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ABSTRACT

Tonic liquids (ILs) are nonvolatile, intrinsically conductive electrolytes with high thermal and electrochemical stability. They represent a
fascinating yet-to-be-fully exploited electrolyte class that could be appropriate for metal anode batteries. Through their chemical design and
structure modification, ILs are highly tunable electrolytes. Exploring the impact of their different structures on the anode/electrolyte interface
allows the tailoring of ILs for post-Li-ion batteries. This comprehensive review gives an overview of the current challenges of different metal
anodes, followed by a fundamental understanding of metal anode/electrolyte interface evolution in ILs in a coherent manner, highlighting the
potential of ILs to address the specific problems of each type of metal anode. Electrochemical reactions—such as passivating film formation,
metal deposition/stripping, dendritic growth—occurring at the metal anodes in IL-based electrolytes are openly debated, and how ILs can
help to improve these phenomena is presented. Unanswered scientific questions on the nature of electrode/electrolyte coupling are identified.
Finally, conclusions and perspectives are proposed regarding the development, limitations, and opportunities of metal anode/ionic liquid
interfaces. This timely review will expose literature gaps and provide novel opportunities to exploit ILs in materials science and technology
research.
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deploying LIBs for every situation. Therefore, post-Li chemistries—for
example, sodium (Na), potassium (K), aluminum (Al), zinc (Zn), cal-
cium (Ca), magnesium (Mg), and Si (silicon)—are emerging candi-
dates for next-generation secondary batteries because of their low cost,
intrinsic safety, and long-term sustainability.””® The techno-
economic benefits of using Na and K include a natural abundance of
these elements and a lower cost compared to Li, as well as the chemical
similarity of the alkali metals with Li.' Similarly, multivalent metal
anode rechargeable batteries (containing Mg, Ca, Al, and Zn) are the
subject of intense research due to their superior theoretical volumetric
energy densities compared to Li.” '

Batteries are composed of various components that interact via
interfaces, the most important of which are the electrodes and electro-
lytes. The interfaces control the transport of charge and matter between
components, and thus are critical in determining the battery’s perfor-
mance, safety, and long-term stability."” '° During electrochemical
cycling, a solid, passivating layer is formed at the interface of electrode/
electrolyte and is recognized as the solid electrolyte interphase (SEI). This
layer is initiated from the decomposition of electrolytes and is comprised
of organic/inorganic species. Ideally, the electrochemically generated SEI
should be stable, self-limiting, and ionically conductive, but electronically
insulating."*'” As a consequence, parasitic reactions between the electro-
lyte and the anode are minimized, preserving electrode material, prevent-
ing electrolyte consumption and extending battery life. Despite the
significant advantages of using earth-abundant metals as anodes for high
energy density batteries, “beyond-Li” metal batteries are still in their
infancy due to numerous challenges.”'*'*'® Key challenges with metal
anodes include unstable SEI film or passive film formation, dendrite for-
mation, self-corrosion, and volume expansion, which need to be
addressed to enable technologies that can be commercially realized.'”*’
Numerous strategies, including surface modification (in situ and ex situ),
alloying, using different electrolytes and complex mixtures, different
additive salts or salt mixtures, and high salt concentrations, continue to
be investigated for metal anodes to improve the structure, composition,
and evolution of such interphases. ' The electrolyte is a highly
important component as it connects the cathode and anode, governs the
interfacial chemistry, overall battery performance, and lifetime.”>” A
lack of fundamental knowledge of solution chemistry and the interfacial
electrochemistry of electrolytes is a major roadblock to developing new
and emerging metal battery technologies.

Tonic liquids (ILs) represent a category of materials that have been
investigated and utilized as electrolytes for energy storage systems like
supercapacitors and batteries, because of their many desirable proper-
ties, including low volatility and high ionic conductivity, thermal and
electrochemical stability.”* ' In contrast to conventional organic sol-
vents, ILs consist of organic anions and cations bound by various inter-
ionic interactions, such as electrostatic, hydrogen bonding, and
hydrophobic interactions, making them a complicated yet highly tun-
able electrolyte system. Furthermore, the coexistence of various aro-
matic and alkyl groups, as well as electrostatic charges in ILs, increases
their affinity for both organic and inorganic materials.”” ** ILs have
been proposed as replacement solvents to address the shortcomings of
traditional organic electrolytes, such as volatility and flammability for
metal batteries.” Furthermore, the electrochemical stability of various
metal anodes in ILs, as well as the high charge carrier population in ILs,
may mitigate the continuous electrolyte depletion during operation and
enable more stable metal battery cycling."*

REVIEW pubs.aip.org/aip/are

To date, there are numerous reviews on different battery systems,
focusing on advancements in cathode and anode materials or electro-
lytes.”'©2**>*7* There are reviews covering ILs as electrolytes for dif-
ferent batteries, highlighting the prospects of ILs in energy storage and
conversion systems.1’52‘3"‘"12"'13 However, there is a need for a more
coherent and comparative understanding of individual metal
anode—IL interfacial evolution, characterization, and its limitations.
To develop IL-based electrolytes, fundamental chemical and electro-
chemical characteristics and mechanisms of different metal anodes
must be identified and understood. This timely review will provide a
thorough knowledge foundation for designing IL-based electrolytes
tailored to specific monovalent or multivalent metal anodes.

This review specifically focusses on the interfacial perspective of
emerging metal anodes with ILs as electrolytes. The ongoing develop-
ment of ILs as electrolytes for mono- and multivalent metal batteries is
outlined and discussed. An overview of the most substantial
approaches used to develop IL-based-electrolyte for emerging metal
anode batteries is presented, with an explicit focus on basic characteris-
tics, metal anode—IL interfacial properties, and reaction mechanisms.
Answers to certain particular questions related to the potential of ILs
as electrolytes for reversible metal electrodeposition/dissolution—
including their controversies—are sought through exploring the most
significant research work. Finally, particular viewpoints are presented
on the future opportunities and directions that are needed toward a
more bespoke electrode—electrolyte coupling using computationally
aided design and advanced simulation tools. This review aims to stim-
ulate a sense of curiosity and a deeper comprehension of the potential
of ILs and encourage the design of new ILs with specific properties as
suitable electrolytes for emerging battery technologies.

Il. NEXT-GENERATION METAL ANODES

Metal battery technologies can be grouped as monovalent (e.g.,
Li, Na) or multivalent (e.g., Zn, Mg etc.) based on the use of metal
anode. Metal anode/electrolyte interaction is of particular interest as it
directly impacts the two fundamental chemical and electrochemical
processes—reversible metal deposition/dissolution and electrolyte
decomposition—rendering the use of any pure metal anode.” Dendrite
formation and thermal runaway are found at different degrees in
many metal anodes, particularly in monovalent anodes."® For example,
a Na-metal or K-metal battery exhibits more severe thermal runaway
due to cell short-circuiting than a Li-metal battery, owing to lower
melting point and higher chemical reactivity of these metals than Li.”
In addition to safety risks associated with uncontrolled dendrite forma-
tion, continuous electrolyte decomposition on the metal anode is
undesirable since it results in reduced coulombic efficiency and, even-
tually, electrolyte dry-out. Aside from the nature of the metal anode,
the severity of these issues is determined by operating circumstances
such as electrolyte composition and concentration, temperature, cur-
rent density, and cycle rates.”” This section provides a detailed discus-
sion of two fundamental electrochemical phenomenon occuring at
metal anode/electrolyte interface: metal deposition/dissolution and
electrolyte decomposition.

A. Reversible metal deposition/dissolution
and dendrites

In theory, safe and efficient reversible electrodeposition and
metallic dissolution at the metal anode is critical for secondary
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batteries (rechargeable batteries) with high power and energy densities.
However, in practice, repeated metal deposition and dissolution is
complex and complicated by several issues that result in dendrite
growth.* The five successive processes governing metal electrodeposi-
tion are: (1) metal ion movement from the bulk electrolyte to the elec-
trode surface, (2) metal ion desolvation from the electrolyte, (3)
adsorption of metal ions on the surface, (4) transfer of charge, and (5)
surface diffusion toward the deposition site."” Any one of these pro-
cesses has the potential to dramatically influence the quality and mor-
phology of deposited metal if not designed and engineered effectively.
Almost all metal anode design strategies focus on improving one or
more of these processes.” Non-planar deposition morphology (often
referred to as dendrites) between different metal anodes can be ratio-
nalized in a variety of ways. In the literature, the variation in surface
and/or cohesive energy between monovalent and multivalent metals is
typically used to explain the observed discrepancies in dendrite growth
across different metal anodes.”” Density functional theory (DFT) cal-
culations predict dendrite-free Mg and Al plating on the basis of hav-
ing higher surface energy than that of Li””' Contrary to this
explanation, there have been many reports of dendritic Al plating
despite the fact that Al's cohesive energy (327 k] mol Yis considerably
higher than that of Li (158k]J mol™") and Mg (145k] mol™1).70%?
Furthermore, dendrite growth is observed during Mg deposition from
ether-based electrolytes.”* *° For example, the resistant passivation
layer that forms on the Mg anode cannot be completely removed by
the glyme/Mg(TFSI), electrolyte, therefore Mg plating only takes place
on limited active sites, causing a high local current density and den-
dritic growth. Hence, plating morphology may not be an inherent
characteristic resulting from cohesive and/or surface energy, rather
from the operating circumstances of metal anodes. In this regard, the
choice of electrolyte, salt additive, current densities and cycle rates of
the batteries will have significant impacts on the final morphology of
the metal deposits.”

In contrast to Li metal anodes, which have been shown to suffer
from uncontrolled dendrite growth and subsequent internal short-
circuiting,”’ Na metal anodes typically suffer from loss of active anode
during battery recharging due to the extremely fragile nature of mossy/
non-planar Na, as well as electrolyte depletion. During repeated strip-
ping cycles, fragile Na deposits easily break away and are electrically
disconnected from the metal electrode. Furthermore, the mechanical
susceptibility of Na dendrites is electrolyte-sensitive.'” Due to the
absence of the in-operando visual characterization of the electrolyte/
electrode interface, this phenomenon is frequently concluded incor-
rectly as adverse reactions between the electrolyte and the Na anode.”’
There have been few reports addressing the SEI formation and charac-
teristics on Na metal anode in ambient-temperature cells; nonetheless,
there are evident contrasts with lithium regarding SEI composition,
metal plating, and dendrite growth mechanisms.””’

The main roadblock to the commercialization of post-Li battery
technologies (particularly Al and Mg) is the lack of appropriate electro-
Iytes that allow reversible plating/stripping of these metals with high
efficiency at low overpotential.("1 For instance, in aluminum-based bat-
teries, Al metal has been used as an anode in the form of a plate or par-
ticles,”” which are not thermodynamically rechargeable because the
discharged product (e.g., aluminum oxide/hydroxide in Al-air batter-
ies) is unable to undergo conversion into metallic aluminum in aque-
ous electrolytes. Research has been focused toward the advancement of
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non-aqueous electrolytes that enable the reversible dissolution/deposi-
tion of Al, but the success is limited."” Similarly, the stability and dura-
bility of Mg metal batteries are limited by substantial capacity
deterioration caused by irreversible Mg dissolution/deposition pro-
cesses.”” So, the development of ideal electrolytes for magnesium has
determined the pace of advancement in the field.

It is clear that selecting an appropriate electrolyte for metal
anodes necessitates careful consideration of the numerous distinct con-
tributing properties and features such as non-flammability and non-
toxicity, efficient ion transport, wide electrochemical stability window,
reversible metal electrodeposition with high coulombic efficiency,
good surface-wettability, and good electrode/electrolyte interfacial
contact.

B. Unstable solid-electrolyte interphase (SEI): A real
challenge

The real-world application of monovalent metal anodes is ham-
pered by fundamental challenges, such as an unstable SEI layer, uncon-
trolled dendritic growth, and abrupt volume changes during charging/
discharging. Even though chemical reactivity and ionic radius increase
down the alkali metal group, SEI formation and properties do not cor-
respond linearly between Li, Na, and K, with the instability of SEI on
the Na anode being the most problematic.” The irreversible reaction
between the Na anode and conventional non-aqueous electrolytes
results in the spontaneous development of a non-ideal SEI film on the
anode. This in situ produced SEI layer is destroyed during electro-
chemical cycling, either because it dissolves in certain electrolytes or
cannot tolerate the significant volume expansion during the Na elec-
trodeposition and migrates into the electrolyte matrix.” On the other
hand, fissures in the SEI film could become active locations for the Na
dendrite growth, reducing the electrochemical performance and safety
of sodium metal batteries (SMBs) significantly.'” Computational simu-
lations of migration of metal ions across SEI have revealed that a
greater energy barrier has to be overcome by Na ions to transport in
comparison to the Li ions.”” °® Notably, the SEI undergoes constant
breakdown and reformation during the repetitious Na plating/
stripping process, which increases the non-uniformity of the SEI layer
and hence has a negative impact on Na electrodeposition.'”

Since K has a larger ionic radius than Li or Na, it is assumed that
the solubility of K-based SEIs in the electrolyte will be higher com-
pared to Li or Na-SEIs. However, when K is combined with a large
anion (such as perchlorate), it precipitates readily; therefore, non-
soluble K-based SEIs are more accessible than Na-based SEIs.”*” The
difference is due to the size of the K and Na ions—their relative solu-
bility, and the ease with which they precipitate from the electrolyte.
The solubility issue of Na SEI can be addressed by employing an elec-
trolyte with a lower dielectric constant (e.g., an ether), however, flam-
mability is still a concern with some organic solvents.” As a result,
electrolyte solubility is crucial in SEI stability and battery performance.

