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Highly concentrated aqueous electrolytes enable a wider electrochemical stability window and, thus,
higher energy batteries compared to conventional dilute aqueous solutions. Multiple properties of the

Received 14th November 2022, electrolyte, e.g., ionic interactions, solvation structure, ion transport, tendency to hydrolyze, and
Accepted 24th February 2023 capability to form a solid electrolyte interphase, distinctly change when the salt concentration is
DOI: 10.1039/d2ee03682g increased and highly depend on the salt anion. This work aims at reviewing, discussing and rationalizing

the role of the salt anion in these physical and chemical properties in order to provide perspective
rsc.li/ees guidelines for future developments.

Broader context

Safety issues and high costs restrain the widespread application of conventional lithium-ion batteries (LIBs) for large-scale energy storage. The development of
safe and affordable batteries is particularly important for stationary energy storage systems. Among the emerging battery chemistries, those employing an
aqueous electrolyte are particularly promising in view of reducing material and manufacturing costs. However, the narrow electrochemical stability of water
poses serious limits to the maximum output voltage of aqueous batteries. Recently, the introduction of highly concentrated aqueous electrolytes - the so-called
“Water-in-salt” electrolytes (WiSE) - resulted in a wider electrochemical stability window of water and, in turn, allowed the development of higher energy
batteries. Nevertheless, many aspects of these novel electrolyte systems remain unexplored. In fact, ionic interactions, solvation structure, ion transport,
tendency to hydrolyze, and capability to form a solid electrolyte interphase, distinctly change compared to dilute solutions. These aspects are rarely discussed in
detail, although advances in this field were generally summarized in specific reviews. This perspective aims at filling this gap and, in particular, at
systematically discussing the crucial role of the salt anion.
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1. Introduction

To reduce greenhouse gas emissions and mitigate climate
change, abundant and readily available renewable energy
sources, such as wind and solar energy, must be increasingly
exploited.' Indeed, diverse government policy-based incentives
have facilitated the development of renewable energy harvest-
ing technologies in the recent years.” Nonetheless, these renew-
able energy sources are intrinsically intermittent and their
availability depends on weather, diurnal cycle, seasons, and
geographical location.®> Therefore, seeking an effective solu-
tions to store large amount of energy from these intermittent
resources is of pivotal importance.*® In the past decades,
batteries have become one of the most popular energy storage
technology for this purpose.® In particular, lithium-ion bat-
teries (LIBs) dominate the consumable electronics, house sto-
rage, and automotive market, where energy density and cycling
ability are major priorities.” Nevertheless, safety issues and
high costs still hinder the widespread application of LIBs for
large-scale energy storage.®® Therefore, the development of
safe and affordable batteries is highly relevant for large-scale
applications.

Since Dahn’s group proposed the first VO,/LiMn,0, aqu-
eous lithium-ion battery (ALBs) employing 5 M LiNO; electro-
lyte and displaying an average operating voltage of 1.5 V and an
energy density of around 55 W h kg™ " in 1994 (see Fig. 1a),"°
“rocking-chair”’ type batteries utilizing nonvolatile and non-
flammable aqueous solutions as electrolyte have captured
extensive attention of researchers."’ Nevertheless, “regular”
dilute aqueous electrolytes suffer from narrow electrochemical
stability window (ESW) (~1.23 V), which restricts the output
voltage of the battery and, in turn, its energy density.'* In fact,
water decomposition easily take place when the electrodes
approach the electrolyte’s ESW limits, due to possible catalytic
effects of the active materials and current collectors. The
resulting oxygen evolution reaction (OER) and/or hydrogen
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evolution reaction (HER) cause, therefore, low Coulombic
efficiency (CE), continuous electrolyte’s consumption, battery
swelling and capacity fading. These issues had stimulated
researchers to further develop aqueous electrolytes with
enlarged ESW.

In 2015, Suo et al. proposed the first water-in-salt electrolyte
(WiSE) by dissolving 21 m (mol Kkgepen: ) lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) into water, which
enabled a wide ESW of about 3 V (see Fig. 1b)."* By definition,
an electrolyte is defined as WiSE when the salt outnumbers the
solvent by both weight and volume.'” This means that the
number of free water molecules is drastically decreased as the
concentration rises, while the amount of contact ion pairs
(CIPs) and aggregates (AGGs) between cation and anion
increases (see Fig. 1c and d).'> The extensive coordination
between cation and anion generate a downward shift of anion’s
orbital levels, which make the reduction potential of the
electrolyte being dominated by the ion’s decomposition instead
of water."® Consequently, upon reduction, the anion is prefer-
entially decomposed to form a solid electrolyte interphase (SEI)
before the reduction of water takes place. The cathodic electro-
chemical stability is therefore enhanced by the ion-conductive
and electron-insulating SEL."* Simultaneously, the large major-
ity of water molecules are coordinated to the cation via the lone
pairs on the oxygen atom (being donated). As result, the
oxidation potential of water is raised resulting into improved
anodic stability."> Moreover, anions gathered on the surface of
the positive electrode would further prevent oxygen evolution."®
In this way, the ESW of aqueous electrolytes is effectively
broadened, allowing for the development of batteries with
high output voltage as well as high energy density.’” Since
then, in fact, this concept has been further developed and
extended to other types of highly concentrated aqueous electro-
Iytes for ALBs, including aqueous sodium-ion batteries (ASBs),
aqueous potassium-ion batteries (APBs), aqueous zinc-ion bat-
teries (AZBs) and aqueous ammonium-ion batteries (AABS).
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(a) Potentials of the indicated reactions versus standard hydrogen electrode (SHE) in solutions where [Li*] = 1.0 M. Both acid and basic electrolytes

with 1 M H* or 1 M OH™ are considered, respectively. Adapted and modified from ref. 10. (b) Comparison of ESW of multiple aqueous electrolytes and
redox potentials of typical battery materials. The upper part displays the redox potentials of major anode and cathode materials: Li-metal, MogSs,
Li4TisO1p, LIMN,Oy, LiFePOy, LICoO,, and LiNigs Mn 1504; The bottom half shows that expanded ESW in super-concentrated electrolytes (21 m LiTFSI
WISE, and 27.8 m LiTFSI + LIBETI hydrate melt electrolytes) in comparison with the limited ESW of water at pH = 7 (1.23 V). Reproduced with permission.?3
(c) Schematic representation of ion solvation sheath in “diluted” electrolytes evidencing the primary and the secondary solvation sheaths and the bulk
free solvent. (d) Schematic representation of the solvation structure in a super-concentrated electrolyte, where the primary solvation sheath is disrupted

by the lack of solvent molecules and the presence of anions in close proximity to the central cation. (c and d) Reproduced with permission.*

(e) Number

of academic publications regarding “Water-in-salt” or “"Hydrate-melt” concepts of aqueous batteries collected from Web of Science.

Consequently, the number of academic publications regarding
“Water-in-salt”” or ‘“Hydrate-melt” electrolyte concepts for aqu-
eous batteries has rapidly grown in recent years (see Fig. 1d)."”

Multiple reviews have summarized and discussed in general
the advances in the field of aqueous batteries (ABs)."*>> How-
ever, neither reviews nor perspectives have comprehensively
discussed the crucial role of the salt anion by systematically
discussing ionic interactions, solvation structure, ion transport
properties, hydrolysis and SEI. This review aims at filling
this gap. However, before starting to discuss the above-
mentioned properties, the state-of-the-art and most recent
developments on aqueous batteries employing WiSEs are
reviewed in Section 2.

2. WISE based on various anions

As previously mentioned, TFSI-based WiSEs have been the first
and most investigated electrolyte systems. Despite the promis-
ing results obtained so far with these electrolytes, the presence
of a perfluorinated anion rises concerns with regards to both
cost and environmental impact. The cost aspect is a very
important factor for large-scale energy storage applications.
Thereby, alternative concentrated electrolytes employing
fluorine-free salts whose anion are acetate, formate, perchlo-
rate, nitrate, and chloride, are rapidly emerging (see Fig. 2). The

1482 | Energy Environ. Sci., 2023, 16, 1480-1501

most representative aqueous battery configurations employing
these highly concentrated electrolytes are summarized in Fig. 3
in terms of operative voltage as function of specific capacity
(see Fig. 3a) and cycle life as function of energy density (see
Fig. 3b).

