tendency to
catch and sustain fire, demonstrating a desirable boost in
safety. In particular, the incorporation of fluorinated
solvents and salts further imparts self-extinguishing
behavior to the GPEs. A clear illustration of this is
shown in Figure 13C which illustrates that a highly
crosslinked poly(diethyl allyl phosphate) with fluori-
nated solvents and LiPF, has a much shorter self-
extinguishing time (SET) as compared to a standard
electrolyte based on 1M LiPFg in EC-EMC which can
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FIGURE 13 Performance of GPEs in DIBs with different cell chemistry: (A) rate capability of examples of DIBs using gelled-polymer
and ionogel electrolytes, (B) comparing the performance of semi-solid-state DIBs with those based on liquid electrolytes, (C) flammability
test comparing carbonate-based liquid electrolyte with a GPE, (D) galvanostatic cycling, at 200 mA g™, of an Al-graphite DIB demonstrating
that the GPE is less prone to degradation in the presence of moisture as opposed to ionic liquid electrolytes normally employed in AIDIBs,
and (E) a flexible and compact semi-solid-state Al-graphite is tested in its original and folded or bent states to assess its ability to
withstand mechanical abuse, and its ability to perform in applications requiring flexibility. The plots in (A) are based on data from cited
references.*!7226:2°%.260.278:279.281 Dyata yised to prepare the plots in (B) are tabulated in Table S2 of the ESIL. The photos in (C) were
reproduced under the Creative Commons License (CC BY): Copyright 2021, Springer Nature.?*> The photo and galvanostatic data in (D)
were reproduced with permission: Copyright 2021, Elsevier B.V.?®" The data and photos shown (E) were reproduced with permission:

Copyright 2018, Wiley-VCH Verlag GmbH & Co KGaA.??

sustain fire even after removal of the torch (SET of
92s/g).”>> Similar observation was reported for a GPE
obtained by polymerizing EPETA (see Figure 11A) in the
presence of 0.5 M NaPF, dissolved in a mixture of PC,
EMC, FEC, and PS additive.?’® In addition, the presence
of polymers in the electrolyte helps reduce electrolyte
volatility and leakage out of the DIB cell in the event of
mechanical damage, thus lowering the impact of
moisture on some hydrophilic electrolytes such as
AICI;-EMICI ILs.***%*° In this regard, an Al-DIB pouch
cell consisting of AICl;-EMICI IL within poly(ethyl
acrylate) was intentionally opened while cycling.”*° As

shown in Figure 13D, the cell kept on cycling with stable
charge/discharge capacities with no visible electrolyte
leakage. This is a significant attribute of GPEs given that
EMICI-AICI; ILs are prone to degradation by humidity
and also aggravate the corrosion of cell components in
the process. Furthermore, as briefly indicated above, the
implementation of GPEs permits to manufacture thin
and compact DIB cell designs which can potentially be
deployed in applications that require mechanical flexi-
bility, such as in wearable devices. In a typical
experiment, a DIB pouch cell is tested under cyclic
bending or folding multiple times to gauge how stable
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the capacity is while simultaneously identifying any
possible degradation in the mechanical properties of the
cell.>***%?%2 For instance, an Al-graphite LiDIB cell
based on a 4 M LiPF¢ in EMC (+2wt% VC) confined
within PVdF-HFP and PEO was tested while in its bent
and folded states, and sustained stable capacity over 60
cycles, as shown in Figure 13E.%%? Likewise, other tests
have established similar conclusions regarding the
performance of quasi-solid-state DIBs. Nevertheless, it
must be underlined that mechanical tests on pouch cells
reflect the characteristics of not only the GPE but also
the electrodes and the packaging material. The true
mechanical properties and load-bearing capability of a
GPE can be evaluated separately using dynamic
mechanical thermal analysis, which is a powerful
technique used to determine the stiffness and impact
resistance of polymers and their composites. Another
aspect of GPEs related to safety concerns their interfacial
stability at both electrodes as well as the nature of
decomposition products, which determine cell life and
self-discharge characteristics. A variety of techniques
have been used to gain insight into interfacial reactions
and their products including electrochemical impedance
spectroscopy, XPS, operando gas measurement, and
mass spectrometry. In comparison to full-liquid electro-
lytes, GPEs exhibit a significant reduction in the amount
of gasses evolved at high potentials in the course of
anion intercalation and  extraction  processes
(Figure 14A-C). The build-up of gas pressure in the
pouch cells can be detrimental to the long-term
performance of the cell and may even lead to dangerous
eventualities. Thus, it is vital to ensure that the
electrolytes or additives therein can effectively suppress
or mitigate gassing during cycling. Such reactions can be
monitored by tracking partial gas pressure in situ
coupled with an online high-resolution mass spectrome-
ter, which will help decide the cut-off potential at which
gassing can be minimized. Increased evolution of
hydrogen gas was detected in a porous PVdF-HFP
membrane containing LiPF¢ in EMC and 3wt% VC
when the cut-off potential increased from 4.8 to 5V.*