More intriguing phenomena are observed when shifting right of
the alkali metals to other elements and incorporating more than one
cation. The formation of an ideal SEI is not as problematic for multiva-
lent cations. The two primary concerns with multivalent SEIs are
either the limited diffusion of multivalent cations across SEI film or
complete insulating SEI preventing the movement of both electrons
and cations.””” For instance, in comparison to Li*, Mg®" cations have
stronger electrostatic interactions and a higher charge density, thereby
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resulting in Mg-based electrolytes with low ionic conductivities.”"
Thus, this ultimately reduces the cation mobility, making it problem-
atic for Mg*" ions to migrate through the passivating layers at the elec-
trode/electrolyte interface. Therefore, early research into multivalent
metal batteries concentrated on developing electrolytes that do not
decompose over metal anodes (SEI-free anodes) and exhibit cathodic
Stability.z’“;’%

Ideally, the electrolyte for Mg batteries should have high reduc-
tion stability to circumvent the passivating layer formation. Lewis
acid-base pairs or Grignard reagents immersed in ether-type solvents
are well-known electrolytes that allow reversible electrodeposition/dis-
solution of magnesium ions.””’> Magnesium has a large negative
reduction potential; therefore, plating/stripping of magnesium is only
possible in solutions that are aprotic. However, when Mg salts are dis-
solved in aprotic solvents having high dielectric constants (e.g., aceto-
nitrile, esters, or carbonates), dense passivating layers form that restrict
the transfer of magnesium ions and prevent any plating/stripping.”
Ethers exhibit a low dielectric constant; when used as solvent with
magnesium organohaloaluminates or magnesium organoborate, they
show successful Mg plating/stripping.”” However, ether limits the mag-
nesium salts’ solubility (< 0.5 M) and reduces their ionic dissociation.
Therefore, electrolytes with lower concentrations of electroactive salts
have lower charge/discharge rates.

Similarly, the fundamental challenge with Al anodes has been
finding a suitable electrolyte that allows efficient ion transport and
accommodates the reversible Al plating/stripping without surface pas-
sivation. Until now, numerous aqueous and non-aqueous electrolytes,
such as water-in-salt electrolytes, inorganic molten salts, organic sol-
vents, deep eutectic solvents (DES), and polymer electrolytes, have
been employed.”” Although aqueous electrolytes have numerous
advantages, e.g., excellent ionic conductivity (= 10'-10*> mS cm ),
low cost, non-flammability, and a low environmental impact com-
pared to organic solvents, the formation of aluminum oxide (ALO5;)—
a true passivating layer—makes aqueous Al systems inherently
challenging.”’* Given the widespread use of organic solvents in the
Al electroplating industry, non-aqueous electrolytes have been the
focus of much of the present research in Al-batteries. Although
dendrite-free electrodeposition of Al has been reported from organic
electrolytes, the operating temperature (usually above room tempera-
ture) and safety concerns (highly flammable and volatile) make these
electrolytes unsuitable for batteries.”””> Therefore, inorganic molten
salts, DES, and ILs are emerging electrolytes in Al secondary battery
research.”””

Low-cost analogs of ILs are called deep eutectic solvents (DESs).
DES is a blend of Brensted or Lewis based and acids comprising
diverse cations and/or anions.”” For Al-battery applications, DESs are
generally composed of Lewis acidic metal salts (AICl;) and a Lewis
basic ligand or a hydrogen bond donor, e.g., urea, urea derivatives, or
acetamide.”® In Al-batteries, a DES-based electrolyte demonstrated
high coulombic efficiencies (>>95%) with improved cycling stability.**’
However, they suffer from relatively low specific discharge capacities
compared to traditional chloroaluminate ILs, due to their high viscosity
and low ionic conductivity.”’ Some researchers reported that using urea
derivatives (N-ethyl urea and N-methyl urea with AICl;) may increase
the ionic conductivity of these DESs."’

DESs may become a viable alternative if their physiochemical
properties and specific capacity are improved. In the case of other

REVIEW pubs.aip.org/aip/are

metal anodes, such as zinc, DESs can certainly be considered a cheaper
alternative to ionic liquids, especially since a wide reductive stability
window is not required to undergo anode reversibility. Moreover, in
comparison to aqueous electrolytes, DESs have also demonstrated den-
drite suppression due to the weak interaction between water and Zn**
ions.”" Similar to ILs, the tunability of DESs also opens the pathway to
consider a variety of zinc salts and eutectic mixtures for the SEI layer
formation. For example, in the presence of Zn(TFSI), in acetamide,
the decomposition of the TFSI anion prior to zinc deposition leads to
the formation of an anion-rich SEI layer comprising ZnF, that enhan-
ces zinc’s long-term cycling.”

For all multivalent metal batteries, a fundamental challenge is the
passivation of the surface of electrode because of the electrolyte decom-
position and the inhibition of multivalent cation movement through it.
Designing an electrolyte that does not decompose over the metal
anode and possesses high cathodic stability is an appealing
strategy.é""‘84 However, issues related to the SEI-free anode, such as ele-
vated costs, inferior anodic stability, and current collector corrosion,
complicate multivalent battery research. The nature of the SEI layer
that is unique to each metal is explained by numerous factors, includ-
ing dissimilarities in solvation structure, the diffusion rate of the metal
cation through the passivating film, and the dissolution stability of the
interfacial film. Based on this understanding and the different proper-
ties of metals, it is obvious that metal batteries will necessitate their
own bespoke, optimized electrolytes and additives with improved elec-
trochemical stability. These will be critical to creating SEIs that are
robust to realize high-performance metal batteries.

l1l. IONIC LIQUIDS—DESIGNER ELECTROLYTES
FOR METAL ANODES

Room temperature ILs (RTILs) are room temperature liquid
organic salts and are comprised of weakly coordinated complex ions.
ILs have been intensively researched for use in energy storage devices
because of their exceptional properties like non-flammability, high
thermal stability, and low vapor pressures.’”*” In metal batteries, IL-
based electrolytes generally comprise of a metal salt and an organic
salt. Some common organic cations are pyrrolidinium, imidazolium,
piperidinium, quaternary ammonium and phosphonium, while anions
are dicyanamide (DCA), sulfonylimide (TFSI and FSI) and halides (for
Al-batteries).”**” ILs are often called “designer solvents” and are easily
customizable for specific applications by employing various cation and
anion combinations. The structures of some of the commonly used
anions and cations in ILs are summarized in Table I.

Among several choices for next-generation electrolytes, ILs
enable the employment of techniques to reduce active electrode mate-
rial dissolution and the corrosion of current collectors.” As opposed to
conventional organic solvents, which are composed of neutral molecu-
lar species, ILs are entirely composed of ions. Therefore, ILs allow the
cycling of negative metal electrodes and show decreased parasitic reac-
tions between the electrolyte and metal anode, which is not typically
possible with traditional organic solvent-based electrolytes.' ILs have
emerged as potential solvents across a range of metal salts to combat
the challenges of conventional electrolytes, such as low metal salt solu-
bility, high vapor pressure, and the flammable nature of organic elec-
trolytes.35 In addition, electrochemical and chemical stability and a
high charge carrier population in ILs may alleviate electrolyte decom-
position and depletion during operation, resulting in improved energy
efficiency and power capacities of metal batteries. A detailed

Appl. Phys. Rev. 11, 011307 (2024); doi: 10.1063/5.0180923
© Author(s) 2024

11, 011307-4

¥1:5%'90 ¥202 1890100 G2


pubs.aip.org/aip/are

Applied Physics Reviews REVIEW

pubs.aip.org/aip/are

TABLE I. Nomenclature, abbreviations, and structures of some of the commonly used anions and cations of ILs explored for metal anode batteries and discussed in this review.

Cations Abbreviation Structure
1-ethyl-3-methylimidazolium [EMIM]* /—\
N3N
NN
1-butyl-3-methylimidazolium [BMIM]* I4\N .
\/\/ N \?
N-methyl-N-propylpyrrolidinium [Csmpyr] ™ o
N ~ N\
N-butyl-N-methylpyrrolidinium [Cympyr] ™ ~.. .
NN N
N-methyl-N-propylpiperidinium [PP5]"
N +
| \/\
N-methyl-N-butylpiperidinium [PP,]"
N +
\/\/ |
Trimethyl-iso-butyl phosphonium 12 )\/ | _
+
~
Methyl-tri-iso-butyl phosphonium [Pigigia] "
P
trihexyl(tetradecyl)phosphonium [Poss1al _\_\_\
SN P\_\_*'\/\\/_\/\/\/\/\
Ammonium Napeal " CaH(2a+1)
N7
",I
CpH(2b+1) CaH(2d+1)
CcHizc+1)

explanation of how ILs can be tailored for different metal anodes,
along with the technological possibilities of IL-based electrolytes for
different metal anodes, are discussed in Secs. IIT A and 111 B.

A. Design strategies for tuning ILs-based electrolytes

1. Chemistry of IL anions and cations

a. Role of the IL anion in stable SEI formation. Task-specific ILs
can be designed by regulating the chemistry of anions or cations of ILs

to modulate the metal anode/IL interfaces. The IL anion effect on the
interfacial electrolyte structure and SEI layer formation needs to be
appropriately considered. ILs with anions containing sulfonylimide or
a nitrile group (such as DCA) are commonly used as electrolytes for
metal batteries.'” More recently, the use of borate anions such as
difluoro(oxalato)borate (DFOB) and bis(oxalato)borate (BOB) has
been explored in lithium and sodium batteries.”® ** Different anions
contribute to unique interfacial structures and electrochemical stability
against certain metal anodes. Fluorinated molecules have been
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recognized to support stable SEI layers formation for both Li and Na
batteries.”””” In particular, adding TFSI and FSI anions brings salient
features to some electrolyte/metal anode interfaces owing to their high
jonic conductivities and low corrosivity to current collectors.”””* "
The use of FSI and TFSI anions may prevent the decomposition of cat-
ions, however, the cathodic limit of the IL is determined by both
anionic and cationic species of the IL°*’® In addition, Na" cations
play a crucial part in increasing the stability of the IL against Na metal,
and they also affect the surface film thickness.”*

In the negative potential region, imidazolium-based ILs are less
reductively stable; therefore, pairing an imidazolium cation with a
more cathodically stable anion may improve electrolyte stability in Na
and Li batteries.*”* Imidazolium TESI ILs are not stable with Na
metal even in the presence of Na' cations. In contrast, imidazolium
FSI mixed ILs are stable because the chemical reactions between Na

and the IL are suppressed. The low reactivity of the FSI anion and the
presence of Na* cations dramatically improves the stability of imida-
zolium FSI ILs toward the reactive Na metal and facilitates develop-
ment of a thin, stable SEI with a small permeability to the IL.”* In
contrast to imidazolium-based ILs, ILs with a more electrochemically
stable cation, such as pyrrolidinium, showed stable Na plating/
stripping when mixed with both FSI and TFSI-based ILs.”*”” In con-
trast, TFSI anions are incompatible with magnesium electrochemistry
due to strong interactions between Mg>" and the surrounding
TESL' " The TFSI anion can only be regarded as electrochemically
stable enough under certain conditions, such as in completely water-
free electrolytes or systems where TESI is not allowed to participate in
direct coordination with magnesium.””'" The use of ionic liquid
media for calcium electrochemistry is scarce in the literature.
Nevertheless recent findings by Gao et al.'”* have documented the
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utilization of an IL electrolyte comprised of calcium borohydride [Ca
(BH,),] in an alkoxy-ammonium-based ionic liquid, i.e., [No7][TFSI]
(N,N,N-tri-(2-(2-methoxyethoxy)ethyl)-N-(2-methoxyethyl)ammo-
nium bis(trifluoromethylsulfonyl) imide), which demonstrated a
reversible capacity of 244mA h g ' and a high initial discharge
capacity of 332mA h g ' in a Ca|V,0s cell. TFSI ’s displacement
from Ca®* ion coordination by the alkoxy-functionalized ammo-
nium cation containing seven ether oxygen atoms is a significant
factor for the efficient Ca plating/stripping from this IL-based elec-
trolyte. The authors found that a SEI layer rich in organic and low in
inorganic content, with some CaH, degradation product, is benefi-
cial in enabling Ca*" ion diffusion.

Although fluorinated anion-based ILs are relatively easy to syn-
thesize and, due to their hydrophobic nature, are widely used as elec-
trolytes, their high cost and high viscosity are the main drawbacks.'”’
Doi et al. proposed that fluorinated-free electrolytes can offer a stable
SEI for Na anodes with minimal interfacial resistance.'”* Na plating/
stripping was demonstrated in a DCA-based IL with Na[DCA] salt
under a controlled moisture content.'”” In this regard, ILs with anions
such as DCA are considered cost-effective solutions to stabilize electro-
chemistry in both lithium and sodium systems.'**'* The use of dicya-
namide ILs has also been shown to support the facile electrochemical
cycling of divalent metals such as Zn.'"* ' Furthermore, cations with
superior reductive stability are not essential because of Zn’s low reduc-
tion potential (i.e., —0.76 V vs The standard hydrogen electrode, SHE),
providing opportunities to consider a large number of cations.
Recently, Ghazvini et al. Demonstrated Zn plating/stripping in the
presence of zinc acetate [Zn(OAc),] (>4M) in [EMIM][OAc].'” In
another work, Simons et al. demonstrated non-dendritic, uniform Zn
deposits on the metal anode upon long-term cycling (>100 cycles) of
Zn(DCA), in [EMIM][DCA].'" Interestingly enough, when com-
pared to [Cympyr][DCA], a lower overpotential, i.e, —0.23 V vs zinc
pseudo-reference, was required to commence zinc deposition in the
presence of [EMIM][DCA]. Overall, the electrochemical performance
of Zn was found to be superior in this IL as well. Molecular dynamics
(MD) simulations and atomic force microscopy (AFM) suggest that
such drastic differences between the ILs are attributed to the interfacial
structure and dynamics."'" For a Na metal anode, it was discovered
that long-term Na plating/striping with high efficiency in a DCA-
based IL is not possible owing to the DCA anion’s presumed instabil-
ity, leading to electrode passivation, and the presence of moisture
brings further complications.'’” Similar results have been observed for
Mg-batteries where the tendency of the DCA anion-based IL to form
crystalline complexes preventing charge transport at the Mg anode
interface.'"”