2.1 Fluorinated WiSE

The high solubility of LiTFSI was exploited by Wang’s group to
prepare a WiSE enabling MoeSs//LiMn,0, ABs with a high
discharge voltage of 1.8 V and an energy density of 100 W h kg™ *."?
After that, the 27.8 m Li(TFSI),,(BETI)y3-2H,O electrolyte
was proposed by Yamada’s group, demonstrating an extremely
wide ESW of 3.8V (~1.25 to 5.05 V versus Li‘/Li). The Li TisO1,//
LiCoO, and Li Ti5O;,//LiNiysMn; 50, cells employing such
electrolyte exhibited high operating voltage (~2.3-3.1 V)
and energy density (>130 W h kg ')>* The room-
temperature monohydrate melt of Li salts Li(PTFSI)y¢-
(TFSI)y.4-H,0 55.5 m was also reported by Yamada’s group. By
using an asymmetric imide anion featuring ultra-high solubi-
lity in water, a wide ESW of ~ 5 V was claimed.** Furthermore, a
63 m aqueous electrolyte (42 m LiTFSI + 21 m Me;EtN-TFSI) was
shown to provide an ESW of 3.25 V, leading to the successful
fabrication of a 2.5 V aqueous Li-ion battery (Li,Ti5sO15//
LiMn,0,) with an energy density of 145 W h kg™ ".%° Lu’s group
employed the water-miscible polymer poly(ethylene glycol) to

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Development of highly concentrated aqueous electrolytes in recent years: concentration (scattered points) and corresponding ESW (bars) of
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Fig. 3 Overview of the most representative aqueous batteries configurations employing highly concentrated electrolytes in terms of (a) operative

voltage as function of specific capacity and (b) cycle life as function of energy density.

ease the concerns about cost and toxicity of fluorinated salts,
and still develop a low-cost and eco-friendly aqueous
electrolyte.”” In spite of the low salt concentration (2 m), such
“molecular crowding” approach enabled a wide ESW of 3.2 V.
The resulting Li,TisO,//LiMn,0, cell delivered stable specific
energy 75 W h kg™ " over 300 cycles. As demonstrated by online
electrochemical mass spectroscopy, side reactions such as
hydrogen and oxygen evolution were substantially suppressed

This journal is © The Royal Society of Chemistry 2023

12,24,27,29,30,36,39,42,44,45,48,50-52,61,62

compared to other concentrated electrolytes such as 21 m
LiTFSI, and 32 m KAc + 8 m LiAc.”?

Besides Li-based systems, a 9.26 m sodium trifluorometha-
nesulfonate (NaOTf) was reported for ASBs with an ESW of 2.5 V
(1.7 to 4.2 V versus Na/Na'), which granted the NaTi,(PO,)s//
Nay 66[Mny 66Tio.34]0, cell with an energy density of 31 W h kg™
and CE of 99.7% at 0.2 C for 350 cycles.> Afterwards, several
other types of WiSEs have been developed for ASBs, such as

Energy Environ. Sci., 2023, 16, 1480-1501 | 1483
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35 m sodium bis(fluorosulfonyl)imide (NaFSI) with an ESW of
2.6 V (1.8 to 4.4 V versus Na/Na"),>® 17 m sodium perchlorate
(NaClO,) with an ESW of 2.7 V (1.7 to 4.4 V versus Na/Na*),>*
and hybrid electrolytes with 25 m NaFSI + 10 m sodium
(fluorosulfonyl)(trifluoromethanesulfonyl)imide ~ (NaFTFSI)*’
and 9 m NaOTf + 22 m tetraethylammonium trifluorometha-
nesulfonate (TEAOTf) with an ESW of 3.3 V.*> To further
increase the concentration of the electrolyte, Kiihnel’s group
employed a 1-ethyl-3-methylimidazolium (EMIm)-based ionic
liquid to prepare a 80 m NaTFSI, 3;,sEMIMTFSI, 6,5 electrolyte
featuring a small amount of water, which allowed the
Ti,(PO,)s//Na,Mn[Fe(CN)g] cell to reach an energy density of
77 W h kg™ " and CE of >99.5% at 1C for 300 cycles.

Similar to ASBs, APBs are very appealing for large-scale
energy storage due to large natural abundance and low cost
of potassium-based materials.>® Besides, K" ions have much
weaker Lewis acidity than Li" and Na" due to the larger volume
and, thus, lower charge density. This leads to smaller Stoke’s
radius of solvated K' ions,”” which promotes high K"
mobility.>® The 22 M potassium trifluoromethanesulfonate
(KOTY) electrolyte proposed by Hu’s group was employed in
KFeMnHCF)//PTCDI cells, which delivered a capacity of
63 mA h ¢! and an energy density of 80 W h kg~ " with 73%
capacity retention over 2000 cycles at 4 C.*’ Notably, this
outstanding performance even exceeds most results reported
on ASBs. Yamada’s group also reported a 61.7 m electrolyte for
APBs consisting of KFSI and KOTf.*® It was noted that the FSI~
anion in this electrolyte did not suffer from hydrolysis.
Moreover, this electrolyte showed a high ionic conductivity
(12 mS em™" at 30 °C) and an ESW of 2.7 V (when determined
with a Pt working electrode).*®

AZBs have also recently captured intensive attention, mostly
driven by the inherent merits of Zn, such as high theoretical
capacity and low cost.>® However, the performance of the state-
of-the-art aqueous Zn-based batteries are still far from being
satisfactory, the main reason being Zn dendrite growth
and water/oxygen-related side reactions leading to low CE.*°
Notably, fluorinated and highly concentrated electrolytes have
proven to improve the Zn stripping/plating efficiency. For
instance, the 20 m LiTFSI + 1 m Zn(CFs;SOj3), electrolyte
reported by Wang’s group enabled dendrite-free Zn plating/
stripping at nearly 100% CE and showed negligible tendency to
evaporate.’® Zn-based batteries employing this electrolyte and
either LiMn,0, or O, cathodes displayed energy density of
180 W h kg ! with capacity retention of 80% for more than
4000 cycles and energy density of 300 W h kg~* for more than
200 cycles, respectively.

2.2 Carboxylate-based WiSE

Carboxylate salts are organic compounds including a -C(=0)O™
anionic group with the general formula M(RCOO),,, where M is a
cation.®® They are classified based on the nature of the alkyl
(R) chain, the most common being formates (R = H), acetates (R =
CH;3) and acrylates (R = CHCH,). In most cases, they are very
soluble in water, which facilitates the achievement of WiSE
regime.

1484 | Energy Environ. Sci., 2023, 16, 1480-1501

View Article Online

Perspective

Formates. Eco-friendly and cost-effective potassium formate
(CHOOK) was employed to prepare 40 m HCOOK, in which the
water : salt mole ratio is 1.38:1. The electrolyte displayed an
ESW of 4 V (from —2.5 to 1.5 V vs. Ag/AgCl) when glassy carbon
was used as the working electrode. Notably, CHOOK-based
electrolytes possess better cathodic stability and higher ionic
conductivity than potassium acetate (KAc)-based electrolytes. A
high specific capacitance of 321 Fg "at5A¢g "and 121 F g~ "
at 20 A g~ " were achieved by activated carbon-based positive
electrodes in this electrolyte. Meanwhile, a reversible capacity
of 15 mA h g~ " was delivered at 0.1 A g~ " for the KTi,(PO,);
anode.*" Unfortunately, except for K, formate salts of other
cations have a quite limited solubility in water.