Apart from anion intercalation, GPEs designed for
DIB use should conduct cations and be stable at the
interface with the negative electrode. In the case of metal
electrodes, they should enhance plating and stripping
efficiency while preventing dendrite growth and penetra-
tion through the electrolyte. Reduction in the amount of
solvent which is in contact with the alkali metal will help
minimize decomposition reactions at the interface and
usually results in lower overpotentials required for
plating and stripping. Examples are shown in
Figure 14D-F. The cyclic voltammograms in (D) show
ternary ionogels consisting of KFSI and Pyr,4FSI blended
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in a PDDA-TFESI polymer host*®' which displayed no sign
of degradation when cycled up to 5V versus K*/K as well
as allowing potassium plating and stripping cycles that
were more efficient as compared to that in liquid
electrolytes. Distinctive features of alkali metal plating
and stripping through a GPE membrane will be manifest
in the thickness and morphology of the deposits and the
overpotentials required relative to that in liquid electro-
lytes.”>*” As long as the polymer host and salt are
stable, restricted access of the metal deposits to the
solvent molecules prevents unwanted reactions and
accumulation of resistive layer at the interface, as is
commonly observed in liquid electrolytes. The absence of
thick interface layers in GPEs thereby ensures better
efficiency and lower overpotential for metal plating and
stripping. In addition, it is likely that the mechanical
stiffness of the polymer host, which most porous
separators lack, or the tortuosity of the gel can act as a
barrier to pieces detached from or dendrites growing
from the metal deposits. The mechanical load applied by
GPE may also limit the thickness of the metal deposit,
leading to compact film as opposed to the porous, and
thicker metal deposit obtained in the case of liquid
electrolytes (see Figure 14G,H). Further enhancement of
the interfacial contact between the negative electrode
and the GPE can be achieved by adding fluorinated
solvents and other salt additives which can generate
stable interfacial layers.

Finally, some applications require operating batteries
at less optimum temperatures, especially in places with
very hot or very cold climates. In such cases, it is of
paramount importance that the electrolytes are not only
chemically stable at high temperatures, but they can also
allow for sufficient ion conduction in spite of freezing
conditions. In such a way, the DIBs should not be
significantly hampered by high internal cell resistances
when trying to deliver power. In general, GPEs have a
higher tolerance to elevated temperatures as opposed to
most liquid electrolytes in which the solvent molecules
tend to evaporate, increasing the gas pressure in the cell
and ultimately leading to cell rupture and even fire.
Since the solvent and salt are dispersed in the polymer
host, solvent release from GPEs is relatively hindered
when the DIB cells are operated at high temperatures,
and thus the impact of temperature is less adverse as
compared to liquid electrolytes. As shown in Figure 141,
major differences between a GPE and liquid electrolytes
used in Sn-graphite DIB were observed as the tempera-
ture increased to 70°C. The GPE still retained most of
the capacity while the discharge capacity from the cell
with a liquid electrolyte was negligible.**> This might
well have been due to electrolyte dry-up. At —20°C, the
GPE could deliver a discharge capacity that was almost
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FIGURE 14 Gas pressure measurement and low-temperature performance of GPEs in DIBs with different cell chemistry: (A) a
schematic of the set-up used to measure gas pressure developing during cycling of an AlIGPEIgraphite DIB, (B) plots comparing partial
pressures of some gasses generated in a GPE and a liquid electrolyte, and (C) pictures showing how gas build-up in pouch cells causes more
swelling in a liquid electrolyte than a GPE. Reproduced with permission: Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA.**® (D)
Cyclic voltammograms for cycles 1 and 2 of potassium metal plating and stripping in AlIIIGEIK cells and anodic stability up to 5.0 V.
Reproduced under the Creative Commons License (CC-BY): Copyright 2021, John Wiley & Sons.?®! (E) Chronopotentiograms showing that
lower overpotentials are required to plate and strip Na metal through a GPE as opposed to a liquid electrolyte, (F) the voltage hysteresis
between Na plating and stripping process is shown to be 74 mV for the GPE vis-a-vis 340 mV in the liquid electrolyte, (G) the SEM image
shows the typical thickness of porous Na metal deposited out of the liquid electrolyte, and (H) in contrast to what is shown for the liquid
electrolyte in (G) a much thinner (4.8 um) and denser Na metal is plated on the negative electrode when a GPE is employed. Reproduced
with permission: Copyright 2020, Elsevier Inc.>”® (I) Impact of cycling temperature on discharge capacities Sn-graphite DIB employing a
liquid electrolyte (1 M NaPFg in EC-DMC-EMC 1:1:1 vol/vol) and a GPE (PVdF-HFP containing 5wt% of Al,O; nanoparticles and
plasticized with 1 M NaPF4 in EC-DMC-EMC 1:1:1 vol/vol) and cycled at 500 mA g~*. Reproduced with permission: Copyright 2019, Wiley-
VCH Verlag GmbH & Co. KGaA.?*? and (J) Comparisons of the temperature dependence of discharge capacities for DIBs based on various
liquid electrolytes and GPEs.
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twice of that obtained using conventional liquid electro-
lytes, which demonstrated that the Sn-graphite DIB
based on GPE could outperform liquid electrolytes over
a broad range of temperatures. The temperature depen-
dence of discharge capacities for selected examples of
GPEs and liquid electrolytes is shown in Figure 14J. The
general trend is that as temperature increases, GPEs
perform much better than liquid electrolytes, which,
however, seems to excel as the temperature drops to
below 0°C.