For monovalent battery systems, the instability issue of the DCA
anion can be addressed by mixing the metal salt with a different anion
to that of the anion of the IL. The use of mixed anions can combat the
challenges associated with fluorinated and non-fluorinated anions.
Mixing a Na salt with different anions to that of the anion of IL
improves ion transport and solvation in the electrolyte, which then
positively impacts the electrochemical performance, as demonstrated
by the FSI-TFSI mixed anion system in both sodium and lithium bat-
tery electrolytes.'”>'""''> Wongittarom et al. Demonstrated the
impact of various Na salts (NaBF,, NaClO,4, Na[DCA], and NaPFq
with salt concentration of 1M) on the charge transfer resistance and
ionic conductivity of [Cympyr][TFSI]."'® Among various Na solutes,

pubs.aip.org/aip/are

the BF,-TFSI mixed anion system showed the best performance in
relation to capacity retention and cycle life in a Na/IL/NaFePO, cell."'®
However, the authors did not provide data on the dissolution of high
concentrations of salts with high lattice energy in ILs to obtain a real
understanding of the nature of mixed electrolytes. The electrochemical
behavior of Na needs to be explained in terms of the coordination
environment and changing ion dynamics. Sodium plating and strip-
ping on a metallic Na anode is specific to every mixed anion system.""”
In NaClO, with the IL [Cympyr][TFSI], Na plating/stripping is hin-
dered due to an unstable layer formation on the Na metal surface. In
the mixed FSI-TFSI IL system, a stable SEI layer is formed when in
contact with the Na anode, which is amenable to repeated Na plating/
stripping.’"” To account for the overall cell performance and cyclability
of the battery, changes that occur both on the cathode and the Na
metal anode due to a mixture of anions should be considered.

Using mixed anions can not only improve the ion dynamics but
can also impact SEI formation. Recently, Forsyth et al. Systematically
investigated incorporating fluorinated anion Na salts (NaFSI, NaTSFI,
NaFTSFI) as SEI-forming species with pyrrolidinium-based DCA IL
(Fig. 1).'% Although fluorinated co-anions addition did not affect the
ionic conductivity, oxidative stability of the IL, and oxidation onset
potential, they did have a dramatic influence on the cycling profiles,
which are associated with the SEI layer and are unique to each system
[see Figs. 1(a)-1(f)]. By further increasing the overpotential (polariza-
tion potential) for the larger fluorinated anions (NaTFSI, NaFTSI), as
shown in Figs. 1(c), 1(d), and 1(f), continuous surface layer passivation
was observed. Furthermore, enormous polarization values at the begin-
ning of cycling of NaTFSI and NaFTFSI [sodium (fluorosulfonyl)(tri-
fluoromethanesulfonyl)imide amide] indicates a highly passive and
resistive surface that forms immediately upon contact with the Na
anode. In the case of NaTFSI, though the thick film was more resistive,
it was not completely passivating, and therefore, trapped electrolyte
may adopt a tortuous ionic pathway. On the other hand, the NaFSI
system maintained stable cycling (> 100 cycles) with a low overpoten-
tial. In the absence of a mixed-anion system, i.e., Na[DCA]/[Csmpyr]
[DCA] allowed limited cycling with increased overpotential [Fig. 1(i)].
Theoretical computational simulations highlighted the role of metal
ion solvation in the decomposition process. The coordination environ-
ment, changing ion dynamics, and local structuring of ions at the
charged electrode have appeared to depend on the IL cation and anion
structures [Fig. 1(h)]. Using density distribution functions for charged
graphene sheets (=1 ¢), it was found that when the electrolyte is com-
prised of only DCA anions, the inner most layer only consisted of the
[C3mpyr]Jr cation. In contrast, in the presence of mixed anions,
e.g., the fluorinated FSI and TFSI anions, along with the [Csmpyr]™*
cation, the anions also remained in the inner most layer. It is
postulated that the attraction between the cation and anions
highly dominates this layering at the interface, which ultimately guides
the breakdown process of anions on the electrode. Electrochemical
measurements and advanced surface characterization techniques
proved that the ion speciation and interfacial behavior at a charged
electrode can be controlled by an appropriate choice of anions in the
mixture.'” Hence, mixed anion systems allow the flexibility to use
low-cost ILs while maintaining the desirable SEI features. This concept
can be explored with multivalent batteries with a view of improving
metal-ion solvation and stabilizing the multivalent anode/electrolyte
interface.
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FIG. 1. Cycling plot for Na symetric cell of the solution of [Csmpy][DCA] (50 °C, 0.1 mAhem =2 1 h cycles): (a) Na[DCAY; (b) NaFSI; (c) NaTFSI; (d) NaFTFSI; (€) expanded 10
h for Na[DCA] and NaFSl; (f) expanded 10 cycles for NaTFSI and NaFTFSI; (g) Comparison of cyclic voltammetry (first cycle shown) for [Csmpy][DCA] based electrolyte linking
with each Na[DCA], NaFSI, NaTFSI, and NaFTFSI; (h) Interfacial structures of three IL/salt systems displayed via snapshots, In the yz plane projection, layer within a z < 21 A
is displayed near the graphene surface which is negatively charged and has 0, 1, or 5 ¢ charge. In the xy plane projection, first layer (z < 7 A) comprising of the ions on
uncharged graphene surface is demonstrated; (i) graphical representation to control the interfacial electrochemistry using a fluorinated anion and providing a SEl in DCA lls
which is more stable, scannln% electron microscopy (SEM) images of the cycled Na surfaces: left Na[DCAY; right NaFSl, insets cycling plot of Na symmetric cells showing 100

cycles at 50 °C at 0.1 mAcm
Chemical Society.'*

b. Role of the IL cation in stable SEI formation. By extending the
organic moieties, IL cations can be more diverse than their anionic
counterparts. Na metal deposition-dissolution is strongly influenced
by the cation structure.”*””"'¥ Asymmetric cations containing short
alkyl chains, e.g., [Csmpyr]™ and [EMIM]™, are often favored, and
pyrrolidinium-based cations are widely employed for high-potential
electrochemical device applications due to their greater reductive sta-
bility than imidazolium-based cations.”''” Pyrrolidinium-based ILs
also have a higher chemical stability at Na metal anodes compared to
imidazolium-based ILs. As a result, several pyrrolidinium- and
phosphonium-based ILs have been studied, incorporating the FSI
anion because of its high ionic conductivity and formation of robust
and stable SEL”* The addition of long alkyl chains or bulky functional
groups often decreases melting points, increases viscosity, and
decreases ionic conductivity. Small alkylphosphonium FSI-based ILs
not only allow solubility of high concentrations of alkali metal salts but
also show promising properties for sodium batteries in particular.””'*’
As high NaFSI concentration promotes improved cycling, solubility of
metal salt in the IL can be increased by adding oxygen groups into

: left Na[DCAY; right NaFSI. Reproduced with permission from Forsyth et al., Appl. Mater. Interfaces 11, 43093 (2019). Copyright 2019, American

cationic alkyl chains as coordination sites. Alkoxy-substituted quater-
nary ammonium ILs have been proven to exhibit intriguing physico-
chemical features and to improve the cycling performance of SMBs in
this regard.]’l A comparison of alkyl phosphonium (Py;1,™,
Pliisia”) and alkoxy ammonium cations [Ny20201)3" ] in the form of
FSI-based ILs reveals that P;;;;4FSINaFSI and N,(0001)3FSINaFSI
exhibit better cycling performance and rate capability, with Py;1;,FSI:
NaFSI exceeding the other ILs in terms of higher conductivity and
more stabilized SEI layer formation.'”'

Mg-ion speciation in TFSI-based ILs can be modified by replacing
the alkyl-substituted cation ([C,mpyr]") with alkoxy-functionalized
cations  (alkoxy-pyrrolidinium ~ or  alkoxy-ammonium).'**'** ">
However, alkoxy-pyrrolidinium-based ILs show overall inferior electro-
chemical performance compared to the alkoxy-ammonium-based ILs
because of steric hindrance of the pyrrolidinium ring.'” According to
experimental and simulation studies, the alkoxy group of the cation replaces
TFSI anions from Mg”*’s coordination sphere, thereby facilitating a revers-
ible Mg plating/stripping process.'*'**'** ILs with higher denticity [such as
N,N,N-tri-(2—(2-methoxyethoxy)ethyl)-N-(2-methoxyethylJammonium bis
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(trifluoromethylsulfonyl) imide, [Ny ][TESI]] effectively suppress ion
agglomeration and show higher Coulombic efficiency than
[C4ympyr] [TFSI]."”* However, there is disagreement in the literature
about the minimum number of ether oxygen atoms necessary in
alkoxy-functionalized ILs for the displacement of TFESI anions from
Mg**’s coordination sphere.'**'***

The use of ether-based ammonium cations in ionic liquids has
also been shown to play an important role in Zn** ion-chelation,
thereby improving the long-term electrochemical cycling of Zn.'**'*”
The careful modification of the ether chain-length can be crucial in the
metal-ion coordination that ultimately determines Zn’s electrochemi-
cal performance. For example, Kar et al. have shown in comparison to
shorter-chain oligo-ether chain lengths (i.e., n=2), the incorporation
of long oligo-ether chain lengths (n>2) can improve the metal-ion
coordination and thereby better facilitate the zinc electrochemistry.'*°

The difference in cation/anion size, structure, solvation, and coor-
dination of ions in the ILs is responsible for the differences in physio-
chemical characteristics, such as density, ionic conductivity, viscosity,
electrochemical stability window, and corrosivity, as well as the overall
battery performance and power density.”>'**""*" For an IL to be an
efficient electrolyte, its cationic size must be carefully controlled since a
larger cation size may result in increased viscosity, decreased ionic con-
ductivity, and overall battery efficiency during charge and discharge
cycles."** Furthermore, the intermolecular interactions between IL
constituents (organic cations and anions) can significantly influence
the reversible metal electrodeposition/dissolution. For example, in the
case of Al electrodeposition, decreasing the cation-anion interactions
leads to more smooth and compact Al deposits as well as increased
intercalation and deintercalation of AICl,~ in graphite cathode.””"”"
Hence, when designing task-specific ILs for metal batteries, the size of
IL constituents (particularly cationic size) and intermolecular interac-
tion between ions should be taken into consideration.' ™

2. Role of additives

Apart from altering the cations and anions of ILs, the electro-
chemical properties of ILs can also be enhanced by using additives
(organic solvents or metal salts)."”""**1** The nature and amount of
the organic additive [e.g., propylene carbonate (PC), benzene, toulene,
dichloromethane, ethylene carbonate (EC)] also has a considerable
influence on the electrochemical properties and ionic conductivity of
hybrid mixtures of ILs and additives. "> Extensive research on the
role of additives in lithium batteries revealed that additives could
increase cycle life at higher temperatures, maintain low internal resis-
tance, and extend cycle life.'® Fluorinated ethylene carbonate (FEC),
often used in LIBs when used for sodium batteries, can improve pas-
sivation and reduce side reactions at the metal anode/electrolyte inter-
face.””® Nevertheless, FEC is not economical for large-scale
implementation due to its high cost. Furthermore, film-forming addi-
tives successfully used in lithium batteries may not necessarily produce
beneficial results in sodium batteries due to the dissimilarity in the
chemical nature of the two metals.'*® Hence, more efforts are required
to achieve future breakthroughs.

Organic additives, in general, raise safety concerns and are harm-
ful to the environment.”” Recently, a chloroaluminate-based IL [i.e.,
NaCl-buffered AICL/[EMIM]CI (represented as Na-CI-IL)] was
reported to be nonflammable and highly conductive electrolyte for
rechargeable Na batteries with the addition of appropriate additives.'*

REVIEW pubs.aip.org/aip/are

Ethylaluminum dichloride (EtAICL,) and [EMIM][FSI] were found to
be two additives that allow reversible and stable deposition/dissolution
of Na metal by stabilizing the SEI. The leading components of the uni-
form SEI film were NaF, Al,O3, and NaCl, with NaF resulting from
the decomposition of FSI" anion over Na [Fig. 2(a)]. Furthermore,
some other minor substances (such as Na,O, Na,SO,, and Al) could
contribute to the composition of SEI. The Na-CI-IL electrolyte is safe
due to its non-flammable properties. Thermogravimetric analysis
revealed that the Na-CI-IL electrolyte could withstand temperatures as
high as 400 °C, whereas 1 M NaClO,-EC/DEC/FEC (Vgc:Vpgc = 1:1,
DEC:diethyl carbonate; FEC: fluoroethylene carbonate, 5wt. %) suffer
from rapid weight loss at 132 °C and only 15% was retained at 230 °C
[Fig. 2(b)]. With these two electrolytes, the cycling performance of
SIBs using NVP (sodium vanadium phosphate)/NVPF (sodium vana-
dium phosphate fluoride) as cathodes showed significant differences.
SIBs with IL electrolytes demonstrated coulombic high efficiencies
(> 95%) between 50 and 500 mA g, a high capacity retention ratio
(> 90%), and a high capacity efficiency (~98.5%) [Figs. 2(c) and 2(d)].
In comparison, after 450 cycles at 150mA g ', SIBs with a 1 M
NaClO,-EC/DEC/FEC as electrolyte only retained 79% specific capac-
ity [Fig. 2(e)]. Both additives contribute to the improved performance
in Na-CI-IL electrolytes, such as [EMIM][FSI], which stabilizes Na
plating/stripping, and EtAICl,, which promotes SIB cycling stability.
The rapid capacity drop at 300mA g~ " after 200 cycles in the absence
of EtAICl, suggests the role of EtAICl, in eliminating small amounts of
free chloride ions and residual protons in the electrolyte [Fig. 2(f)]."*
Adding Li salt to imidazolium-based AICl; ILs extended the cycle life
of Al-S batteries.'”” The presence of Li" ions in [EMIM][CI]-AICl,
facilitates the soluble polysulfide intermediates’ formation, lowering
the electrochemical kinetic barrier to reduce or oxidize Al polysulfide.
To combat the instability of IL-based electrolytes (particularly
containing TFSI anions) upon interaction with Mg>" species in Mg-
batteries, additives are chosen based on their ability to reduce any
adverse reaction between Mg>" and the IL and allow reversible Mg
plating/striping.'*® The stabilization and dissolution/stripping of the
Mg anode cannot be explained simply by comparing the physiochemi-
cal properties of the different IL/additive mixtures. The effect of differ-
ent additives including water and organic solvents [toluene,
tetrahydrofuran (THF), ethylene glycol (EG)], and dimethyl sulfoxide
(DMSO) has been studied for trihexyl(tetradecyl)phosphonium chlo-
ride ([Pgee14l[Cl]) IL."">"7 "' It is evident that protons and/or
oxygen-donor groups present in additives play an important role in
allowing the Mg anode’s stable discharge in Mg-air batteries.''>'*’
Additives like THF and toluene reduce the viscosity of the IL, toluene
lacks donor atoms, therefore, is unlikely to interact with Mger ions,
while the presence of the ether group in THF may facilitate coordina-
tion with magnesium ions and/or binding to the surface of the elec-
trode. DMSO—a polar aprotic solvent—may enhance ion dissociation
and increase conductivity of the IL. Ethylene glycol potentially shows
similar behavior to water as an additive to [Pg¢ ¢ 14]Cl, because during
discharge, it caters to active protons and the alkoxide that can poten-
tially react/coordinate with magnesium species, in addition to boosting
the transport properties of IL.'**"*" Other additives, such as salts or
supporting electrolytes, have also demonstrated enhanced current den-
sities and stable electrochemical cycling of metal ions in ionic
liquids."”” Hence, a better understanding of the additives’ role in metal
ion speciation and supporting stable and reversible metal plating/
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FIG. 2. (a) Schematic illustration of the composition of buffered Na-CI-IL electrolyte and battery configuration (Na anode and NVPF@rGO cathode) (b) Flammability tests and
thermogravimetric analysis (TGA) on the Na—CI-IL and NaClO,~EC/DEC/FEC electrolytes showing the nonflammable nature and thermal stability of Na—CI-IL, (c) SIBs cyclic
stability with Na—CI-IL electrolyte, Na anode, and NVPF@rGO cathode at 300 mA g~", (d) changes in Coulombic efficiency and specific capacity of SIBs with Na-CI-IL electro-
lyte under current densities (50-500mA g~ ") (e) SIBs cyclic stability with NaClO,~EC/DEC/FEC electrolyte, Na anode, and NVPF@rGO cathode at 150 mA g and (f) SIBs
cyclic stability with Na-CI-IL electrolyte without EtAICI, additive at 150 mA g~". Reproduced with permission from Sun et al., Nat. Commun. 10, 3302 (2019). Copyright 2019,