Acetates. A super-concentrated potassium acetate (KAc) elec-
trolyte with K:H,O molar ratio of 1:1.8 was reported by Li’s
group, demonstrating a wide ESW of around 2.5 V and enabling
a AC//AC symmetric supercapacitor with an operating voltage of
2.0 V with 88% capacitance retention after 10000 cycles.®*
Subsequently, 30 m KAc was reported by Ji’s group to allow
reversible insertion/deinsertion of K' cations into KTi,(PO,);
anode for APBs.** The same electrolyte was also tested in
combination with low-cost Prussian blue analogue (PBA) cath-
odes, but the instability of such an active material in the
electrolyte resulted into poor cycling stability.®" This was attrib-
uted to the random distribution of vacancies in PBA, which can
make the framework fragile and vulnerable to collapse.®>®®
Moreover, the weak N-coordinated crystal field resulted in
structural distortions when the N-coordinated metal is Co/
Mn, and the lattice distortion may cause the cleavage of the
M;-N=C-Fe bridge and the dissolution of transition metal
ions, especially in an aqueous electrolyte.’””*® To tackle this
issue, 30 m KAc was gelified by adding a small amount of
carboxymethyl cellulose (CMC), resulting into improved capa-
city retention and CE.*

Acetate-based WiSE were also studied for other types of ABs,
such ALBs, ASBs and AZBs leveraging on the high solubility of
KAc to reach the WISE regime. For example, Cui’s group
developed an hybrid WiSE containing 32 m KAc and 8 m LiAc,
which demonstrated an ESW of 3 V and enabled a TiO,/
LiMn,O, full ALBs with a high operational voltage of 2.5 Vv.*
Similarly, a 32 m KAc + 8 m sodium acetate (NaAc) solution was
reported by Passerini and coll. and successfully employed in
NaTi,(PO,)s//Na,MnFe(CN)s ASBs.>*> Considered the limited
stability of hexacyanoferrate cathodes in this kind of acetate-
based WiSE, symmetric full ASBs featuring NASICON-type
Na,VTi(PO,);/C as both the positive and the negative electrode
were later reported, reaching a stable cycling performance with
CE of 99.9% at 10C over 500 cycles.”®

A hybrid WiSE consisting of 45 m cesium acetate (CsAc) and
7 m LiAc was proposed by Tao’s group, which enabled VO,/
LiNiy sMn, 50, ALBs with an energy density of 114.8 W h kg’1
at 1 C. Moreover, coin cells employing this chemistry delivered
a promising capacity retention of 86.5% over 1200 cycles.*®
Notably, the hybrid WiSE containing 1 m Zinc acetate (ZnAc,)
and 31 m KAc proposed by Tao’s group guaranteed a wide ESW
of 3.4 Vwhile the resulting Zn//MnO, AZB displayed a discharge

This journal is © The Royal Society of Chemistry 2023
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capacity of 304.6 mA h g~ '.*° Subsequently, the 30 m KAc, 3 m
LiAc, and 3 m ZnAc, hybrid WiSE was developed by Passerini
and coll., enabling outstanding zinc plating/stripping with an
high average CE (99.6%) and long-term cycling stability.
With this electrolyte, Zn//LiFePO, and Zn//LiMn,0O, dual ion
cells were realized, which delivered discharge capacity of
155 mA h g " and 121 mA h g~ " at 0.05 C, respectively.*”

Finally, a novel 25 m ammonium acetate (NH,Ac) WiSE
was proposed by Ji’'s group with a wide ESW of 2.95 V.
This electrolyte was investigated with amorphous titanic
acid (TiO; g5(0OH)y.30-0.28H,0) and 1,4,5,8-naphthalenetetra-
carboxylic dianhydride-derived polyimide (PNTCDA) anodes
displaying a reversible NH," insertion behavior.**”*

Acrylates. The lithium polyacrylate (LiPAA) was prepared by
neutralizing polyacrylic acid with dilute lithium hydroxide
solution. The resulting leakless and dimensionally stable gel
electrolyte containing 50 wt% LiPAA demonstrated a wide ESW.
The TiO,//LiMn,0, cells employing this electrolyte delivered a
capacity of 59.2 mA h g * with an average output voltage of
2.1 V in the first cycle, corresponding to an energy density of
124.2 Wh kg~ '.°> This novel electrolyte represents a further step
towards truly sustainable and nontoxic ALBs with high energy
density.

2.3 WISE based on other anions: nitrate, perchlorate, and
chloride

Besides the high solubility in water, nitrate salts possess
appealing properties such as low-cost and eco-friendliness. A
22 m LiNOj; electrolyte with a wide ESW of 2.55 V was reported
by Pan’s group. Modelling results evidenced a unique local
structure with a (Li'(H,0),), polymer-like aggregation network.
The electrolyte also enabled reversible cycling of LiMn,0, and
LiNi;/3Mny/3C0,,30, cathodes with high working potential.*"
Subsequently, a 12 m NaNO,; WiSE was proposed by Cui’s
group, which exhibited an ESW of 2.56 V. The supercapacitor
including this electrolyte displayed a specific capacitance of
32.68 F g~ at 1 A g~ with high operation voltage of 2.1 V and
capacitance retention of 90% over 9000 cycles.®”

Sodium perchlorate (NaClO,) was also proposed by Kim’s
group as salt for WiSE, owing to its high solubility in water
(10 M or 17 m). The highly concentrated 17 m NaClO, was
employed in aqueous NaTiy(PO4);-C//NazV,0,,(PO4),F5 5,/
MWCNT cells.”” Later, Okada’s group took full advantage of
the wide ESW of this electrolyte (2.8 V) and constructed ASBs
with output voltages higher than 2 V by coupling the sodium
manganese hexacyanoferrate cathode with the potassium man-
ganese hexacyanochromate anode. Additionally, a novel elec-
trolyte was proposed by mixing the 17 m NaClO, and 3 m ZnOTf
solutions (volume ratio of 1:1), which could suppress HER and
enable reversible and stable Zn plating/stripping (a high CE
99.96% and 1600 h long-term cycling).”®

Zinc chloride (ZnCl,) also possesses an extremely high
solubility in water leading to the formation of WIiSEs as
demonstrated by Ji’s group.”* The ESW could be broadened
from 1.6 to 2.3 V when the concentration of ZnCl, was
increased from 5 m to 30 m. As result of the increased

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

concentration, the overpotential of Zn plating/stripping was
increased and the HER onset potential was down-shifted. Over-
all, symmetric Zn|Zn cells showed improved CE in 30 m
ZnCl,.”® This electrolyte was then employed in Zn//Cag ,0V,O0s-
0.80H,0 (CaVO) cells, that could deliver a high capacity of
496 mA h ¢~ " and a remarkable energy density of 206 W h kg™ .
Interestingly, 30 m ZnCl, substantially stabilized the structure
of the electrode’s active material as proven by XRD and FTIR.**
The same WiSE was later employed in rechargeable dual-ion
batteries consisting of Zn;[Fe(CN)g], as cation-storage anode
and ferrocene encapsulated in microporous carbon as the
anion-storage cathode. The cell voltage could be increased by
as much as 0.35 V compared to the corresponding dilute
electrolyte (5 m).”® In addition, the concentrated electrolyte
ZnCl,-2.33H,0 (around 23.8 m) was reported by Xu’s group,
which offered a suite of properties similar to those of 30 m
ZnCl,, endowing the resultant Zn-air cell with high energy
density and good cycling stability.””

3. Interaction energy between water
and ions

The interaction among water, cations and anions is particularly
complex in WiSEs because of the intense interactions between
cations and anions, which do not occur in dilute aqueous
electrolytes where cations and anions are overwhelmingly sol-
vated (and separated) by water. Moreover, the hydrophilic or
hydrophobic properties of the anions can profoundly affect the
physical and chemical properties of the electrolyte, e.g., solva-
tion structure, transport property of anions, and viscosity.
Especially for the electrolytes involving multiple cations, their
charge density would also have some influence on the electro-
lyte physicochemical properties, e.g., solvation structure, trans-
port of cations, viscosity, and degree of salt’s dissociation.
However, there is a lack of systematic studies on this aspect
in WiSEs in the literature. To achieve a better understanding of
the molecular interactions at an atomic level, we performed
some DFT simulations. From the simulations we extracted the
interaction energy for a variety of water-ion and cation-anion
combinations (see Tables 1 and 2), and the charge density for
selected ions (Table 1). The calculations were generally carried
out by using Gaussian 16”® at the B3LYP/aug-cc-pvIZ level of
theory, but the 6-311++G** basis set was used for systems
containing potassium and calcium or for systems with a total
number of electrons larger than 286. The starting guess geo-
metries were hand-drawn using Avogadro, and then optimized
in the gas phase using the int = ultrafine setting as implemen-
ted in Gaussian. The obtained geometries were tested to be real
minima of the potential energy surfaces by calculating the
vibrational spectra (as routinely done’®). To obtain the inter-
action energy AGha, between two species, we employed the
following formula:

AGYSs = G5 — (Gégs + Glzggs) (1
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Table 1 Volumes, charge densities and interaction energy with water for a variety of cations and anions

View Article Online

Perspective

. Charge Interaction energy . Charge density Interaction energy

Cation Volume (A% density (e A7) with water (k] mol ™) Anion Volume (A% (e A% with water (k] mol ™)
Li* 3.054 0.327 —115.8056 Formate 54.028 0.016 —29.5973
Na* 6.538 0.153 —71.1222 Acetate 51.782 0.017 —25.6223
K 14.710 0.068 —78.5392 Cl™ 24.838 0.040 —32.4433
NH," 20.879 0.048 —45.4028 NO; 67.531 0.015 —17.8770
Mg2+ 2.664 0.751 —316.0577 Clo,~ 57.906 0.017 —7.0206
Ca** 6.206 0.322 —192.5017 OTf™ 69.396 0.010 —5.6921
Zn* 2.855 0.701 —405.3037 TFSI™ 110.663 0.005 5.6685
AP 1.288 2.329 —827.7388 SO427 71.936 0.028 —34.7564
Table 2 Interaction energy between a variety of cations and anions. The interaction energy between NH,* and ClO,~ is not available because of the
decomposition of NH4* during the simulation. All the energies are expressed in kJ mol™

Formate Acetate Cl™ NO;~ Clo,~ OTf™ TFSI™ S0,%~
Li" —671.382 —684.404 —624.577 —618.896 —499.611 —562.269 —555.143 —1750.266
Na* —568.318 —575.819 —533.0316 —514.816 —410.985 —470.728 —451.833 —1526.993
K" —696.805 —703.778 —664.761 —649.1522 —567.725 —612.624 —589.913 —1784.337
NH," —531.942 —537.833 —543.2973 —470.095 — —428.736 —392.207 —1450.919
Mg2+ —2331.895 —2360.991 —2223.869 —2188.677 —2036.665 —2048.446 —2021.651 —2368.553
Ca** —1961.474 —1998.527 —1836.739 —1825.069 —1609.539 —1710.760 —1687.345 —2088.356
Zn* —2491.463 —2527.395 —2497.622 —2334.657 —2171.745 —2182.121 —2153.330 —2555.785
AP —5359.525 —5436.588 —5232.369 —5131.613 —4853.993 —4869.648 —4827.399 —11419.058
where G555 is the Gibbs free energy of the system comprised of -
the interacting species (A and B), and Gbos and Gaeg are the = OfR-* -2 3 S e e nneenneenneeeo]

A 4 o =< a*
Gibbs free energies of isolated A and B, respectively. The S L o A N
-Or
equation was adjusted to account for multiple ions in the case E 00 L \\.\
of multiple charged species. The interaction with water was 2 | - Water-water N e
calculated by simulating a single water molecule coordinated § I ° i“?“”‘s e
. . . . . * nions
with a single ion. The contributions of thermal energy and zero- g —400 - __ L TN
point energy (ZPE) were included in the calculated energy = L b *
. . . . y=a+tb-e

values to obtain the Gibbs free energies. The charge densities *§ —600 | 2=-1350.003971 \\
were calculated in two different ways for different ions. For the = b =1344.591913 \
. . . . -5 r =0.40699629
ions with a reasonably spherical geometry (e.g., all the consid- ) ¢ = 0:406996296 \
ered cations, Cl, ClO,, and SO42’), the total net charge was < -800 - R2 = 0.9825 AP.\,
divided by the ionic radius. For the ions where the charge is : : : . : . -
localized only on one portion of the structure (e.g., formate, 0.01 0.1 ; !
acetate, OTf , and TFSI ) or far from spherical (NO;"), the Charge Density [e A ]

volume of the region with the highest charge localization was
calculated. Then the volume was used to divide the charge
present in that volume. To do so, an Atom-in-Molecule (AIM)
Basin analysis was performed to derive the AIM atomic charges
and volumes. Then, the volumes and charges of the relevant
region of the ion were evaluated by summing the corres-
ponding contributions, and the charge density was obtained
by dividing the obtained quantities. The AIM analysis was
performed using the Multiwfn software.”®

In the findings depicted in Fig. 4, it is clearly seen a well-
defined dependency between hydration energy and ion charge
density. Specifically, we found that the hydration energy expo-
nentially increases with the ion charge density. On the basis of
the hydration energy, hydrophilic or hydrophobic ions can be
identified comparing the interaction energy between one ion
and one water molecule with the interaction energy between
two water molecules (—24.48 k] mol™ ', red dotted line in

1486 | Energy Environ. Sci., 2023, 16, 1480-1501

Fig. 4 Water-ion interaction energy as function of the ions charge
density. Anions are depicted as blue diamonds, and cations as red circles.
Al the data are calculated at the B3LYP/aug-cc-pvTZ level of theory,
except the potassium and calcium points, which are calculated at the
B3LYP/6-311++G** level of theory. The dashed grey line is the exponential
fitting, for which the equation and parameters are also shown. The water—
water interaction energy is represented with the red dotted line.

Fig. 4).°° We consider the ion to be hydrophobic if the inter-
action energy between the ion and one water molecule is more
positive than —24.48k] mol ', otherwise it is hydrophilic. Using
this metric, all the cations considered are hydrophilic, while
some anions are hydrophobic, namely, TFSI™ (5.67 kJ mol %),
OTf  (—5.69 k] mol™ %), ClO,~ (~7.02 k] mol '), and NO;~
(—17.89 k] mol™"). Anyhow, it must be considered that the
values are calculated for a single ion interacting with a single
water molecule. If we consider that a single anion may interact

This journal is © The Royal Society of Chemistry 2023
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with up to four water molecules (which is reasonable in a water-
in-salt regime), NO;~ can be safely considered hydrophilic and
ClO, " is slightly hydrophilic. However, OTf " is slightly hydro-
phobic while TFSI™ maintains its pronounced hydrophobicity.
The hydrophobic or hydrophylic character of the anion will lead
to two inherently different intermolecular interaction scenar-
ios, and thus it would have a direct effect on the water signal in
the Raman/IR spectra of WiSEs, which will be discussed in
more details in a forthcoming paper. Here, the effect of the
water affinity of the anion on Raman spectra is only briefly
mentioned for the sake of discussion.

In few words, the hydrophobic/hydrophilic character of
anions has an extensive effect on the interaction between
water, cations, and anions. The hydrophobic anions, e.g.,
TFSI ™, hardly interact with water and drive the water mole-
cules to the surrounding cations, which are generally much
more hydrophilic. On the other hand, the hydrophilic anions,
e.g., formate, acetate, and NO;™, could compete with cations
in interacting with water. The complex interactions in the two
kinds of WISE (based on either hydrophilic or hydrophobic
anions) are the reason behind the observations on the char-
acteristic Raman band of water assigned to the O-H stretching
(~3000-3600 cm ™). In highly concentrated aqueous electro-
lytes consisting of hydrophobic anion salts, a sharp peak in
the Raman spectra is found at 3565 cm™'**3"** which
indicates an unsaturated hydrogen bond state of water mole-
cules. On the other hand, a much broader Raman band for O-
H stretching vibrations still exists in highly concentrated
aqueous electrolytes consisting of hydrophilic anion salts,
which is attributed to the hydrogen bonding interactions
between anions and water molecules.*’"*® When preparing a
WISE, it is fundamental to take into account the interaction
energy between water and the ions. In fact, the solubility of the
considered salt strictly depends on the overall energy liberated
by the dissociation and solvation processes. It is already
evident from Raman spectroscopy how different anions have
direct effects on the local structure of the electrolyte, with
hydrophilic anions mimicking the hydrogen bond network of
water (as witnessed by the broad O-H stretching band),
while hydrophobic anions disrupt the network leading to
unsaturated water molecules (asymmetric sharper band at
~3565 cm '). The capability of forming stable hydrogen
bonds is a key point in the preparation of highly concentrated
electrolytes, and chemical instinct could be misleading in this
regard (TFSI™ has eight hydrogen bond acceptors, while Ac™
has only four, and yet the former is hydrophobic). Our
calculation, though, did not account for entropy changes
in the bulk system, since we only simulated single pairs.
Nevertheless, we want to point at the necessity to include
calorimetry measurements when characterizing highly con-
centrated aqueous solutions. The access to this kind of
information can be readily used to design new systems based
on the interaction energies. The DFT calculations, albeit
extremely useful in rationalizing some observations, are not
enough because of the size limitations. The interaction ener-
gies have direct effects on the solvation shells of all the species
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in the system, which have a pivotal role in the performances of
this class of electrolytes.