4 | SUMMARY AND FUTURE
PROSPECTS FOR BETTER GPEs

As described above, the DIB concept is a promising
alternative to current stationary battery systems which
can ensure high power capability and cost benefits
related to the avoidance of expensive transition metals,
and it is potentially environment friendly. To date,
various types of DIBs have been developed and
extensively studied including those based on alkali (Li,
Na, and K)- and Al-containing electrodes and electro-
lytes. Further development of DIBs for real-life applica-
tions will be facilitated by the innovative formulation of
more efficient electrolytes.

Cost-effective
cost ($/kg)

FIGURE 15 A schematic illustration of
the fundamental requirements for
electrolytes needed to produce sustainable
and safe dual-ion batteries.
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In this review, we highlighted recent progress in the
formulation, characterization, and application of various
types of electrolytes investigated in DIBs, with an
emphasis on GPEs. A summary of recent developments
in molten inorganic salt electrolytes, ILs, HCEs,
and aqueous electrolytes has also been provided, with a
particular focus on their stability and compatibility with
anion-intercalated graphite electrodes. It is anticipated
that the knowledge gained from these electrolyte systems
forms the basis for the development of GPEs which can
enable quasi-solid-state DIBs. Moreover, strategies for im-
proving the anodic stability of the electrolytes along with
their compatibility with the negative and positive
electrodes have been explored. Broadly speaking, the
desired characteristics of electrolytes, summarized in
Figure 15, include

« high oxidative stability in the range needed for
reversible anion intercalation typically 3.0-5.2 V versus
Li*/Li,

+ adequate salt concentration (>2 M depending on the
type of salt) required to support ionic conductivity and
energy storage in the graphite electrodes,

« capability to passivate the Al current collectors and
ability to generate stable SEI and CEI layers,

» abundance and low cost of salts and solvents and
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« environmental compatibility in which using green
salts and solvents can ensure safety and sustainability.

Enabling DIBs will most certainly bring about
additional benefits, apart from the high energy density
promised by the graphite-graphite configuration. As
compared to other high-voltage chemistries, such as
graphite versus LiCoO, and even Si versus LiNipgCoq M-
ny;0,, all-graphite DIBs offer a way to take the scarce,
expensive, or environmentally harmful materials com-
pletely out of the equation. This is particularly the case if
salts of sodium, potassium, and multivalent metals such as
aluminum, calcium, magnesium, or zinc can replace
lithium in electrolytes and electrodes in the design of
affordable DIBs. Of the elements currently used in DIBs,
aluminum is the most abundant and one of the cheapest
after graphite. Even though its reduction potential is lower
than that of Li, it has a higher volumetric capacity.
Besides, it should be pointed out that future research in
DIBs must focus on the use of more sustainable electrolyte
materials, such as chlorides and metal-chloride complexes
in aqueous media.