Nature.'*

stripping will help to identify the generic features in designing high-
performance IL-based hybrid electrolytes for metal batteries.
Understanding the structure-effect relationship and battery perfor-
mance can aid in the design of novel IL electrolytes for this
application.

a. Water—An inexpensive additive for metal anodes. Water can be
regarded as a nuisance or a delight in electrolytes, depending upon the
electrochemical application. The presence of water is seen as a key
issue for high-voltage lithium or sodium batteries. First, aqueous elec-
trolytes are incompatible with high-voltage electrochemistry, and sec-
ond, in traditional electrolytes, water reacts with lithium or sodium,
generating oxides, hydroxides, and liberating hydrogen gas. The addi-
tion of water in IL-based electrolytes, on the other hand, has been
shown to have interesting impacts on both the physicochemical prop-
erties of the solvent and the surface reactions that occur.’” It is sug-
gested that there is no “free water” in ILs because water is highly
coordinated to the IL (when water content is much lower than
saturation point), preventing aggressive reactions with sodium or
lithium metals.””"** The question as to whether the moisture content

in IL electrolytes plays a role in stable SEI formation and to what
degree has improved understanding of the use of IL-based electrolytes
for high energy metal battery technologies. Water miscibility in IL is
mostly determined by anion as water molecules tend to form more
hydrogen bonds with the anions as compared to the cations of the
IL."* As a result, water is more soluble in ILs with hydrophilic anions
(e.g, [BFy]~ and [PF¢]") than ILs with hydrophobic anions [e.g.,
[TESI]” and  [FAP]™  (tris(perfluoroalkyl)trifluorophosphate
anion)]."”” However, water also impacts the electrochemical stability
window of the IL, which usually decreases with the addition of water,'*
Understanding of the electrode-IL interfacial phenomena in the presence
of water is crucial for stable metal anode cycling. In this regard, the nature
of the electrode, the IL chemical composition, the solute and water con-
tent should be carefully selected for a particular metal battery."*’
Controlled moisture content (~100-200ppm) in non-
fluorinated IL electrolytes has been shown to boost cycling perfor-
mance in metal batteries,'””'*® while fluorinated anions (TFSI or FSI)
based IL electrolytes were able to cycle sodium and lithium metals
with water content up to 10000 ppm.®>"*>**® Hence, presence of
moisture during cell manufacturing allows for greater adaptability in
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designing electrolyte and cell construction. The viscosity and conduc-
tivity concerns may be resolved by using a higher concentration of
water, allowing cells to exhibit the low overpotentials required for the
Na”™ redox process.””*” Extraordinary stability for Na cycling in an
FSIIL in the presence of water is feasible, given some important physi-
ochemical parameters such as Na* concentration and diffusion, and
cation structure.””'*” The chemistry of the IL cation cannot be
neglected in this regard. Changing from a pyrrolidinium cation to an
alkylphosphonium or alkoxyammonium cation revealed contrasting
results because of the difference in interactions between cations and
sodium ions. Even with 500 ppm water, the effect of water in a

REVIEW pubs.aip.org/aip/are

phosphonium-based IL was equivalent to that of a pyrrolidinium-
based IL, but deleterious to an ammonium-based IL. However, in the
case of a Li metal electrode, the cation plays a crucial role in stabilizing
water at the electrode surface. The phosphonium cation is better stabi-
lized by the Li electrode compared to pyrrolidinium cations in the
presence of water." > *# 20

Howlett et al. conducted the first in-depth study on the composi-
tion and structure of the SEI generated on Na metal anodes in water
containing a superconcentrated pyrrolidinium-based IL electrolyte
(50mol. % solution of NaFSI, see Fig. 3).°” High stability of the Na
metal anode was observed (cycling efficiency >99%) by cycling the

0.4 ——dry_10cycle 0.4 ——dry_100cycle 0.4 ——dry_500cycle
(a) —— wet_10cycle (b) wet_100cycle (C) —— wet_500cycle
a— 0.08
s s 2 001 1 1
= S o = of | [ | [ |
gog. EoAz .‘;"0‘2 o J LJ |
§ ‘E § 496 497 498499500
“al ILTUUUULY "3
0.0 o 00 0.0
02 . . . . 0.2 - . r - 0.2 - r r T v
0 : 10 15 20 0 50 100 150 200 0 200 400 600 800 1000
Time (h) Time (h) Time (h)
(d) plated stripped (e) MAS-NMR of SEI products
—§ - by i ; = Na-complex
g_ Dendntlc ; S = NaF
a jgllire' ; ) -12.7 ppm == Na,0
8 v 3
-l . 9]
© 3
= €
= s
. o
S g
8 =)
o P i
=1 3
*g 2
£} 3
S o
Q i o
o @ o~
S R
N pesy
2 °
o 150 100 50 O -50 -100 -150
; i

23Na chemical shift (ppm)

FIG. 3. Dry and wet electrolyte comparison (a)—(c) Potential vs Time cycling profile from Na|Na cells after 10, 100, and 500 cycles with fixed concentrations for dry and wet
samples (1.0 mA-cm~2 current density, 1 h polarization at 50 °C) for superconcentrated 50 mol. % NaFSI in [Campyr][FSI] ionic liquid electrolyte systems; (d) SEM micrographs

obtained from Na|Na cells with different water content ( 0—50005) (1.0mA-cm™
N

[Csmpyr][FSI] ionic liquid electrolyte systems after 20 cycles (e) >

2 current density, 1 h polarization at 50 °C) for superconcentrated 50 mol. % NaFSI in
a magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra of electrodeposited Na from dry

(< 20ppm) and wet electrolyte (1000 and 5000 ppm water) after 20 cycles. Reproduced with permission from Ferdousi et al., Appl. Mater. Interfaces 13, 5706 (2021).

Copyright 2021, American Chemical Society.*”
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anode in the electrolyte with various water content (1000 and
5000 ppm) for 1000 h at 1 mAcm 2 [see Figs. 3(a) and 3(c)]. After
cycling Na anode in both dry and wet electrolytes, morphological
analysis revealed two distinct deposit morphologies [Fig. 3(d)]. The
cell with wet electrolyte (1000 ppm) showed more microporous
deposits, while the dry electrolyte (< 20ppm) showed more
compact deposits. The presence of water (~1000ppm) enhances
bond formation between IL anions and metal cations, resulting in the
formation of large quantities of inorganic compounds (NaF and
Na,0) by the decomposition of the anion at the anode surface,”” as
evidenced by spectroscopic investigations. Authors postulated the SEI
composition as Na,[SO;-NSO,F] complex for dry electrolyte while
Na,[SO3-N-SO,F].nH,O complex for wet electrolyte [Fig. 3(e)].*”
Hence, the presence of a homogeneous surface with microporous
structures on Na anode cycled in water containing electrolyte together
with distinct SEI appeared to contribute to efficient cell charging and
discharging over extended cycles. On the other hand, the presence of
compact deposits lacking microporous structures when Na anode
cycled in a dry electrolyte was related to unstable SEI and dendrite
growth.”

As mentioned previously, the optimum water content in the IL-
electrolyte influences the metal anode/IL interface. For Mg-based IL
electrolytes, water can enhance the electrolyte’s ionic conductivity,
allowing a greater charge transport rate. In addition, water can change
the chemical composition and characteristics of the surface layer
evolved during Mg deposition on the magnesium surface, which then
regulates the diffusion rates of ions to magnesium metal’s sur-
face,!' > Despite the obvious interest in water-IL mixtures,
research on Mg anode behavior in these electrolytes, including the
involvement of IL cations and anions in interfacial reactions, is limited.
The interaction of Mg with water-IL mixtures is believed to be influ-
enced by an IL with an etheric-substituted cation [such as poly-etheric
((-O-CH,~CH,-),,) substituted N-methylpyrrolidinium];'** however,
this hypothesis requires further in-depth analysis. In a nutshell, the
investigation of optimal water concentration for specific IL systems is
necessary to avoid undesirable reactions at Mg anode—corrosion and
hydrogen evolution.

In many cases, the mass transport and electrochemical cycling of
zinc in IL electrolytes can be further enhanced by introducing water as
an additive or co-solvent."””"*'"'** For example, the introduction of
2.5wt. % water to the electrolyte 0.1 M Zn(TFSI),/[Ny(20201)3] [TFSI]
electrolyte can shift the zinc deposition potential to almost 250 mV'*’
more positive. This suggests that water can decrease the energy activa-
tion barrier for Zn electrodeposition, assisting zinc’s long-term cycling.
Unlike in aqueous electrolytes, the formation of irreversible ZnO on
the metal substrate is reduced in such water-IL mixtures since the sol-
vation of Zn*" ion in these systems is still largely dominated by the
ionic liquid cation and anions.

Adding water minimizes the need for volatile organic additives
and complex surface treatments and provides a new avenue to design
water-tolerant electrolytes for high-stability cycling of metal anodes.””
However, several reports point toward water’s intricate behavior at the
electrical double layer (EDL) in ILs, owing to strong intermolecular
interactions with the ions.'”®'**'*> As a result, more research is
required to fully comprehend the impact of water on the metal anode/
IL interface, particularly when using various IL cations and anions, for
commercial practicality around scale-up and safety."*’

REVIEW pubs.aip.org/aip/are

B. Interfacial electrochemistry of metal anodes in IL
electrolytes

In Sec. IIT A, the issues related to specific metal anodes are
described, where ionic liquid-based electrolytes were explored as an
avenue to resolve issues related to traditional organic solvent-based
electrolytes. The detailed interfacial chemistry of Na, Al, and Mg ano-
des in ILs will be discussed in Secs. IITB 1-III B 3. The fundamental
aspects underlying the advancements in ionic liquid electrolytes for
specific metal batteries are presented. Additionally, the issues and con-
troversies related to the usage of ILs are highlighted, and the proposed
solutions are discussed with the help of some specific examples.

1. Na anode

The electrochemical, chemical, and thermal stability of ILs against
Na metal is important when using Na metal as an anode. Various in
situ surface-characterization techniques and MD simulations revealed
that the interfacial structuring of pure ILs forms more and better-
defined layers at the surface of the electrode under an applied poten-
tial."”® The microscopic inhomogeneity and nanostructuring are dem-
onstrated to be correlated with the Na anode’s electrochemical
performance in IL."”*'”" At higher temperatures, ion mobility in ILs
increases as conductivity increases (independent of the type of Na sol-
ute), and viscosity decreases due to dissociation of ion clusters or ion
pairs.''® Combining the optimized Na* concentration and raised tem-
perature conditions increased the cycle efficiency of Na deposition/dis-
solution synergistically.'”® As Na™ diffuses fast across the surface of
the electrode at 90 °C (~ the melting point of Na), increasing tempera-
ture can reduce dendrite growth and facilitate SEI-layer stabiliza-
tion."” In the case of Li-based ILs, the electrolyte’s thermal stability is
related to SEI stability even at elevated temperatmres.1 However, there
have been few investigations on the thermal characteristics of IL-based
electrolytes for SMBs. To avoid thermal runaway, it is crucial to
explore the thermal degradation of ILs at charged Na anode. Apart
from the IL anion and cation chemistry, which is discussed in Sec.
11 A 1, the sodium salt concentration has a marked effect on the bulk
properties of IL electrolytes and the interfacial layering at the electrode,
and hence the enhanced cycling of the Na anode.

a. Superconcentrated ILs for Na metal anodes. Salt concentration
significantly impacts the electrolyte properties and stability of the elec-
trolyte/electrode interface. Highly concentrated/superconcentrated ILs
(containing ~50 mol. % of Na salt) electrolytes are a new dimension in
IL research to solve the issue of instability of alkali metal anodes,
enabling higher energy density technologies. Yoon et al. were the first
to exhibit the cycling performance of a Li|LiCoO, cell using a
pyrrolidinium-based IL electrolyte ([Csmpyr][FSI]) with a lithium salt
concentration of up to 3.2 mol kg ' at ambient temperature. Cells con-
taining the largest electrolyte salt concentration exhibited enhanced
rate capability, even at high C rates (3 and 5C), compared to cells with
an organic electrolyte."*” In such inorganic-organic IL electrolytes,
metal cations become the dominant cation in the mixture, and unlike
dilute solutions, device performance is not merely correlated with ionic
conductivity. "> **'¢!