4. Solvation shells structure

For the sake of brevity, the discussion here will be limited to
one representative salt for each of the categories previously
discussed, ie., bis(fluoroalkylsulfonyl)imide, carboxylate,
nitrate, perchlorate, and chloride. Specifically, we have selected
LiTFSI, KAc, LiNO;, NaClO,, ZnCl,. Unfortunately, it is not
possible to select a series of salts sharing the same cation
because of the widely different solubilities (e.g., KAc > 3 kg L™,
LiAc about 0.45 kg L™, LiTFSI about 6 kg L™" and KTFSI only
0.01 kg L™"). Furthermore, these are among the most studied
salts in literature. The first thing to mention is that the anions
(TFSI™, Ac™, NO3~, ClO,, CI") of these salts have different
hydrophobic/hydrophilic character, while at the same time
maintaining large solubility in water. Concretely, TFSI™ is a
hydrophobic anion (with a positive hydration energy, see
Table 1) while Ac™, NO;, CI” and ClO,  are hydrophilic
anions, which may bring far reaching impact on the interaction
relationship between cations, anions, and water. The solvation
structure of the representative 21 m LiTFSL'? 20 m KAc,*® 22 m
LiNO;,*! 17 m NaClO,,%* 31 m ZnCl,*" aqueous solutions are
briefly discussed based on the collected simulations results
(Fig. 5 and 6) from literatures.

4.1 Solvation structure in WiSEs based on TFSI™

In 21 m LiTFSI, contact ion pairs (CIP) and ionic aggregates
(AGGs) dominate against solvent-separated ion pairs (SSIPs),
whereas the opposite is observed in 1 m LiTFSL.'* As shown by
the average coordination numbers extracted from the MD
simulations of 21 m LiTFSI (Fig. 5a), each Li' is coordinated
by two oxygen atoms from TFSI™ and two oxygen atoms from
H,O in its first solvation sheath. Anyhow, average coordina-
tion numbers could sometimes be misleading, and a proper
clusters population analysis is the best way to tackle solvation
structures. In fact, at a closer look at the MD simulation it is
possible to find two different populations of Li* coordination
states. The first, major, population (~ 60%) consist of Li" ions
fully solvated by four TFSI oxygen atoms while the second
(~40%) is made of Li" as SSIPs with no TFSI in their first
coordination shell at all. Thus, a solvation disproportionation
phenomenon is discovered for 21 m LiTFSI, with the Li" ions
tending to be solvated in two different ways rather than
approaching the average of 1.75 oxygen atoms from TFSI
and 2.25 from water.®® Looking at the Li* solvation sheath
by means of radial distribution functions (RDFs) (Fig. 6a),
Li" cation primarily binds to TFSI oxygen atoms rather than
its nitrogen or fluorine atoms, and water competes for the
direct contact. The hydrophobic —CF; group of the anion
approaches -CF; groups of the other TFSI. The solvation
disproportionation, induced by solvent-separated Li" at high
salt concentrations, generate the formation of a liquid struc-
ture with nano-heterogeneity. Although the anion movement
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Fig. 5 (a) 3D snapshot showing an interconnected H,O domain in red and TFSI anions as wireframe from MD simulations of 21 m LiTFSI at 298 K.
(a) Reproduced with permission.t° (b) Snapshots of the simulation boxes for 20 m KAc, in which water is represented in cyan, acetate in red, and
potassium in gray. (b) Reproduced with permission.®® (c) MD simulated local structure evolution of LINO3 aqueous solution with a concentration of 1: 2
(LINO3: H,0). (c) Reproduced with permission.®! (d) Crystal structure of zinc chloride trihydrate. (d) Reproduced with permission.®! (e) Isosurfaces of
water oxygen (red solid, p/ppui = 5, p: local density; ppuk bulk average density), oxygen of TFSI (green mesh, p/ppuk = 2.5), fluorine of TFSI (cyan mesh, p/
Pou = 2), and Li* (purple solid, p/ppui = 12) for 21 m LiTFSI in H,O at 298 K. (e) Reproduced with permission.®° (f) 3D images of the surrounding of the
acetate anion for 20 m KAc by selected spatial distribution functions. Water is represented in cyan, acetate in red, and potassium in gray. (f) Reproduced
with permission.®® Spatial density functions of the neighboring (g) water molecules (blue lobes) and (h) ClO,~ ions (green lobes) around Na* ions in 17 m
NaClO,4 aqueous solution. The purple ball in the center represents a Na™ ion. (g and h) Reproduced with permission.&?
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Fig. 6 (a) The Li-O and Li-N(TFSI) radial distribution functions (RDFs) from MD simulations of 21 m LiTFSI in water at 298 K. (a) Reproduced with
permission.8® Centre of mass RDFs for (b) K-H,O and (c) K-acetate at 298 K in 1, 10, 20 m, 30 m KAc aqueous solutions, respectively. (b and c)
Reproduced with permission.®® (d) Pair distribution function (PDF) plots of the X-ray scattering of the room temperature molten hydrates R =
3.03 (purple) (18.5 m ZnCl,), R = 1.72 (green) (31 m ZnCl,), water (blue), and molten anhydrous ZnCl, at 320 °C (red). (d) Reproduced with permission.®!
Pair correlation functions of (e) Na™-O,, and (f) Na*-Oc in 1, 10 and 17 m NaClO, aqueous solutions. (e and f) Reproduced with permission.&?

is blocked by the TFSI-rich domains in the highly concen- Li"(H,0), domain, which enables fast Li" transport with high
trated 21 m LiTFSI, a 3D percolating channel is build up by the transference number.*°
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4.2 Solvation structure in WiSEs based on Ac™

In 20 m KAc, the potassium cation is mainly interacting with
the acetate anions, which progressively replaces water in com-
parison with the dilute solution. CIP and AGGs are the main
components in the 20 m KAc system, similarly to the case of
21 m LiTFSI. A bicontinuous arrangement of polar and apolar
channels is found in 20 m KAc (Fig. 5b). According to the 3D
images representing the spatial distribution functions (Fig. 5f),
the acetate anion is indeed surrounded by both potassium ions
and water molecules. Water molecules compete with potassium
ions for coordinating the carboxylic function of the acetate, but
potassium appears to approach the anions closer than water.
RDFs for potassium-water in a variety of different KAc concen-
trations (Fig. 6b) demonstrate that the quantity of water in the
second solvation shell is gradually reduced with increased
concentration (the peak at ~5 A vanishes at higher concentra-
tions). Simultaneously, more and more potassium ions are
coordinated by acetate as shown by RDFs for potassium-
acetate (Fig. 6¢), and thus CIP and AGGs are the dominating
species in 20 m KAc.