Besides cost considerations, the elimination of
transition metal oxides from the cathode ensures that a
major source of oxygen is removed.*’*>'> Reducing the
amount of intrinsic oxygen in the cell is generally
synonymous with better safety since oxygen is essential
to sustaining fire in the event of a thermal runaway.>'"' In
this regard, concentrated electrolytes are intrinsically
safer as compared to dilute electrolytes, due to the
minimization of flammable solvents present in the
mixture. The design of HCEs has been proven to decrease
volatility and increase thermal stability which can
depress flammability.***>'” In addition, blending carbon-
ates with nonflammable solvents (such as phosphates
and water), which cannot be used in dilute electrolytes,
allows for preparing HCEs with a lower risk of fire
hazards.”>!89-200-231318:319 Apart from this, it is worth
pointing out the need for evaluation of the performance
and safety of DIBs under abuse conditions. Industrially
relevant lithium dual-ion cell prototypes have been
evaluated at variable temperatures (ranging from —20
to 60°C) and under nail penetration tests.'®> More studies
are needed in this regard to accelerate the realization of
commercial DIBs.

Other important concerns facing DIB electrolytes are
related to limited reversibility during the first cycle and
poor capacity retention ascribed to electrolyte degrada-
tion and Al corrosion, and the excessive volume of
electrolyte needed to boost energy density. Highly-
concentrated carbonate electrolytes and ILs have found
widespread use in both alkali- and aluminum-based
DIBs, although the practical application of these

electrolytes is still limited by poor CE (<90%) and quick
self-discharge as opposed to state-of-the-art LIBs cur-
rently in use. Limited cycle life and low CE can be linked
to the oxidative decomposition of electrolytes and Al
dissolution during anion intercalation in the graphite
electrode. These drawbacks underline the importance of
more research to come up with more stable current
collectors or novel electrode designs which do away with
current collectors in parallel to electrolyte innovation.
Furthermore, the impact of irreversible reactions occur-
ring at the negative electrode can exacerbate capacity loss
in the DIB cells. To mitigate performance degradation,
various types of salt additives and cosolvents have been
extensively studied. In particular, additives capable of
forming stable SEI and CEI layers have been found to
increase the CE to above 97%.

In addition to the type of salt used, anion intercala-
tion capacity is also affected by the solvents used in the
electrolyte. Some solvents like EC, GBL, SL, and some
phosphates are reportedly associated with suppression of
anion intercalation in graphite and thus should be used
together with other less viscous carbonates like EMC,
DMC, or carboxylate esters. Mixing various solvents such
as carbonates, phosphates, sulfones, and esters can lead
to HCEs with better oxidation stability, higher ionic
conductivity, and decreased flammability and thus hold
substantial promise in store for safe DIBs. Though ILs
show better oxidation stability and nonflammability,
most of them possess poor reductive stability or cause
inefficient cation intercalation and are not compatible
with graphite-negative electrodes. They also aggravate
anodic Al dissolution by removing the native oxide
protective layer, resulting in poor cycle life unless some
additives like LiBF, or LiPFg are included. Perhaps,
another downside of ILs is their cost which currently
discourages large-scale application in commercial batte-
ries. However, using ILs as components in GPEs along
with solvent and salt additives might lead to a reduction
in cost as well as an enhancement of the energy density
and safety of DIBs.

Using various types of GPEs, recent works have
demonstrated the design of quasi-solid-state DIBs which
possess excellent flexibility, safety, and cycle life. Given
the electrolytes provide ions needed for charge storage, it
is usually necessary to make use of a critical amount of
salt concentration sufficient to support ion conduction
and to maximize intercalation capacity likewise. Thus,
optimization of the electrolyte thickness and volume is
essential to avoiding compromising the volumetric
energy density. However, it is worth noting that the
performance of GPEs may still be determined by the
liquid phase while the polymeric host often merely serves
as a 3D matrix and a physical separator, and thus the
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addition of certain additives may be needed for perform-
ance enhancement.