An increase in the alkali metal ions’ concentration decreases the
ionic conductivity of ILs due to the strong coordination and clustering
of alkali metal ions (Li" or Na™) to anions. At ambient temperatures,
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the Na* ion has a greater impact on increasing viscosity (lowering
conductivity) than the Li" ion because of a larger cation size and
higher coordination number. However, at higher temperatures, the
discrepancies tend to be less pronounced.'”” For FSI-based ILs, the
transference number of alkali metal cations increases with the alkali
metal salt’s concentration (LiFSI or NaFSI), even though conductivity
decreases and viscosity increases. The number of accessible FSI anions
to meet the coordination number of the alkali metal cation—typically
between three and five—decreases and becomes insufficient at a 1:1
molar salt concentration unless each anion starts to coordinate multi-
dentately or to multiple metal cations. This aggregation and structur-
ing impacts the alkali metal cation transport mechanism in
superconcentrated electrolytes, which is different from traditional
dilute electrolytes.'*”''

MD simulations point toward a change in the basic diffusion
mechanism, i.e., a shift from vehicular transport to hopping of alkali
metal cations at such higher concentrations. The decoupling of alkali
ions from vehicular transport not only leads to unique metal anode/IL
interfaces but also improves the electrochemical stability and device
rate performance. This suggests that the Na™ transference number,
rather than the ionic conductivity, is crucial in the development of SEI
layers.'” At high Na' concentrations, the high nucleation rate
observed during metal deposition is due to a transport mechanism
that is less susceptible to mass transport limits. Hence, Na anodes
cycled in superconcentrated IL electrolytes demonstrated stable cycling
due to having a compact layer with nanostructures. The absence of
dendrites also reflects the nucleation and growth mechanism of the
electrodeposit.' "%

By using computational and experimental investigations, Forsyth
et al. recently elucidated the role of the concentration of NaFSI and
applied potential on the electrolyte structure and composition of
pyrrolidinium-based IL at metal anodes for increasing Na electrodepo-
sition and the stability of the SEI film."”® AFM force measurements
and atomistic MD simulations showed distinct effects on the interfacial
structure by increasing the NaFSI concentration from 0 to 50 mol. %
in [Csmpyr][FSI]. The interfacial structure is markedly different for
50 mol. % NaFSI, pointing toward a change in the strength of the ion-
ion association and physical dimensions of interfacial ion packing.
Furthermore, MD simulations suggest the enrichment of the inner-
most layer with both FSI and Na ions as the concentration of salt
increases.”® The higher coordination number of Na-FSI in supercon-
centrated ILs compared to ILs containing low salt concentrations is
attributed to the formation of extended Na,(FSI), ion aggregates (as
discussed before) due to reduced binding strength between Na™ and
ESI anions. Thus, an enhanced Na hopping mechanism enriched the
innermost layer at the electrode surface with more Na™ ions. The
highly aggregated molten-salt-like structure [Na,(FSI),] in the inner-
most layer, particularly at a negatively charged surface, reduced the
nanostructuring of the layers at the interface, which is evident by both
AFM and MD simulations. As a result, a more uniform and homoge-
neous SEI layer is formed due to the dominance of Na and FSI ions
and the expulsion of [Csmpyr]™ near the anode surface. Uniform FSI
anion distribution and decomposition to NaF results in dendrite-free
Na deposition, which is favorable for stable Na cycling as evident by
the Li metal system.ls’_/‘”’3 Notably, these results are for cations with
shorter chained alkyl substituents in terms of packing and nanostruc-
turing at charged electrode. This highlights that the effect of the nature

REVIEW pubs.aip.org/aip/are

of cation substituent and cation structure on the surface organization
of IL must be considered.' "'

Overall, the benefits of using superconcentrated ILs as electrolytes
include (1) avoiding parasitic reduction of organic cations, which
causes a poorer SEI layer; (2) anion-driven fluorinated SEI build-up;
and (3) a substantial enrichment of interfacial layers with Na* ions,
which supports uniform metal deposition. Coupling superconcen-
trated ILs with anode preconditioning (at high current densities)
improves the efficiency and life of metal anode batteries. However,
such high salt-concentrated solutions are only attainable in a few sys-
tems, and there is scarce literature on the selection of organic cations
for sodium electrochemistry. There is a need to develop molten-salt
electrolytes and/or ILs solvents with high salt solubility.

b. Localized high-concentration electrolytes. The cosolvent method
has the capability to address the disadvantages of IL-based electrolytes
in Li metal batteries.'®* Due to insignificant interactions with cations,
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) as a cosol-
vent can dilute highly concentrated IL-electrolytes (decrease viscosity)
and generate localized high-concentration electrolytes. Similarly,
NaTFSI with [Csmpyr][FSI] and TTE as cosolvent validated the effi-
cacy of localized Na™ ion concentrated ionic liquid (LNCIL) electrolyte
in improving safety and cycling stability of SMBs vs a Na ion containing
IL (NIL), Na™ ion concentrated IL (NCIL), traditional carbonate-based
electrolyte (EC/PC), and ether-based electrolyte [bis(2-methoxyethyl)
ether (2G)].'® Overall, LNCIL may maintain the NCIL’s Na* solvation
structure with greater concentrations of Na-bound anionic species, gen-
erating an outside non-solvation sphere to promote fast Na ion transfer
[Fig. 4(a)]. TTE dilution, in conjunction with FSI/TFSI anion pairs, fos-
tered the establishment of a NaF-based SEI at the Na metal anode, sup-
pressed dendrite growth, and improved coulombic efficiency (~99%)
[Figs. 4(b) and 4(e)]. SMB with Na as anode, NVP as cathode, and
LNCIL as electrolyte demonstrated improved electrochemical perfor-
mance with high-rate cycling of ~2.4mA cm 2 at 6C and capacity
retention of 96.6% during 500 cycles as compared to the 2G electrolyte
[Fig. 4(f)]. Moreover, even after TTE introduction, LNCIL maintained
a remarkable oxidative stability (~4.9V vs Na/Na™), rendering it
appropriate for high-voltage SMBs.'*”

In most situations, surveying the literature reporting the utiliza-
tion of Na-metal anode in ILs as an electrolyte yields no concrete
insight related to SEI formation, composition, and cycling stability. SEI
formation and surface composition are often documented using vari-
ous approaches and operation conditions. A variety of IL electrolytes,
additives (organic or water), metal salts, and surface treatments have
been studied, with an emphasis on performance measurements and
minimal data on the relationship of SEI evolution and stability with
deposit morphology. More fundamental research is needed to
completely understand the impacts of using mixed anions IL systems
or superconcentrated ILs to regulate the interfacial behavior and ion
nanostructuring at the charged electrode in order to achieve desirable
SEI-forming features and improved recyclability, as well as to prevent
battery failure and safety incidents on a practical level.

2. Al anode

In Al-batteries, IL-based electrolytes generally consist of AICI;
and an organic salt. Among the different organic cations, alkyl
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imidazolium cations such as [EMIM]" and [BMIM] " are widely used
in IL-based Al-battery systems due to ease of Al's electrodeposition at
current densities < ca. 40 mA cm ™ .'°""" The ion speciation, physio-
chemical, and electrochemical properties of chloraluminate ILs are dic-
tated by the electrolyte’s Lewis acidity, which is estimated by the molar
ratio (r) of aluminum chloride to the IL. In Lewis acidic ILs, the molar
ratio (r) is in the range 1 <r < 2 (AICl; becomes insoluble for r > 2),
while r is less than 1 indicates Lewis basic IL and equimolar AlCl;/IL
mixtures indicates neutral IL. The impact of r on the ion speciation of
AICLy/[EMIM][CI] electrolyte is displayed in Fig. 5(a). In a Lewis acidic
chloroaluminate, both AICl,~ and AL,Cl,” anions are present, while
ALCl; has the ability to accept electron pairs and, therefore being
termed as Lewis acidic.”® Theoretically, increasing the IL’s Lewis acid-
ity increases the concentration of ALL,Cl;” anions resulting more Al
electrodeposition during the charging cycle, hence, enhanced the
anodic specific capacity of the battery.'”" Empirical evidence suggests
that this is only feasible when specific currents are low (ca. 20 mA gfl)
because above this limit, the rate of diffusion of ALL,Cl,” anions is
restricted, resulting in a localized depletion of Al-containing anions at
the electrode surface.'”' Hence chloroaluminate IL with low to moder-
ate Lewis acidity (r=1.1-1.3) exhibits stable battery charging and dis-
charging due to higher ionic conductivities and lesser corrosivity to Al
anode.'”” The “self-cleaning” ability of slightly acidic melts due to their
mild corrosive nature is beneficial in removing the aluminum oxide
layer from the Al electrode,'” as detailed in Sec. 111 B2 d. Theoretical

calculations showed that the surface tension of the oxide layer is a key
controlling parameter for efficiently breaking down the inert oxide
coating.'” In this regard, the anion (Cl7) content of the
chloroaluminate-based IL has a favorable effect by decreasing the sur-
face tension of the layer. An Al anode immersed in the most reported
Lewis acidic IL electrolyte (r = 1.5) can form cracks in the oxide film
by 21%.'”

Lewis basic ILs contain both AICl,~ and Cl™ ions, whereas neu-
tral ILs contain predominantly neutral AICl,~ anions [Fig. 5(a)].
AICl; ™ reduces at an electrode potential lower than that of the IL cat-
ion, so electrodeposition of Al is often not possible from neutral and
basic ILs due to electrolyte decomposition before Al electrodeposition.
Hence, the use of chloroaluminate ILs in Al-batteries is almost entirely
limited to Lewis acidic ILs. The electrodeposition of Al from AICl,~
anions in Lewis neutral ILs has been recently demonstrated by select-
ing IL cations with high electrochemical stability.””*'”” For example,
forming ionogels of Lewis neutral ILs increases the electrochemical sta-
bility window up to 5V and allows the deposition of dendrite-free Al
However, because of the high viscosity and low ionic conductivity of
ionogel, electrodeposition occurs at coulombic efficiencies below 60%. 175

The reactions occurring at the rechargeable Al-based batteries’
anode (RABs) are almost consistent in chloroaluminate-IL electrolytes.
The reversible deposition/dissolution of Al is achieved by a redox reac-
tion between AICl, and AL,Cl,~, which corresponds to charging and
discharging and is described as follows:
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The reversible deposition/dissolution mechanism of Al can easily be
understood in electrolytic cells with Al metal both as the cathode and
anode and an ionic liquid electrolyte (AICly/[EMIM][CI]), as illus-
trated in Fig. 5(b).”” The cathodic reaction involves the Al plating in
which ALCl;~ ions gain electrons and are converted to AICl, ions
and deposit Al. On the other hand, the reverse process (Al stripping) is
observed at the anode.”’ The Al metal is dissolved in the IL electrolyte
during the stripping or discharge process, as outlined by Eq. (1), which
is the primary electrochemical reaction at the anode. As the Al anode
is covered with an oxide layer (AL,O;), the fissures in the pristine oxide
layer allow only limited AI** diffusion and electrolyte conductivity,
significantly reducing the surface area accessible for Al dissolution.
This contributes to a potential drop at the film surface between the
solid anode and the electrolyte.'””

Aside from chloroaluminate ILs, successful reversible plating/
stripping of Al in water and air-stable ILs such as [EMIM][TFSI] and
[C4mpyr][TESI] has also been reported."”*'”® When AICl; is mixed
with [Cympyr][TESI] or [EMIM][TEFSI], biphasic fluids are obtained at
molar concentrations greater than 0.33 and 0.39, respectively, and Al
reversible deposition/dissolution is obtained from the upper (lower
density) phase in both cases. Detailed NMR, Raman spectroscopy, and
computational analysis revealed that the lower density phase is rich in
reducible AICl,~ species, whereas the more dense phase contains the
non-reducible TFSI anion and Al[TFSI]; species. "

Despite the fact that chloroaluminate ILs have extensive electro-
chemical stability windows (~4.0 V), their hygroscopic character
and sensitivity to moisture lead to undesirable reactions such as the
generation of hydrogen chloride (HCI) and other oxide- and proton-
containing species, which can further react irreversibly with other

solutes.”””'® These concerns can be addressed to some extent by
fine-tuning the composition and nature of the Al salt, prompting
researchers to look into alternative IL-based electrolytes.'”*'*"'** In
this regard, researchers have investigated various strategies—such as
investigating ILs based on organic amines such as trimethylamine
(TMAHCI-AICL3)"*” and triethylamine (Et;NHCI),"**'** or replacing
ALCl,~ anions with neutral pyridine-based ligands'*’—to mitigate
issues associated with commonly used imidazolium-based ILs.
TMAHCI-AICl; and Et;NHCI-AICI; ILs are cheaper alternates to
[EMIM][CI] and display outstanding cycling stability in aluminum-
metal batteries.'”'*'*" When compared to the standard [EMIM]
[CI]-AICl; IL, neutral (4-ethylpyridine or 4-propylylpyridine) ligand
substituted pyridine based IL-AlCl; electrolytes are not only moisture-
insensitive, but are also significantly less corrosive toward Al, Cu, and
Ni electrodes.*'® The difference is in the nature of the
Al-containing ion. Instead of Al-containing anions (for example,
ALCl,™ in [EMIM][CI]-AICl; IL), the electroactive species in neutral
ligand-pyridine-AlCl; IL is an Al-containing cation, which is advanta-
geous to aluminum electrodeposition. Furthermore, because Al-
containing cations are less prone to attack metals than ALCl,, the
neutral ligand-pyridine-AlCl; IL is chemically benign. Exploration of
such ALCl;™ free IL electrolytes may result in rechargeable aluminum
batteries (RABs) with higher reliability, less corrosion damage, and
fewer safety issues.