4.3 Solvation structure in WiSEs based on NO;~

In the 22 m LiNO; electrolyte, in which the salt:water mole ratio
is around 1:2, most of the Li"(H,0), complex are condensed
into (Li"(H,0),), accompanied with complete disappearance of
hydrogen bonds between water molecules, and an extended
linear chain of Li" and water molecules is discovered (Fig. 5c).
Such a structure of the (Li"(H,0),), chains, though, is confor-
mationally flexible and allows Li" ions mobility in the 22 m
LiNO; solution. The unique characteristic of the super-
concentrated LiNOj; solution place it in a position in-between
a crystal and a conventional solution, thus endowing the
system with virtues from both the extremes.*'

4.4 Solvation structure in WiSEs based on ClO,~

In the 17 m NaClO, aqueous solution, water molecules and
ClO,~ anions hexacoordinate the Na* cations. When comparing
the Na':H,O molar ratio (1:3.3) in 17 m NaClO, with the
average coordination number of Na'-O,, (2.8 water molecules
for each Na'), it is possible to calculate an average of 0.5 free
water molecules (i.e., not directly coordinated with the cation),
indicating that most of the water molecules in 17 m NaClO,
aqueous solution participate in hydration of the Na' cations
(Fig. 5g).*> A percolating network structure is formed when
cations and anions aggregate together (Fig. 5h), providing open
spaces for water to form a water network.®® This self-
segregating mechanism can find an explanation in the very
mild hydrophilicity of the perchlorate anion (—7 k] mol™"). In
the 17 m NaClO, system there are only 3.3 water moles for each
mole of salt. Even if all the water molecules coordinate only the
anion, the overall interaction energy (—23.17 k] mol™ %)
would not be sufficient to break the water-water interaction
(—24.48 kJ mol™"). Consequently, the ion and water networks
are intricately intertwined with each other as described in
previous literature.®#*> The lack of water molecules and the
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almost hydrophobic nature of ClIO,  anions may generate the
formation of the ion network in this kind of highly concen-
trated aqueous solution. As a result, the hydrogen bonds in the
water structure suffer severe disruption, and the electrostatic
interaction between ClO,~ anions and Na* cations is enhanced
(Fig. 6e and f).%?

4.5 Solvation structure in WiSEs based on CI™

In the 31 m ZnCl, system, [Zn(OH,)s][ZnCl,] is classified as a
“zinc zincate” based on the solution of its single-crystal struc-
ture, in which the two types of ligands, water and chloride ion,
are associated with two different zinc atoms in strong segrega-
tion (Fig. 5d).*" The O-H bonds are significantly activated
to be hydrogen-bond donors by seizing the water molecules
on the zinc ions (Fig. 6d). The interaction between water and
zinc cations is so strong (~—405 k] mol ') that causes the
chemical breaking of water, forming hydroxide-zinc complexes.
In accordance with the specific features of this hydrate melt,
this aqueous solution could be described as a room tempera-
ture ionic liquid. Interestingly, anions of [ZnCl,*~ and
[Zn(OH,),Cl ]2~ could serve as charge carriers.”” The incom-
plete solvation shells may lower the desolvation energy.”®

4.6 Interplay between interaction energy and solvation
structure

In summary, anions play also a critical role in the structure of
WIiSEs depending on their hydrophobic or hydrophilic charac-
ter, leading to different solvation structures. In general, water
molecules could interact with both cations and certain anions
simultaneously, leading to rather limited water activity in
hydrophilic-anion-based WiSEs. We have briefly discussed sys-
tems based on strongly hydrophobic (TFSI), mildly hydrophilic
(Clo,7), and markedly hydrophilic (Ac”, NO3;~, Cl7) anions,
finding a very well-defined behavior pattern. Sorting the anions
based on their overall interaction energy (i.e., the interaction
energy with a single water molecule multiplied by the hydration
number) - and setting apart chloride for the moment which
deserve a special treatment - from the most hydrophobic to the
most hydrophilic we have TFSI™, ClO, , Ac, and NO; . In this
order, we observe the structure passing from a situation where
the anion mostly forms ionic clusters [Li(TFSI),]" )~ and is
very weakly interacting with water, to a polymer-like NO; -
water-NO;~ chain which negates hydrogen bonds between
water molecules. In between we have the borderline hydro-
phylic ClO, ", forming aqueous channels like the ones in TFSI
but with a less pronounced solvation disproportion, and the
bicontinuous polar/apolar arrangement of Ac, forming
channel-like structures but with the anion strongly bound to
water molecules and competing for hydration with the cation.
Practically, what we observe following the hydrophilicity scale is
a progressive homogenization of the system, displaying less
and less clusters speciation as the hydrophilicity increases.
Bringing this reasoning to its limit, we find the chloride-
based system Zn(Cl),, which combines two of the most hydro-
philic ions, resulting de facto in the formation of a chemically
homogeneous ionic liquid. It appears clear from the given
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examples how the anion profoundly tailors the solvation prop-
erties of this class of electrolytes, and thus one must consider
the anion properties in order to achieve the desire properties.

5. lon transport properties

Ionic transport in aqueous liquid electrolytes is accomplished
by two processes: (i) solvation and dissociation of salts by the
dipolar water molecules and (ii) migration of solvated ions
through water.®® The ionic conductivity (¢) is extensively
affected by the above mentioned two processes,*® being deter-
mined by the number of free ions n; and their ionic mobility u;
as following:®®

0= Zn,-uiZ,-e (3)
i

where Z; is the valence order of ionic species 7, and e is the unit
charge of electrons. It goes without saying that to improve the
ion conductivity, the salt dissociation degree n; and/or the ionic
mobility u; should be increased. In diluted electrolytes, the
ionic mobility u; is determined by the solvation radius r; and
the viscosity # of the medium according to the Stokes-Einstein
relation:®”

1
~ 6myr;

253 (4)
As mentioned before, the solvation structure, which is directly
linked to the diffusing cations hydrodynamic radii, is pro-

foundly affected by the anions. The charge carrier number
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(n;) and ionic mobility (;) can be determined by the knowledge
of the electrolyte’s dielectric constant (&) and viscosity (17).%°
These latter characteristics are, in turn, heavily dependent on
the salt content, i.e., the concentration of the solution.?® As
known in the literature, the dielectric constant of water is
78.49 F m ™" at room temperature,®® while its viscosity is around
1 mPa s.”° However, these two parameters in WiSEs would
dramatically vary with the salt concentration and the type of
anions. So, it becomes crucial to characterize the ion transport
properties in WiSEs.

Abu-Lebdeh et al°" studied the influence of salt concen-
tration on ionic and molar ionic conductivity for a variety of
non-aqueous and aqueous solutions (Fig. 7a and b). A typical
Gaussian-like behavior is observed for most solutions, where
the ion conductivity increases with the increased concentration
until reaching a maximum at intermediate concentrations and
then decreasing for higher salt contents up to saturation.”* The
maximum ion conductivity (¢) is provided at a certain concen-
tration, denoted as Cpax, Which evidences a change in conduc-
tion mechanism.” In very dilute conditions, the conductivity is
governed by a vehicular mechanism. When the electrolyte
concentration approaches Cp,,x, however, the hopping along
the network structure also occurs via a cooperative mechanism
involving the formation of stable ion pairs and ionic clusters in
the electrolyte. When the concentration exceeds Cpax the
vehicular mechanism drops down.’’ Similar trends for the
ion conductivity are observed in both nonaqueous and aqueous
solutions when the salt concentration is increased. Of note,
highly concentrated aqueous electrolytes follow the same ion
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(@ and b) lonic conductivity of several agueous and non-aqueous solutions over a wide concentration range. (a and b) Reproduced with

permission.®! (c) Viscosity and conductivity of LiTFSI aqueous solutions with varied concentration; 5 m shows a high conductivity and relatively low
viscosity as indicated by the pink vertical line. (c) Reproduced with permission.®? (d) lonic conductivity and viscosity of different concentrated KAc

aqueous electrolytes. (d) Reproduced with permission.®°
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transport mechanism as found in the nonaqueous solutions
with a concentration beyond Ci,.x, Which is a hopping process
via the cooperative mechanism.*?

The ionic conductivity of the LiTFSI aqueous electrolyte
increases when the concentration is raised from 1 m to 5 m,
while it gradually decreases beyond 5 m (Fig. 7c). Therefore, in
this case Cpax is located near 5 m. On the other hand, the
viscosity is continuously increased with rising concentration, as
could be expected. Similar to what just said for LiTFSI, a
Gaussian-like behavior was observed for the KAc aqueous
electrolytes (Fig. 7d), where the Cy,.y is located near the 10 m
concentration. By adding more salt after that threshold, the ion
conductivity decreases while the viscosity increases. As men-
tioned before, the dissociation degree (i.e., charge carrier
number) and the viscosity of the solutions govern the ion
conductivity. In dilute solutions (i.e., for salt concentrations
below Cphax), both the charge carriers and the viscosity increase
with rising salt concentrations, but the charge carrier increase
is predominant, resulting in an overall improvement of the ion
conductivity. In highly concentrated solutions with limited free
water (i.e., well above Cy,.x), however, plenty of ion pairs and
ionic clusters exist and the salt dissociation degree sharply
drops while the viscosity keeps rising, leading to a net decrease
of the overall ionic conductivity.