In particular, GPEs have helped improve the per-
formance of Al-based DIBs which normally employ
acidic EMICI-AICI; ILs that are corrosive and extremely
sensitive to moisture. Ionogel GPEs used in different
examples of quasi-solid-state Al-DIBs have resulted in a
boost in cycle life, CE, energy density, lower moisture
sensitivity, safety associated with reduced risk of electro-
lyte leakage, and less electrolyte degradation. Recent
developments have also indicated that ILs can be
replaced by much cheaper DES to design more affordable
solid-state Al-DIBs suited for grid- and utility-scale
applications. In brief, the multifunctional role of GPEs
employed in DIBs can be manifested in their ability to
provide the following advantages:

« high ionic conductivity over a broad temperature range

« thermal stability

« increased oxidative stability

« higher mechanical performance and load-bearing
functionality

« flexiblility and formability that are amenable to applica-
tions in wearable electronics, or embedding within fabrics

« reduced flammability and thus improved safety

« dual functionality as separators and thus leading to
compact cell designs with better energy and power
densities

The major challenge is to find GPEs that satisfy the
conflicting characteristics listed above, such as mechani-
cal stability and electrical performance. A critical
question in this regard is how well we can balance the
desired mechanical performance with ionic conductivity.
The presence of an excessive amount of inactive
mechanical components will depreciate the ionic con-
ductivity which eventually affects the electrochemical
activity of the materials. Thus, it is important to
incorporate multifunctional polymer electrolytes which
possess bicontinuous microstructure with a polymer
backbone needed for mechanical functionality and a
porous medium capable of hosting sufficient electrolyte
volume. By virtue of the design, bicontinuous GPEs are
anticipated to deliver both mechanical and electrical
performances which are effectively decoupled from each
other. Such a design can be achieved in a class of block-
copolymers that undergo spinodal decomposition during
selective polymerization, or in response to quenching
after thermal treatment or solvent evaporation. For
instance, curing a mixture of epoxy resins and ILs in
the presence of amines has been reported to generate a
bicontinuous IL medium within a highly interconnected
and porous epoxy matrix.>*>**! Depending on the IL
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content, such multifunctional electrolytes can deliver
ionic conductivities on the order of 107°-10>Scm™
near room temperature and while the associated Young's
moduli vary between 150 and 800MPa. Another
approach involves integrating some structural compo-
nents such as woven glass fiber fabrics within the
polymer matrix which are sufficiently thin and, there-
fore, do not increase the thickness of the overall polymer
electrolyte.”®' For example, PILs can be synthesized in
situ directly within plain-weave glass fiber fabrics in the
presence of IL or concentrated electrolytes to generate an
IGE which doubles as an ion source and as a stiff and
tough mechanical separator. If such a unique electrolyte
design is to perform reasonably well, it is necessary to
keep the fiber volume to a level that is only necessary to
boost the mechanical performance of the IGEs. A blend
of PIL**® and IL can impart the IGE a high modulus and
sufficient ionic conductivity. Especially, since ILs are safe
to use, good solvents for salts, and good ion conductors,
the polymeric component is just expected to transfer
mechanical load. In addition, silica nanoparticles can be
incorporated into PILs to generate hybrid IGEs which
exhibit the desirable properties of the IL (with dissociated
salt) and mechanical strength of the polymers and the
inorganic nanofillers. This strategy opens up a novel
opportunity in which the compositions of the blends can
be varied to tune the electrical and mechanical properties
of the IGEs.”” Even though hybrid IGEs have been
studied in different types of rechargeable batteries,**>>*2
their use in DIBs is yet to be explored seriously, where
they hold tangible promise to advance the design of safe
and high-energy-density DIBs. Additionally, the ability to
process IGEs from a solution allows for integration into
complex electrode architectures. Another possibility is to
create a bicontinuous polymer matrix with a mechani-
cally stiff 3D network in which the IL component of the
IGE can be confined. For example, silica nanofillers
generated in situ via sol-gel synthesis can further enhance
the structural properties of IGE by increasing the
mechanical strength of the hybrid ionogels.**~*
Another emerging strategy involves nanocomposite matri-
ces in which the polymer or biopolymer network is cross-
linked in situ using covalently bonded oxide nanofillers.>*®
In these ternary systems, each component endows the
GPEs with its unique properties without affecting the
other performances: the IL provides thermal stability,
plasticity, and ionic conduction, whereas the silica
nanofillers covalently bonded to the polymer chains
permit considerably improved mechanical strength with-
out hampering ion transport. Apart from this, future
studies can focus on the grafting or deposition of thin
films of anion-conducting PILs on graphite to function as
a stable CEI layer.
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Similar challenges face the application of solvent-free
SPEs in the design of fully solid-state DIBs. The SPEs must
satisfy essential requirements, including electrochemical
stability at the positive and negative electrodes, good
interfacial bonding (adhesion to active materials), high ionic
conductivity, high salt fraction, mechanical strength, and
thermal stability. So far, the low ionic conductivity of SPEs
constitutes an obstacle to their application in DIBs. At room
temperature, the conductivities of SPEs are typically <107 S
cm™' (see Figure 16), significantly lower than that liquid
electrolytes (up to 107°Scm™') can offer. As for any
electrolyte, the extent of salt dissociation and the relative
mobilities of the ionic species are critical in SPEs.>*>**° The
mobility of both anions and cations must be considered
when selecting SPEs for a DIB application. In fact, the
transference number should ideally be close to O0.5.
Interestingly, this has been difficult to achieve for many
SPEs. While the predominant polyethers which have strong
Li-ion complexation usually show transference numbers
around 0.1-0.2, polymers such as polycarbonates or
polyesters possess less tendency to coordinate to cations
and instead have transference numbers around 0.7 or
higher.?’® Polymer blends or copolymers could thereby be
an alternative to tailor these properties.