The challenges associated with implementing Al-batteries in
practice include poor reversibility of the metal anode, insignificant
amount of charge stored, and areal specific capacities, which are unfea-
sibly low and range from 0.01-0.18 mAh cm 2, which is roughly two
orders of magnitude lower compared to state-of-the-art Li-ion batter-
ies (1-3 mAh cm™?).”® The slow progress in addressing these chal-
lenges raises concerns regarding the true viability of RABs as energy
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storage devices of next-generation. In comparison to the substantial
progress made in RAB cathodes, there are a few papers on the electro-
chemical characteristics of Al anodes in ILs.”'" The interface
between the IL and the Al anode is critical to the performance of Al-
based batteries because the instability of Al/electrolyte during stripping
and plating process can result in degradation of battery capacity, fluc-
tuations in the voltage, and unstable cycling.”” In Secs. [11B2a-
111 B 2 e, a basic understanding of Al anode-IL interfacial challenges is
presented, and the development of various strategies to overcome these
challenges is discussed.

a. Double-edged role of Al,O; film on Al anode. Unlike other met-
als, the Al surface has a natural aluminum oxide (AL,O;) layer, which
forms upon exposure to air. It is well understood that bulk aluminum
oxide exhibits insulating properties for both electrons and ions.
However, Al,O; generated on Al metal surface is amorphous, com-
pact, and defect-rich. Notably, electron tunneling is feasible through
an oxide film at thicknesses of several nanometers; thus, the surface
alumina can allow charge transfer and possibly ion conduction.'*
Moreover, the oxide film protects the Al anode by preventing galvanic
reactions when exposed to acidic electrolytes.'”” Conversely, a passive
oxide layer can influence the reversible reactions occurring at the
anode during charge/discharge cycles due to its insulating properties.
So, the ideal properties and thickness of the Al,O5 oxide film for RABs
are yet to be established. A thin oxide coating can inhibit dendritic for-
mation in Aluminum-ion batteries (AIBs). Gao et al. emphasized the
critical role of a native surface aluminum oxide film with a high
Young’s modulus in decreasing dendrite growth and stabilizing the
anode. It does this by reducing nucleation sites and limiting metallic
dendrite growth in AICl;/[EMIM] [C1].”” Defects sites in the protective
AL O; film provide a confined reaction space for subsequent stripping/
depositing at the oxide/metal interface.””

| A 3
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Some researchers have suggested that the oxide film negatively
impacts the charge/discharge performance. As a result, the alumina
should be removed from the anode surface to expose a more active Al
surface.'”” For example, in one study, an aluminum battery utilizing
an electropolished Al metal in AICl;/[EMIM][CI] demonstrated a high
capacity compared to Al metal with a native oxide film due to the bal-
anced AP’' insertion/extraction.®” The presence of the oxide film
reduced the area available for the electrochemical process by blocking
the IL from reaching the active Al surface. The thickness and micro-
structure of the oxide coating determine its effectiveness. A thin,
porous alumina layer has the potential to increase battery perfor-
mance. To summarize, the surface Al,O; can stabilize and passivate
the Al anode, but the major challenge is to find the balance between
these two effects.

b. Dendritic puzzle and Al anode. Dendrite formation is common
in RABs because the anode reaction involves Al plating. The Al ano-
de’s surface morphology after electrochemical cycling in IL-based elec-
trolytes can be categorized into three cases: (1) no dendrite growth and
a smooth surface;””"*'*% (2) an etched Al anode surface;'™ and (3) a
pulverized Al negative electrode.'” Al dendrite issues have often been
overlooked, and there is considerable disagreement over the formation
of “dendrites” of Al in IL electrolytes due to a lack of direct evidence.”’
For example, Lin et al. reported dendrite-free Al plating from AlCl,/
[EMIM][CI] in an ultrafast rechargeable AIB consisting of Al anode
and graphite cathode.'*” On the other hand, several independent
investigations revealed the growth of dendrites on Al anodes following
extensive charge/discharge cycles by using ILs.””'"' Figures 6(a) and
6(b) depicts surface and optical microscopy observations of Al dendrite
growth, which begins with flufty Al formation on the surface followed
by an increase in Al foil thickness of due to protrusions of dendritic
AL With increased electroplating time, massive dendrites in a tip-

FIG. 6. Analysis of the formation of Al dendrite (a) morphology of the Al electrodes using SEM images (side-view and top-view); (b) Al dendrite growth on Al electrode shown
by the in situ optical microscope images taken at different time intervals. Reproduced with permission from Long et al., Energy Storage Mater. 34, 194 (2021). Copyright 2021,

Elsevier.”’
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growth pattern form on the Al surface. Furthermore, “dead” Al den-
drites were observed to slide off the anode into the electrolyte, resulting
in Alloss.”

Although the literature on dendritic formation on Al foil is incon-
sistent, the metallic character of Al foil is prone to dendrite formation,
leading to disintegration of the electrode and, eventually, cell failure.”
Gao et al. experimentally proved the existence of aluminum dendrites
during reversible Al plating/stripping in AlCl;/[EMIM][CI] (see
Fig. 7).” 2 However, dendrites are restricted beneath the protective
oxide layer, resulting in nearly undamaged Al foil with a smooth sur-
face after cycling, giving the impression of dendrite-free Al deposition.
Figures 7(d)-7(f) schematically demonstrates that despite the nearly
full interfacial protection by surficial oxide coating, Al metal serves as a
reactive anode only at the fissures. The defect sites in the Al,O; film
offer pathways for electrolyte penetration and confined reaction space
for subsequent stripping/plating at the oxide/metal interface. On the
other hand, unrestricted dendritic growth is observed on the Al sur-
face, lacking oxide coating, which leads to a rugged Al surface with
dead Al dendrites [Figs. 7(a)-7(c)]. Due to the unconstrained volume
variation and inhomogeneous dendritic dissolution, aluminum den-
drites can easily detach from the original aluminum foil after continu-
ous cycling, resulting in active material loss and subsequent electrode
degradation, as shown in Fig. 7(g).”

Dendrite growth in ILs is influenced by current density and
involves a series of intricate processes such as nucleation, growth, and
stripping. In situ optical observations showed that with an increase in
the current density, the density of the dendrites increased, and the
morphology altered accordingly.” Theoretical simulations revealed
that Al electrodeposition on the anode surface was localized either at
the defect or active sites. Al dendrites’ electrochemical activity was

Dead aluminum

Aluminum oxide

Aluminum foil

P

.+\+ 'N\" s
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found to be lower than the pure Al anode, as dendrites obstructed the
Al electrode surface’s uniform evolution due to an inhomogeneous ion
concentration interface and an irregular current distribution on the
electrode.”” Aside from surface stability, progress on dendrite growth
on an Al metal electrode suggests that electrodeposition of Al is similar
to plating, with the deposition morphology determined by surface
modification, concentration gradient, ion concentration, self-diffusion
of the metal atom, temperature, and distribution of the electric
field."””>"*® In particular, slow ion diffusion and high viscosity are
important considerations for ILs as electrolytes. Therefore, while
addressing dendrite issues in IL, the intrinsic factors (Al plating pro-
cess) and kinetic factors (concentration gradient) on nucleation and
growth mechanism must be taken into account.

The use of untreated Al metal as anodes continues to pose a sig-
nificant challenge to the cycling performance of aluminum batteries
due to the existence of an oxide film and Al corrosion, particularly in
air and moisture-sensitive ILs.'”” Several strategies for optimizing
metallic Al anodes and addressing these issues have been proposed.
Al’s alloying with other elements (Ga, Zn, and Cu) or producing low
melting eutectic alloys such as galinstan—tin (10.0%), gallium (68.5%),
and indium (21.5%) (by weight)—and Al-In-Zn has been shown to
alleviate the problem of the passivating oxide layer and pulverization
and improve the corrosion resistance.'”'”*"“° The soaking or electro-
etching of the Al anode as a pretreatment resulted in unique interfacial
chemistry and increased performance (detailed discussion is given in
Sec. TI1B2 d).”*>'%” Although these strategies have improved Al
metal anodes, it is difficult to change the Al anodes’ planar nature,
which are susceptible to non-uniform and dendritic deposition in an
IL.""” Unresolved dendrite issues in the Al metal anode—such as pro-
trusions of dendritic Al and electrical disconnection from electrode

Electyolyte inﬁltraﬁon

FIG. 7. Investigation of the existence of Al
oxide on the electrochemical behavior of
Al-n (Al foil with oxide film) and Al-r (Al foil
without oxide film) anodes. (a) SEM image
and (b) SEM image of the cross section of
Al-r anode taken out from Al-graphene
[‘:. cell after 1000 cycles; (c) Schematic illus-

JSsufe tration of dendrite growth on Al-r foil. (d)
Al SEM image and (e) high magnification
SEM images of Al-n anode taken out from
Al-graphene cell after 10000 cycles. The
presence of dendrites beneath the hole in Al
oxide film is shown by the magnified SEM
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due to the 2D metal foil’s inherent characteristics—necessitate addi-
tional investigation. In this regard, employing porous Al rather than
planar Al as an anode offers a stable framework for reversible Al depo-
sition/dissolution in ILs.”” It not only enhances the available electroac-
tive surface area for Al nucleation, but it also reduces the local current
density, resulting in homogenous Al deposition inside the inner pores
depicted in Figs. 8(a)-8(d). Porous Al has consistent and negligible
voltage hysteresis with an average coulombic efficiency of ~100% for
stripping/plating, as shown in Fig. 8(b).

The low active surface area and low conductivity of the 2D Al
anode can be addressed by using Al electrodeposited on a 3D carbon
cloth (Al/CC) as anode."”” Furthermore, to ensure anode cycle stability
and corrosion resistance, IL-based electrolytes with appropriate Lewis
acidity are required. Recently Li et al. ameliorated the corrosivity of
[EMIM][CI]/AICl; (IL-O) by treating it with an Al pellet of high-
purity at an elevated temperature (60 °C) for a day till the electrolyte
became colorless.” In a treated IL (IL-T), the Al palette’s surface was
etched as a result of Al reacting with small amounts of H,O and HCl
present in the chloroaluminate IL, producing AICl, and ALCI,~ (see
Fig. 9). Figures 9(a) and 9(b) compare the morphological changes that
occurred on planar Al foil and Al/CC after 10 cycles in IL-T, with the
Al foil anode being consumed and pulverized, indicated by red dotted
lines in Fig. 9(a), while Al/CC retained its original structure as seen in
the optical image [Fig. 9(b)]. Uncontrolled plating/stripping in the case
of the Al foil led to an enormous pit and cracks, thus gradually
destroying the metallic Al anode. In contrast, 3D Al anodes have

planar Al 5
(a) Al plating
, —>

Al plating
—_—

porous Al

100 pm .
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effective surface areas and conductive frameworks that boost ionic and
electronic conductivities, resulting in homogeneous Al deposition
[Fig. 9(b)] and accommodating the volume variation during reversible
deposition/dissolution [Fig. 9(c)]. Figure 9(d) shows a comparison of the
graphite| |aluminum battery cycling stability using 2D and 3D Al anodes,
with the 3D Al anode performing much better with a high initial discharge
capacity of 89 mAh g ! which was stable after 800 cycles (54 mAh g )
and high CE (~97%). Thus, using a 3D Al anode in conjunction with the
treated IL effectively prevented dendrite formation, accommodated vol-
ume variation, and enhanced reversible Al plating/stripping processes."””
To summarize, disagreement persists over the “dendritic” Al
deposition from the IL, and the current research focus is primarily on
the morphology of the Al deposit, with limited studies investigating
the AL anode’s evolution. Al anode’s surface evolution includes a num-
ber of complex processes, including corrosion, removal of surface
oxide film, and Al deposition and dissolution. Thus, dendritic concerns
in rechargeable Al-based batteries cannot be addressed without under-
standing the processes that dominate the deposition morphology.

c. SEI on Al anode. In chloroaluminate electrolytes, Al anodes do
not form an SEI layer; therefore, plating and stripping occurs at the
electrolyte/Al interface,’” meaning that the Al anode experiences
chemical instability in the Lewis acidic IL electrolyte. One of the pri-
mary challenges in using RTILs in Al-based batteries is the stability of
the alumina coating on Al surface, which is challenging to dissolve or
remove. There is evidence of dissolution of the pristine oxide layer
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0.4 /) i 1
0 3 78 79 80

Time (h)

Voltage (V)
o
o

FIG. 8. (a) Schematic illustration of the dendrite growth and Al electrodeposition on planar Al and porous Al; (b) Voltage vs time profiles of Al stripping/plating on porous Al
anode; (c) SEM images (top-view and side-view) demonstrating morphology of porous Al at different stages of stripping/plating; (d) Morphology of Al deposition on porous Al
shown by in situ optical microscope images. Reproduced with permission from Long et al., Energy Storage Mater. 34, 194 (2021). Copyright 2021, Elsevier.”’
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FIG. 9. Optical and SEM images of (a) the Al foil anode and (b) the Al-4/CC anode cycled in the IL-T electrolyte for 10 cycles (current density =0.5mAcm—2). (c) Schematic
illustration demonstrating the cycling comparison between 2D Al foil and the 3D Al/CC anode. (d) Comparison of stability and Coulombic efficiency between graphite||Aluminum
and graphite|| Al-4/CC cell operated at 1000 mA g~ in IL-T electrolyte. Reproduced with permission from Li et al., Carbon Energy 4, 155 (2022). Copyright 2022, Wiley.'**

(AL,O;) in the IL electrolyte, accompanied by the creation of a new
interphase instead of A" diffusing into the electrolyte.'”” The limited
solubility of AL,O; in commonly used ILs is usually due to the presence
of weakly coordinating anions like BF,~, PFs, or TESI".'” The use
of appending coordinating groups, such as oligo-fluorinated species,
especially H,F;~, increases the solubility of the Al metal oxide and
transforms the Al surface from a passive to an active state. Several sur-
face and electrochemical characterization methods supported oligo-
fluorohydrogenate-based ILs to dissolve pristine oxide surface films,
allowing the development of a protective amorphous Al-O-F layer
instead.'”®"”” Al activation in [EMIM][(HF), 5F] (1-ethyl-3-methyli-
midazolium oligofluorohydrogenate) begins with the thinning of the
ALO; film, then exposing Al surfaces to form Al,OyF,. The dissolution
of pristine Al oxide continues with the growth of Al,OJF, until the
new amorphous film covers the bulk of the Al surface. Figure 10(a)
depicts this process, which is corroborated by cross-sectional STEM
images taken before [Figs. 10(b) and 10(c)] and after 0.5 h [Fig. 10(d)]
of Al immersion. This newly built-up layer allows both processes to
occur simultaneously, i.e., a dramatic restriction of Al corrosion while
still allowing for high amounts of Al anodic dissolution.'” During

Al—air battery discharge with different RTILs, only the Al—air batter-
ies with [EMIM][(HF), ;F] were discharged, as depicted in Fig. 10(e).
The cells containing [EMIM][TFSI] and [EMIM][OTF], on the other
hand, were unable to operate with cell voltages rapidly dropped to 0V,
demonstrating their incapability to meet and maintain the current
demand as they could not penetrate the native Al,O; surface film.