It’s worth noting that the drag force exerted on the anion by
the surrounding water molecules is largely related to the
hydrophilic/hydrophobic character of the former. For instance,
TFSI™ is hydrophobic while Ac™ is hydrophilic, making the
migration of hydrated Ac™ more difficult than hydrated TFSI".
This would obviously affect the ratio of current transported by
the cation, ie., the cation transference number (¢). This latter
is linked to the ionic mobility of each ionic species u; (cations
and anions) as follows:*®

= - (5)

The hydrophilic/hydrophobic anions display different migra-
tion behavior which, in turn, affect the cation transference
number.

Collections of the ionic conductivity and the viscosity of a
variety of electrolytes are shown in Fig. 8a and b, respectively. In
general, the ionic conductivity of WiSEs falls while the viscosity
rises when the salt concentration is increased. Nevertheless, it
should be noted that the ionic conductivities of most WiSEs are
still sufficient for battery applications. For instance, the 21 m
LiTFSI system has conductivity of about 8 mS ecm ™" at 25 °C,
which is comparable to a typical non-aqueous electrolyte.'® The
transference number of Li* (¢') for the same system is 0.70 at
20 °C, which is much higher than that offered by typical non-
aqueous electrolytes.®” The ion transport mechanism in this
WiSEs was thoroughly investigated by Borodin et al.,** who
found that a nano-heterogeneous liquid structure was formed
because of the solvation disproportionation of Li" and TFSI~ by
H,0 molecules. The Li'(H,0); were the dominant charge
carriers in the solution with a vehicular motion mechanism.

This journal is © The Royal Society of Chemistry 2023
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The TFSI anion was relatively immobilized in TFSI-rich
domains, while fast Li" transports with high transference
number was guaranteed by the 3D percolating channels of
Li*(H,0),.%°

With concentrations approaching water:salt ratios close to
2 or even lower, the ion transport mechanism changes to a
hopping-type process in, e.g., Li(TFSI), ;(BETI), 3-2H,0 hydrate
melt,”* 32 m KAc-8 m LiAc*® and 32 m KAc-8 m NaAc,”" among
others. The 62 m KFSI/OTf possessed a relatively high conduc-
tivity (12 mS em™" at 30 °C) and a relatively low viscosity
(98 mPa s) owing to the low Lewis acidity of K*, weakening its
interaction with anions and water molecules.*”

A more complete overview on the transport properties of the
systems is achieved using the so-called Walden Plot introduced
by Angell et al.°® In this representation, the viscosity (17) and the
conductivity (¢) are directly related by the Walden Rule®”

A*=C (6)
4= fal] 7)

where A is the molar conductivity defined as in eqn (7), « is the
decoupling constant, C is a temperature-dependent constant,
and [salt] is the overall salt(s) concentration expressed in mol L ",
The Walden plot is usually divided in three regions defined by
two reference lines. The first line represents the “ideal” beha-
vior, i.e., a solution of eqn (1) with o = 1. Traditionally, this line
is refereed as the “1 M KCl reference”. Although this definition
has been widely debated,’® "% it is useful to use this line as the
bisector passing through the origin of the Walden plot. Electro-
Iytes lying on this line have no closed (contact) ion pairs, ie.,
cations and anion may diffuse independently from each other
(0% ion pairing). The second reference line is parallel to the
first one, but it is shifted down one order of magnitude, thus
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electrolytes.

assuming an ion pairing of 90%. Electrolytes lying between the
two lines have ‘““good ionicity” while above the first line or
below the second line have “super ionicity” or “poor ionicity”,
respectively. The ionicity is a measure of the amount of free
(i.e., non-paired) ions in the systems.

The Walden plot of a variety of highly concentrated aqueous
electrolytes (Fig. 9 and Table 3) has been built using the molar
ionic conductivity and fluidity values reported in the literature
or measured in-house (2 m KAc/ZnAc (1 m KAc-1 m ZnAc), 11 m
KAc/ZnAc (10 m KAc-1 m ZnAc), 21 m KAc/ZnAc (20 m KAc-1 m
ZnAc), 31 m KAc/ZnAc (30 m KAc-1 m ZnAc)). It should be noted
that some electrolytes, e.g., 18.5 m NaPTFSI/TFSI/OTf, 27.8 m
LiBETFI/TFSI, 27.8 m KPTFSI/TFSI/OTf, 55 m LIPTFSI/TFSI,
62 m KFSI/OTf, 40 m KAc/LiAc, lie above the ideal KCI line,
which classify them as superionic solutions.®

It is also important to notice that none of the electrolytes is
poorly ionic. In fact, six show good ionicity (21 m LiTFSI, 17 m
NaClO,, 28 m LiTFSI/OTf, 11 m KAc/ZnAc, 21 m KAc/ZnAc, 31 m
KAc/ZnAc) and one lies almost exactly on the ideal line (27 m
KAc). The systems with good ionicity behave like conventional
aqueous salt solutions (e.g., 2 m KAc/ZnAc) or more common
electrolytes (also represented in the plot for reference) like ionic
liquids (e.g:, Pyr;4TFSI,) or carbonate-based ones (e.g., 1M LiPF6
in EC:DMC 30:70). In this regime, the ions are relatively free
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to diffuse even if some neutral ion-pairs hinder the conductivity
and increase the viscosity. The charge transport is mostly
vehicular, meaning that the conductivity is limited by the
viscosity of the medium. On the other hand, for the super ionic
systems the conductivity is decoupled from the viscosity, and
the charge transport mechanism is, at least, partially
structural.**>*** 1t is difficult to exclude a contribution from
the Grotthuss effect of the water molecules, but it is more likely
that an incipient gel-like structure favors the metal cations
“jumping” (i.e., cooperative mechanism). The abundance of
anions in the system may create a network in which the cations
easily “slip” from one site to another.'®"***'%* Moreover, the
low water activity results in incomplete hydration shells, favor-
ing the cations’ jumps because of their reduced effective radius.
An honorable mention goes to KAc which lies almost exactly on
the ideal line yet being the second most concentrated system
(in mol L™"). In this system the water molecules are strongly
bound to the acetate anion. Thus, extensive proton jumps could
be expected considering the nature of the acetic acid. It is not
trivial to estimate the amount of deprotonated water (pH is
meaningless because of the very high salt concentration), but it
is reasonable to expect a substantial presence of OH™ anions
which could help in the proton shuttling, thus boosting the
conductivity despite the viscosity increase. By looking at the
Walden plot, we observe that among the superionic systems,
the only single-anion-based electrolytes are salts containing the
hydrophilic Ac™. Differently, when the hydrophobic anions are
used they have to be a mixture of different salts, often involving
highly asymmetric structures. This highlights once more the
differences induced by the nature of the anion, which in the
case of marked hydrophilicity leads to more homogeneous
systems resulting in a possible cooperative motion of ions,
while for hydrophobic anions results in solvation disproportion
facilitating the vehicular mechanism. Depending on the
intended use of the electrolyte, one may take advantage of the
two different regimes, finely tailoring the properties of the
system by tuning the hydrophilicity of the anion. Albeit the
Walden plot applied to WiSEs could be of great importance and
could guide towards smarter design of this fairly new class of
electrolytes, it is rare to find this kind of analysis in the

Table 3 Walden plot related parameters adapted from literatures and/or measured

Salt m (mol kg™ ") M (mol L™ nt(Ph A (S em® mol ™) Logion " Logso 4
KAc 27 10.727 3.125 2.927 0.495 0.466
LiTFSI 21 4.768 2.762 1.722 0.441 0.236
LiTFSI/OTf 28 5.534 4.082 1.175 0.611 0.070
KLiAc 40 11.396 0.267 0.465 —0.573 —0.332
LiPTFSI/TFSI 55.5 5.500 0.012 0.018 —1.932 —1.740
LiBETFI/TFSI 27.8 5.050 0.493 0.594 —0.307 —0.226
NaPTFSI/TFSI/OTf 18.5 4.912 2.230 2.850 0.348 0.455
KPTFSI/TFSI/OTf 27.7 7.033 3.780 4.920 0.577 0.692
KFSI/OTf 62 8.989 1.020 1.335 0.009 0.125
2KAc/ZnAc 2 1.759 38.462 24.222 1.585 1.384
11KAc/ZnAc 11 6.590 13.699 3.520 1.137 0.547
21KAc/ZnAc 21 9.391 4.608 1.374 0.664 0.138
31KAc/ZnAc 31 10.905 2.532 0.761 0.403 —0.119
Pyr14TFSI 10.13 14.179 1.013 0.155 0.006 —0.809
LiPF6 in EC:DMC 1.98 1.000 34.674 10.471 1.540 1.020
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literature.'*>"'%>° The widespread use of molality (mol kg™ )
in the field is for sure useful, intuitive, and easy to use, but it
could make difficult to perform important analysis like the
Walden plot if not accompanied by density measurements
(which are surprisingly rare in this field).