An SPE employed in a DIB should perform well
mechanically, accommodating the stresses caused by
cyclic volume changes®*’ in the graphite electrode during
anion uptake and release. Polymers with high elastic
storage moduli can provide the mechanical strength
required for such applications. However, the cumulative
stress generated together in the polymer electrolyte, the
active materials, and possibly an external load can still
cause permanent deformation, resulting in delamination
at the SPE-electrode interface. Another complication is

the fact that the mechanical properties and ionic
conductivity are coupled in classic SPEs, meaning that
changing one property could affect the other (see
Figure 16).>**3%° The segmental motion of the polymer
chains in an SPE is essential for ion conduction; thus,
polymers that are not mechanically stiff and have low T,
are needed to enhance the ionic conductivity. The
increased segmental motion of the polymer chains,
however, results in a decrease in the stiffness of the
SPE. On the other hand, extensive crosslinking in
the SPEs may significantly reduce the mobility of the
polymer chains, increasing mechanical stiffness, but
sometimes at the expense of ion transport.331’334 Apart
from this, the mechanical stress developing in the SPE
may also alter ionic conductivity if it causes a
redistribution of the ions.>*® Therefore, it is crucial to
devise a strategy that seeks to simultaneously optimize
both ionic conductivity and mechanical stiffness.*** One
approach to decouple the two conflicting properties is the
generation of multiphase SPEs consisting of a phase that
conducts ions while the other phase, with high elastic
modulus, imparts the desired mechanical perform-
ance.”> Other solutions involve using block copoly-
mers,”® or incorporating inorganic nanofillers**’>*
which reinforce the stiffness of the SPEs while main-
taining sufficient ionic conductivity.

Additionally, to be applied in a DIB, a polymer
electrolyte must supply a sufficient amount of ions needed
for energy storage and ionic conductivity; that is, the
polymers must dissolve significant salt fractions. Otherwise,
excessive depletion of ions from the electrolyte, when
charging the DIB, will further diminish the ionic conductiv-
ity. Both the ionic conductivity and mechanical character-
istics of the SPE are affected by the mole fraction of the salt
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dissolved in the solid polymer matrix.**® Increasing the
fraction of salts (e.g, LiSO;CF;, LiFSI, or LiTFSI) to
>50mol% generates polymer-in-salt electrolytes for which
the segmental motion of the polymer is decoupled from the
ionic conductivity of the SPE.?’***>**3 While the presence of
excess salts can have a plasticizing effect and a lower T,
they also lower the elastic modulus and thereby compro-
mise the mechanical performance.**

Finally, as for any electrolyte, an SPE meant for use in a
DIB must resist oxidation or consist of a component able to
develop a stable interface. Unfortunately, similar to liquid
salt-in-solvent electrolytes, a polymer that is stable both
reductively and oxidatively is difficult to find.*** Though
PEO-based SPEs generally passivate both Li-metal and
graphite electrodes well,*”' they are known to degrade at
potentials beyond 4.0 V versus Li*/Li,*>* which is too low to
allow for anion intercalation. In principle, fluorinated
polymers such as PVdF, and nitrile-containing should be
able to extend the anodic stability of SPEs, as long as they
can dissolve sufficiently high salt fraction.****>*3>® Further
improvement in the anodic stability of SPEs can be achieved
using electrolyte additives and by surface coating of the
graphite particles to generate stable CEI layers.***>% Solving
these critical issues in SPEs will be a challenge worth
pursuing.
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