In this regard, air and water stable [EMIM][(HF), ;F] and tetra-
butylammonium dihydrogen trifluoride (TBAH,F;) ILs are a good
alternative to chloroaluminate ILs."*>*"’ The oligo-fluorohydrogenate
based IL sustains two different conditions upon contact with the Al
anode: (1) electrochemical Al discharge at high rates (~1.5 mA-cm2),
(2) preventing rapid Al corrosion and exhibiting a low corrosion rate
(~25 pA-cm ?). These distinctive characteristics allow above 70%-
75% utilization of the Al anode and thus a more efficient battery oper-
ation."”” Despite the fact that both [EMIM][(HF),sF]and TBAH,F;
electrolytes include active oligo-fluorinated species and exhibit promis-
ing results, there are considerable differences in Al anode activation
and corrosion rates. At low discharge current rates of 0.1 mA cm 2
the cell using [EMIM][(HF),3F] as electrolyte’s has a lower capacity
(14.5% of the theoretical capacity) compared to the cell using
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FIG. 10. (a) Schematic illustration of the Al activation mechanism in oligo-
fluorohydrogenate ([EMIM][(HF),sF]) IL; High-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) images demonstrating cross sec-
tion view of (b) and (c) oxidized Al before interaction and (d) after 30 min of interac-
tion of oxidized Al with 10 uL of [EMIM][(HF),sF]. The rectangular area in (b) is
focused in (c) and (d) for a clear description of the evolution of interfacial morphol-
ogy. The layer in the dark contrast shows Al,05 which is present in (b) and (c) but
absent in (d). The Pt deposited on the sample as shown in (b) is part of the prepa-
ration of the sample for microscopic imaging; (e) Potential vs time profile for alumi-
num—air battery (current density =0.5mA.cm~?) using Al anode with different
electrolytes—[EMIM][OTF] (black squares) [EMIM][TFSI] (red circles), and [EMIM]
[(HF)23F] (blue triangles). Reproduced with permission from Shvartsev et al.,
Langmuir 31, 13860 (2015). Copyright 2015, American Chemical Society.'**

TBAH,F; (65%). Notably, the theoretical capacity of the Al anode
varies dramatically, with 20 vs 200 mAh.cm® for TBAH,F; and
[EMIM][(HF), sF], respectively.m Consequently, Al anode in
TBAH,F; experienced lower corrosion. However, a higher discharge
voltage is attained for [EMIM][(HF),sF] (1.7V) vs 1.55V for
TBAH,F;. This is because of the weak interactions between the anion
and cation of [EMIM][(HF), ;F] compared to the ionic constituents of
TBAH,F, which results in higher ionic conductivity.

d. Interface reconstruction effect. Passivation and corrosion limit
the performance of the Al negative electrode. The paradigm for Al
anode interfacial engineering involves both Al activation and stabiliza-
tion, with the goal to prevent corrosion and dendrite formation."*®
According to a recent study in the acidic AlCl;/[EMIM][CI] electro-
lyte, galvanic corrosion occurs when the Al anode interacts with the
electrolyte.'”” Comprehensive investigation into interfacial chemistry
revealed the dissolution of the native Al,Oj surface film and recon-
struction of the SEI prior to dendrite growth in the IL electrolyte dur-
ing Al plating (Fig. 11). Spectroscopic and composition analysis
showed that the newly formed SEI was comprised of Al-Cl and Al-O
like species.”’ For an efficient electrochemical reaction at the anode,
pretreatment of the native AL, O3 is required to expose active Al metal.

REVIEW pubs.aip.org/aip/are

It was demonstrated that complete removal of the surface oxide film
by employing intense treatments such as electropolishing or strong
protic acid etching is detrimental.”'** Because of the unrestricted
growth of aluminum dendrites all over the pretreated surface, the Al
metal anode develops a rugged surface, resulting in a cell short circuit.
As opposed to complete oxide film removal, partial removal of the pas-
sive surface film is shown to promote stable cycling performance.' """
In this regard, the chloroaluminate IL (AICl;/[BMIM][CI]) efficiently
removes the oxide film compared to AI(OTF)s/[BMIM][OTF] because
of its acidic nature. Figure 11(a) shows a schematic comparison of the
AP" plating/stripping on an untreated (blocked by AlL,O; film) and
treated Al anode. Surface morphologies of the Al anode immersed in
Al(OTF);/[BMIM][OTF] and AICly/[BMIM][CI] are shown in
Fig. 11(b). When Al foil is submerged in AI(OTF);/[BMIM][OTF] IL,
no change is observed; however, pitting corrosion is clearly visible
when Al foil is treated with AICl;/[BMIM][CI]. A cycling comparison
of a treated and untreated Al anode in AI(OTF)s/[BMIM][OTF] shows
that after the removal of oxide film, A" deposition/dissolution pro-
ceeds unimpeded, revealing that the interface between the freshly
exposed Al negative electrode and the electrolyte is a crucial aspect
influencing battery performance.

Reconstruction of the interface through facile pretreatment is
advantageous for producing fresh Al that reacts with oxygen and mois-
ture after being exposed to the electrolyte in the battery, eventually
forming a thin, flat, and uniform SEI layer that can shield the anode
underneath and improve cycling stability.””' Morphological analysis
revealed that Al,O5 and Al(OH); makeup the restored SEL The inter-
action of exposed Al and traces of oxygen and moisture dissolved in
AICL/[BMIM][CI] produces AL,Os, while the hydrolysis reaction of
AP’ —when Al comes in contact with acidic electrolyte—produces Al
(OH);. Water in the IL electrolyte has been shown to be critical in the
development of the SEI layer. During the interface-reconstruction pro-
cess, many hydrogen ions are consumed, thereby reducing the IL elec-
trolyte’s acidity to basic or neutral. The duration of Al immersion in
the corrosive IL is important because immersion of Al foil for greater
than 6h causes cracks.””' Nonetheless, prolonged immersion induces
pulverization of the Al anode during electrochemical cycling.

e. IL-artificial SEI film: Reality or illusion. Corrosive IL electrolytes
such as AICl;-[EMIM][CI] are thought to be beneficial in Al batteries
as they dissolve the passivating oxide layer and allow the construction
of a new SEI layer. The reconstructed interphase on Al electrodes ena-
bles reversible operation not only in IL-based electrolytes (as previ-
ously discussed) but also in aqueous electrolytes.”"*"* Archer et al.
demonstrated the use of IL-rich artificial SEI (ASEI) for reversible
plating/stripping at Al anode, enabling high-capacity aqueous Al-
batteries.”* More comparable works using an ASEI formed by an IL or
a DES have since been reported for aqueous Al-batteries.”’” ***
However, there are reservations about the efficacy and validity of the
ASEI engineering approach. First, due to a lack of experimental and
computational results showing the only reaction occurring is metal
stripping/plating, the ability of an IL residual layer on Al to operate as
an ASEI is questionable. On the other hand, though some electro-
chemical performance data supports its superior performance, funda-
mental characteristics such as electronic insulation, ionic mobility, and
stability are essentially unknown. Azimi et al. investigated the origin of
the passivation and the “IL-ASEI” functioning mechanisms. They
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FIG. 11. (a) Schematic illustration demon-
strating dissimilarities in Al deposition/dis-
solution process on the untreated Al
anode and AICI/[BMIM][CI] treated Al sur-
face; (b) Al foil SEM images taken before
immersion and after 24 h of interaction
with 0.5mol/L Al(OTF),/[BMIM][OTF] and
AICI3/[BMIM][CI] (1.1:1). Reproduced with
permission from Wang et al., ACS Appl.
Mater. Interfaces 8, 27444 (2016).
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discovered conflicting results despite the significantly better perfor-
mance of IL-pretreated Al, as widely reported in the literature.'’
According to the authors, the IL-ASEI is unstable, and its function as
an artificial solid electrolyte interphase is disappointingly an illusion
stemming from insufficient experimental validations and misinterpre-
tations of data. A fortuitous combination of factors such as a short
interface life, inconsistency of the IL film thickness, and the pitting of
Al caused by it, evaluation of the electrochemical results without con-
sidering the possible interfacial reactions often leads to enticing but
misleading results.

It is crucial to broaden the understanding and material selection
for the Al surface activation in ILs, while also enabling the introduction
of new IL-based electrolytes (either as a “stand-alone” electrolyte or IL
hybrid mixtures) for Al-based batteries. One-dimensional micro-
macro homogenous mathematical model and experimental analysis
revealed that eliminating the oxide film on Al is critical for lowering
the anodic potential loss and improving cell performance. A funda-
mental understanding of the mechanism of oxide film growth/break-
down in the IL solution will be beneficial in determining appropriate
strategies to partially/completely remove the oxide film. In addition,
fundamental characteristics such as ionic mobility, electronic insula-
tion, and the stability of the IL-ASEI in IL and aqueous electrolytes
need to be critically evaluated by incorporating both electrochemical
and chemical characterization (in situ and ex situ) and high-
throughput computational screening and machine learning.

The manufacturing of high-performance aluminum batteries is
hampered by insufficient knowledge of the SEI evolution and opera-
tion mechanism. To address this issue, more systematic studies should
be conducted to fully comprehend the underlying reasons for the sur-
face evolution of the Al electrode and to design corresponding strate-
gies for the Al anode in Al batteries. Chloroaluminate ILs are widely

_ AICI,/[BMIMICI=1.1:1

employed in Al-battery research; nevertheless, as previously stated,
controversial aspects of interfacial electrochemistry of the Al anode in
electrolytes necessitate in-depth investigations of novel IL electrolytes
with good interfacial stability, or alternatively, the use of an alloy anode
or surface modification. Computational and theoretical studies can
serve as useful tools for forecasting structure/properties correlation,
ions speciation at different compositions, electrochemical properties,
and gaining a better understanding of the underlying electrochemical
mechanisms at the interface.

3. Mg anode

Given the prominence of the advancements of the suitable elec-
trolyte and cathode, interfacial processes at the Mg anode have gar-
nered considerably less focus. Nonetheless, these processes have an
impact on the overall cell performance and are frequently mistaken for
poor cathode performance.””” For the progress of Mg metal battery
technologies, direct visualization of the mechanism of interfacial for-
mation is crucial. A direct correlation has been found between the
interfacial structure evolution and the long-term cycling of the Mg
metal anode in diglyme (DEG)/N-methyl-N-butylpiperidinium bis(tri-
fluoromethylsulfonyl)imide ([PP;4][TFSI]) IL electrolyte.(“5 Figure 12
depicts the morphological changes corresponding to dynamic interfa-
cial evolution at Mg anode during plating/stripping observed via in
situ optical microscopy.”” The plating process begins with the develop-
ment of Mg particles, which are sphere-shaped, followed by the estab-
lishment of irregular grains and the growth of crystallized Mg. The
interface can lead to the dissolution of crystallized Mg during strip-
ping, leaving uneven-grained fractures in the Mg.”” Hence, severe
capacity fading stems from the limited morphological reversibility dis-
played by this system.
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FIG. 12. Mg deposition/stripping mecha-
nism in diglyme/IL system: In situ optical
images of the plating and stripping pro-
cesses on Mg electrode (a) at the OCP
(open circuit potential) (b) and (c) after
deposition for 400 and 800 s respectively
(current=10 uA); after dissolution for
(d) 200, (e) 400, and (f) 800 s (current
=10 pA). The scale bars are 10 um;
Schematic illustration of the corresponding
Mg deposition/stripping processes on Mg
anode: (g) at OCP, (h) sphere-shaped Mg
formation, (i) sphere-shaped Mg growth,
(j) and (k) irregular graininess evolution,
(1) formation of crystallized Mg upon depo-
sition, (m) stripping of crystallized Mg, (n)
irregular graininess fracture. Reproduced
with permission from Hu et al, J.
Electroanal. Chem. 896, 115301 (2021).
Copyright 2021, Elsevier.”®

. Mg basal plane k) sphere-shaped Mg - Crystallized Mg~ crack

Few investigations have demonstrated the formation of a stable
interfacial anodic film in ILs, which can stabilize the magnesium sur-
face."'>"*” The surface film has a gel-like structure which is composed
of a magnesium, phosphonium cation, and chloride-based hydrated
complex. The presence of IL cationic elements in the interfacial film
suggests the vital role of IL species in the development of the interfacial
film. Unlike lithium, which generates an ion-conducting SEI when
exposed to aprotic nonaqueous electrolytes,””® Mg forms an ionically
insulating surface layer (rich in organic compounds) when exposed to
most organic solvent-based electrolytes,”” necessitating a surface-
layer-free or pretreated Mg.*"

Research on ILs for magnesium electrochemistry is still in its
infancy. Despite significant efforts to produce efficient Mg primary bat-
teries, Mg rechargeable batteries remain a long way off.”* To be used as
an electrolyte, ILs must have a high salt solubility, high ionic conductiv-
ity, wide electrochemical window; interface compatibility, and sufficient
reducing stability to Mg. In this regard, constituents of ILs, especially
anions, play a major role in determining the physiochemical and elec-
trochemical stability of the Mg battery electrolyte.””' " Earlier
reports on magnesium IL electrolytes comprised a mixture of Mg salt
magnesium triflate [Mg(OTF),] with ILs such as [BMIM] [BE,™? or
[PP,5][TESI]”"” or a mixture of both.”'' On a platinum electrode, the IL
containing BF,  not only features low melting point and high ionic
conductivity but also exhibits good stability within the range of —1 to
+3V with respect to Mg. Experimental results show that the Mg strip-
ping/plating with Mg(OTF), occurs at a low current within this

electrochemical window. Despite this system delivering CE ~100%, sig-
nificant voltage fluctuations prevented Mg plating/stripping from being
repeated for more than 165 cycles.””” It is worth noting that despite the
reduction of OTF " that formed a film on the electrode, magnesium was
nevertheless plated from this electrolyte system.

The same group reported reversible magnesium deposition on a
silver working electrode from a 1 M Mg(OTF), in [PP;3][TFSI] elec-
trolyte.”'" The plating/stripping current potential response, on the
other hand, was slow, and there was no evidence of complete dissolu-
tion (anodic current decrease to zero). Although the TFSI anion dem-
onstrates significant oxidation stability than [BMIM][BE,], but due to
insufficient reductive stability it is unable to sustain reversible Mg
stripping/plating over a prolonged duration. Furthermore, the decom-
position of TFSI anions in ILs forms a protective layer on Mg
metal.””"***'* Tt is worth noting that using a mixed IL composed of
[BMIM][BE,] and [PP;5][TFSI] and the same Mg salt [Mg(OTE),]
provides a lower initial plating/stripping overpotential compared to
individual IL system.”'' According to these early investigations, Mg
can be reversibly deposited/stripped from Mg-based IL electrolytes;
however, the results could not be easily duplicated and resulted in high
overpotentials.””’>* Hence, the composition of the IL electrolyte
must be tuned for the magnesium/electrolyte interface for successful
reversible deposition/dissolution of magnesium at room temperature.

a. Strategies to construct stable and active Mg/IL based-electrolyte
interface. As discussed previously, regulating the interface by careful

Appl. Phys. Rev. 11, 011307 (2024); doi: 10.1063/5.0180923
© Author(s) 2024

11, 011307-22

¥1:5%:90 ¥202 1890100 G2


pubs.aip.org/aip/are

Applied Physics Reviews

selection of the IL constituents, co-solvents, water content, and Mg
salts may result in favorable interfacial properties like low leakage cur-
rents, high stability, wide electrochemical window,”” and reversible
plating/stripping with good cell performance under load.''” Low oxi-
dative (anodic) stability of Mg electrolytes limits the selection of posi-
tive electrodes because high-voltage cathodes, such as vanadium
phosphate, Na3V,(PO,);/C, amorphous V,05-P,0s, cannot be used,
posing a challenge to compete with Li-based systems.””” The choice of
conductive salt, solvent, and additive can make a substantial difference
on the oxidative stability of Mg electrolytes.

Certain ILs [such as trihexyl(tetradecyl)phosphonium diphenyl-
phosphate ([Pggs14][DPP]) or trihexyl(tetradecyl)phosphonium bis
2,4,4-trimethylpentylphosphinate ([P66614][TMPP])] can form pas-
sive films when exposed to Mg metal and alloys, resulting in high cell
resistivity, and in extreme cases, impractical devices.! #2152
Although imidazolium-based ILs are readily available from renewable
resources and are frequently utilized as electrolytes, the instability of
the imidazolium ring raises concerns.”’ Furthermore, the introduction
of magnesium borohydride impairs the reductive stability of [BMIM]
[TFSI].”” Replacing conventional imidazolium-based ILs with a 1-
butyl-3-methylimidazol-2-ylidene borane zwitterionic liquid proved to
be a better host for Mg(BH,), due to strong intermolecular interac-
tions. The zwitterionic liquid not only allowed electrodeposition but
also reversible deposition/dissolution of Mg on a stainless steel elec-
trode, thus circumventing the stability issues of both imidazolium cati-
ons and TESI anions.”” However, the efficiency of this electrolyte
system needs to be evaluated against the Mg anode along with a suit-
able cathode in a full-cell configuration.

(a)

[C4mpyr] '

X R O

AlCI, [MgCLAICI,]-

4 0.5 1
v m R R AN a
0 20 40 60 80

REVIEW
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Chelating ILs or IL/tetraglyme systems are viable strategies for
changing Mg®" speciation in TFSI-containing electrolytes.'***'* "7
The polyether group in these systems can substitute both BH, and
TFSI anions from the coordination sphere of Mg*", suppressing
reductive decomposition of TFSI anion as well as the generation of cat-
ionic speciation for Mg*", which improves electromigration trans-
port.'** However, mixing chelating solvents (glymes) with an IL-based
Mg source [Mg(TFSI),] may negate the benefits of an IL-based electro-
lyte. When using Mg(BH,), as conducting salt, these well-designed ILs
enable Mg stripping/plating at adequately low overpotentials (<0.5V
vs Mg|Mg>"). However, difficulty in the synthesis of these chelating
ILs and cost could pose a further challenge.

Recently, a hybrid Al/Mg electrolyte based on ILs was described
for reversible alloy (simultaneous Mg and Al) plating/stripping with a
CE of 99.66%, an overpotential less than 50 mV, and anodic stability of
235V vs Mg/Mg”" (4+3.02 V vs Li/Li").”" When compared to Mg-
based electrolytes, this twin metal hybrid system demonstrated better
specific capacity and reduced overpotential for Mg/Al alloy deposi-
tion/dissolution. The twin metal electrolyte is composed of [C,mpyr]
Cl and AICl; in a molar ratio of 1:1.5 and is doped with 6-MgCl, salt.
Complex anions containing Mg-Al species connected via CI™ bridges
are present in bulk electrolytes as monomers and dimers of chloroalu-
minate repeating units, as shown in Fig. 13(a). The coexistence of Mg
in chloroaluminate anion domains enhances Mg*" solubility in the
electrolyte, while a higher concentration of chloroaluminate (ALCl, )
dimers in complex anion improves Al codeposition. Figure 13(b)
shows alloy deposit at a significantly low overvoltage (ca. —50mV vs
Mg/Mg*") that is independent of the scan rate.”* Figure 13(c) shows

r— 175 m.—\‘g-l
=== 350 m:\-g.l

1.5+
1.0+
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FIG. 13. (a) Proposed ionic species’ molecular structures present in [C4mpyr]CI/(AICI3)1,5]/(5-MgCI2)x electrolytes. (Color legend: C black; H light gray; CI dark green; Al gray;
N blue; and Mg light green); Effect of changing scan rate (20 mV-s~' (black line), 50mV-s~" (red dashed line), and 100mV-s~" (blue dash-dot line) on deposition of AliMg
alloy using (b) [Csmpyr]CI/(AICI3)1 5)/(0-MgCl2)g 056 and (c) [C4mpyr]Cl/( AICI3)1 5]/(0-MgCly)o 146 €lectrolytes; (d) F|rst -cycle of a Mg|[C4mpyr]CI/(AICI3) 5)/(6-MgCly)o, 056|V205
battery between 0.5 and 2.5V at different specific current values. 175 mA-g~ ", ca. 0.9C, red line; and 350 mA- g , ca. 1.8C, black line. [C,mpyr]CI/(AICl5)1 5)/(0-MgCly)o 056 i
used; (e) Full-cell specific capacity based on the cathode active mass over the first 100 cycles at 350 mA-g~" ca 1.8C. Reproduced with permission from Pagot et al., J.
Power Sources 493, 229681 (2021). Copyright 2021, Elsevier.”*
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that even when the concentration of Mg salt is increased, this system
allows efficient alloy deposition/dissolution. A prototype device using
[Cympyr][Cl]/(AICL3), 5]/(6-MgCly)g 56 as electrolyte, a V,O5-based
cathode and magnesium anode is capable of achieving impressive cur-
rent rates with a gradual drop in specific capacity on cycling [Figs.
13(d) and 13(e)]. The initial discharge-specific capacity of this proto-
type device, when operated at 175 mA-g " is 92 mAh-g ™', which is sig-
nificantly greater than that of the imidazolium-based ILs and other
types of electrolytes.”'**'” Cathode stability in chloroaluminate ILs
should be considered when choosing the cathode material with this
Al/Mg IL-based electrolyte; for example, Mg|V,Os5 cell performed bet-
ter with this electrolyte than Mg|MoSs.

Adding a complexing additive is a simpler and more viable
strategy than preparing chelating ILs'** or combining a chelating
solvent with ILs”'” *'” to enhance the extent and reversibility of
magnesium deposition/dissolution. Crown ethers are common com-
plexing agents that have previously been used to improve Mg plat-
ing/stripping in an IL."” Use of Mg(BH,),—or borohydrides in
general,—is particularly desirable due to their high reductive stabil-
ity and capacity to inhibit the developmet of a passive layer on Mg
anodes due to the reductive nature.”® It has been postulated that
the BH, anion acts as a Mg> " -complexing agent capable of interact-
ing with the anode surface via adsorption in a manner similar to
chloride-containing electrolytes.'””'**'** During electrolyte formu-
lation, magnesium borohydride acts as a water scavenger, reacting
with residual traces of water in the IL, resulting in a truly water-free
electrolyte.””'***'> Mg*" deposition, for example, is hindered in
pure Mg(TESI),-containing [C,mpyr][TFSI] electrolytes due to
strong interactions between Mg®" and the surrounding TFSI anions.
The addition of cyclic ether (18-crown-6) and Mg(BH,), synergisti-
cally improved the deposition characteristics of Mg(TFSI),-contain-
ing [C,mpyr][TFSI] electrolyte."”® Coordination of the 18-crown-6
molecule with Mg(TFSI), or Mg(TFSI), + [Cympyr][TFSI] signifi-
cantly weakens the interaction between Mg*" and the neighboring
TFST anions, resulting in a considerable reduction in Mg *-induced
TFSI decomposition during Mg”" reduction. Hence, both additives,
as well as their relative concentration compared to Mg“, are crucial
for reversible Mg deposition/dissolution.

ILs, as an additive in organic solvent-based electrolytes, improve
their ionic conductivity, thermal stability, electrochemical operating
window, and electrochemical performance for Mg batteries.”'”**° 2%
Theoretically, the addition of ILs to ether-based electrolyte systems
combines the advantages of both. However, experimentally, it is shown
that although cycling is feasible with these hybrid electrolytes, the over-
potentials for Mg plating/stripping at ambient temperature are fre-
quently above 1V vs Mg/Mg*".”*>*** The overpotential can be
reduced further by reducing the amount of “free” ether solvents in
such hybrid electrolytes.””® Varying the solvent (ethers and ILs) and
salt ratios of MgCl,-based electrolytes can affect the in situ generated
Mg,Cl,”"-ether-complex concentration, which in turn affects the oxi-
dation potential. The impact of the IL on the solution structure and
the overpotential for Mg stripping/plating is dependent on the proper-
ties of the ether solvent. So, the oxidative stability of IL hybrid electro-
lytes can be enhanced to above 45V vs Mg/Mg’" by careful
adjustment of the electrolyte composition.””* However, these findings
need to be verified in a full-cell system using suitable cathode
materials.

pubs.aip.org/aip/are

An ideal electrolyte for high-voltage Mg-based batteries has low
overpotentials for Mg plating/stripping and strong oxidative stabilities
(>4V vs Mg|Mg*") at the cathode. Although investigations into IL-
based electrolytes are in their early stages, this work indicates that they
have the ability to meet both requirements as promising electrolytes
for Mg anodes.

IV. SUMMARY AND FUTURE PROSPECTS

A fundamental understanding of the metal anode/IL interface
evolution is crucial for designing practical post-Li metal anode batter-
ies. Insights into electrode/electrolyte coupling will not only improve
understanding of the superior performance of these systems but also
provide directions to extend the electrochemical and chemical stability.
This review discusses theoretical and experimental studies to under-
stand the interfacial perspective of ILs as electrolytes for metal anodes,
focusing on the current development and design strategies to combat
the challenges of metal anodes. Fundamental issues with monovalent
metal anodes include unstable SEI formation, dendritic growth, and
abrupt volume changes during plating/stripping. Whereas in multiva-
lent metal anodes, the incapacity of the electrolyte to form a beneficial
SEI layer at the electrode interface to provide a passage for metal ions
and facilitate reversible deposition/stripping of these metals with low
overpotential and high efficiency is a key challenge. ILs are intrinsically
conductive electrolytes with high electrochemical, chemical, and ther-
mal stability and are highly tunable electrolytes for both monovalent
and multivalent metal batteries.

Various strategies—including superconcentrated ILs, the use of
additives including water, the use of mixed anions system, and high
voltage pretreatment—have been proposed to improve metal-ion sol-
vation and optimize the interfacial chemistry of monovalent anodes in
ILs. However, more efforts are required to investigate the SEI evolution
in ILs, its composition, and its relationship with the deposit morphol-
ogy to realize commercialization. The key to enhancing the perfor-
mance of multivalent metal anode batteries—especially rechargeable
metal batteries—is an appropriate interfacial design between multiva-
lent metal anodes and the electrochemically stable IL electrolyte.
Various structural regulations of the anode along with electrolyte mod-
ification strategies—including alloying, dimensional engineering of
metal anodes, anode surface pretreatment, use of complexing additives,
IL-organic hybrid electrolytes—are also proposed to improve the
anode performance by regulating interface. Furthermore, Al metal bat-
teries have demonstrated significant cycle stability and cost savings
when replacing corrosive and air-sensitive chloroaluminate ILs with
ILs made from organic salts or ALCl; ™ free IL electrolytes.

A new area of research in the realm of rechargeable multivalent
metal batteries is the use of dual-salt-containing IL electrolytes. The
twin-metal hybrid electrolyte system alleviates the metal salt solubility
issues, and synergy between different multivalent metal ions improves
the energy density of the battery. The challenges and strategies adopted
for monovalent and multivalent anodes are illustrated in Fig. 14.
Further research on the structure-effect relationship between these
electrolytes, stability against cathodes, and battery performance may
result in rechargeable metal batteries with better reliability, less corro-
sive damage, and fewer safety issues.

The following are suggestions for future work:

* The dynamic properties of ILs, as well as the electrode/electrolyte
interfacial properties of ILs, require further insight. A
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FIG. 14. Summary of the challenges of monovalent and multivalent metal anodes along with some respective strategies adopted for IL-based electrolytes.

comprehensive understanding of the difference in cation/anion
size, structure, coordination of ion-counter ions, and metal ion
solvation in the IL is helpful in tailoring them with beneficial
properties required for superior battery performance.

* A better understanding of the role of additives in metal ion speci-
ation and supporting stable and reversible metal plating/stripping
is required for future breakthroughs. Future research on appro-
priate additives for specific metal anodes will combat the instabil-
ity of IL-based electrolytes against metal anodes, especially
multivalent metal anodes, realizing high-performance IL-based
hybrid electrolytes for metal batteries.

* A systematic investigation of the initial stages of metal electrode-
position in IL-based electrolytes is indispensable to understand-
ing dendritic growth under various circumstances. Operando
techniques should be utilized to understand interaction at the
metal anode/ILs interface, formation of SEI, and its stability along
with the emergence of dendrites. These observations can be fur-
ther elaborated using computational and theoretical studies,
which are also useful tools for predicting both bulk and interfacial
properties of IL electrolytes. Incorporating theoretical investiga-
tions to comprehend the coordination environment, changing
ion dynamics, and local structure at charged electrodes is impor-
tant in designing task-specific ILs.

Ongoing research on IL-based electrolytes for metal batteries has
yet to establish concrete facts; however, it does indicate prospects of
ILs meeting the requirements of perfect electrolytes. Despite some
proof-of-concept results, considerable work remains to persuade the
scientific community about the likelihood of IL-based electrolytes out-
performing conventional electrolytes in terms of safety and
performance.
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thylsulfonyl) imide
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TTE  1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoro-
propyl ether
Zn(OAc), Zinc acetate
ZnF,  Zinc flouride

ZnO  Zinc oxide
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