6. Reactions between anions and
water
6.1 Hydrolysis in FSI -based WiSE

Although the limited amount of water molecules presents in
these electrolytes, hydrolysis can still take place affecting the
concentration of H'/OH™ and the stability of the electrolyte
itself. For instance, electrolytes containing the FSI™ anion may
suffer from hydrolysis on account of the weaker S-F bond
compared to the C-F in TFSI .*° The hydrolysis may evolve as
follows:***

[FSO,NSO,F]~ + H,0 — HF + [FSO,NSO,H]~  (8)

+

Subsequently, the equilibria are established (A = Li", Na’,
or K"):
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The pH of LiFSI (Fig. 10a) and NaFSI (Fig. 10b) aqueous
solutions at different concentrations was studied by Kiihnel
et al. upon storage at 30 °C for 4 weeks.*° It was noted that the
pH of highly concentrated LiFSI solutions drastically decreased
to values of <1, while it was just slightly decreased to values
comprised between 4 and 5 in case of NaFSL.*° In addition, the
fluoride content in the 35 m LiFSI and 35 m NaFSI aqueous
solutions was measured to better understand the rapid change
in pH." After four weeks, the fluoride content in the LiFSI
solution was 100 times higher than in the NaFSI sample.*’
Moreover, a white precipitate, partially attributed to LiF (solu-
bility in water 0.05 m at 30 °C), was observed in the LiFSI
solution, indicating a much more pronounced hydrolysis of
LiFSL*® In contrast, all NaFSI solutions remained unchanged
upon visual inspection during storage for four weeks. Never-
theless, the pH at 60 °C for all the LiFSI and NaFSI solutions
severely dropped within the first week (Fig. 10d and e).*° In
conclusion, FSI is highly prone to hydrolysis in both LiFSI
and NaFSI inducing acidification of the solutions. However,
NaFSI appears more stable possibly due to the different
charge densities of Li* and Na*™*® and the lower solubility of
LiF (0.05 m) compared to NaF (1 m)."°” On the other hand,

HF = H + T~ (9) solutions based on LiTFSI, LiBETI, LiPTFSI and LiOTf did not
evidence significant pH change over a period of 9 weeks,
+ — . . . ey
A"+F = AF (10) suggesting for a sufficient chemical stability of such salts to
be employed as electrolytes for batteries."”® In addition
[FSO,NSO;H]” = H" + [FSO,NSO,]*~ (11) ploy o4 ; . o
Yamada et al. reported the superior chemical stability of
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Fig. 10 Evolution of the pH in (a) LiFSI and (b) NaFSI aqueous solutions with different concentration stored at 30 °C. (c) Evolution of the fluoride content
of 35 m LiFSI and 35 m NaFSI during storage at 30 °C. Evolution of the pH of (d) LiFSI and (e) NaFSI aqueous solutions with different concentration when
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KFSI/H,0 and K(FSI)y55(0Tf)o.45-0.9H,0 compared to both
LiFSI/H,O and NaFSI/H,O (Fig. 10f).”> Such a behavior was
explained on the basis of the interaction between the cations A"
(Li*, Na*, K") and FSI". Specifically, the coordination between
Lewis acidic A" and the Lewis basic sulfonyl oxygen of FSI~
decreases the electron density around the sulfonyl moiety and,
thus, weaken the S-F bond leading to its cleavage upon attack
of a water molecule as per in eqn (6).* An additional role is
played by the solubility of the respective fluoride. As reported by
Reber et al.,* the solubility of alkali metal fluoride (AF) in water
is in the order of LiF < NaF « KF. Therefore, LiF precipitates
as a solid phase, leading equilibrium (8) to shift towards the
products, i.e., the consumption of F~ in solution.* This would
further trigger hydrolysis of the anions as shown in eqn (6). On
the contrary, KF is soluble until relatively high concentrations,
shifting the equilibrium (8) to the left and thus suppressing the
hydrolysis in eqn (6).*

6.2 Acid base reaction in Ac -based WiSEs

Apart from the hydrolysis of FSI™ anion, being the conjugated
basis of a weak acid, Ac™ (pK, = 9.25) also suffers from
protonation in aqueous solutions as it follows:'*°

CH,COO~ + H,0 = CH,COOH + OH . (12)

This protonation of the Ac™ anion results in LiAc, NaAc and KAc
solutions become alkaline, thus affecting the ESW of the
solutions as well as their compatibility with current collectors
and active materials.®"%>'*°

6.3 Hydrolysis of cations in WiSEs

Besides the above-mentioned anions, some cations such as
Zn>*, NH,', also undergo hydrolysis in aqueous solutions.
Specifically, hydrolysis equilibriums for Zn** (pK, = 10.98)
and NH*" (pK, = 9.40) are as following:'%""*"113

pZn** + gH,0 = Zn,(OH)*P*V* + pH* (13)
NH," + H,0 = NH; + H;0" (14)

Nevertheless, appropriate selection of anion and cation can
also result into a neutral or near-neutral environment. For
instance, Ji’s group found that NH,Ac lead to near-neutral
aqueous solutions at both dilute and high concentration,”***
owing to the equilibrium between weak acid and weak base.**
In addition, as reported by Cui’s group, a dual-salt solution
consisting of 1 M Zn(Ac), and 4 M NaAc possessed a near-
neutral environment (pH = 7.13), which enabled Zn stripping/
plating with a nearly 95% CE and effectively restrained hydro-
gen evolution compared with the traditional “mild” electrolytes
(pH < 5).'%°

6.4 Outlook on anion reactivity with water

The stability of the anion in aqueous environment is an
important aspect to be considered when designing WiSE, since
it can affect both operation and calendar life of the battery. The
use of fluorinated salts prone to hydrolysis, e.g., LiFSI, is
concerning also from an environmental point of view as F~

1494 | Energy Environ. Sci., 2023, 16, 1480-1501
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ions are released. Meanwhile, reaction with water can induce
changes in acidity/alkalinity of the solution, which may require
adapting all cell components (not only active materials but also
current collectors and casing) in order to avoid corrosion/
dissolution issues.

7. Solid electrolyte interphase

The solid-electrolyte interphase (SEI) has been a key aspect of
LIBs, since their first commercialization more than 30 years
ago."">''® In conventional organic electrolytes, the SEI is
formed as results of the decomposition of salt and solvents
on the electrodes’ surface when the potential exceeds the
thermodynamic stability limits of the electrolyte. An effective
SEI still holds the electrolyte nature, ie., it avoids electron
transport, but allows for ionic transport to support cell
operation.”” ' Thus, the continuous electrolyte decomposi-
tion (and SEI growth) does not occur while the electrochemical
reactions at the electrodes can still proceed.’*>'*! Although
significant knowledge has been achieved regarding the
chemistry,"*> morphology'*® and formation mechanism'** of
SEI in non-aqueous electrolytes, the understanding about the
interphase formed in aqueous electrolytes is still at an early
stage. It should be noted that, unlike organic carbonates, the
solvent (water) in this case does not decompose into solid
products. This means that the SEI in aqueous electrolytes
mostly arises from decomposition of the salt and, in particular,
of the anion. Additionally, water can partially dissolve the
typical components of an SEI formed in in nonaqueous electro-
lyte, e.g., Li,CO3, or LiF.'**

7.1 SEI in fluorinated WiSEs

Suo et al. first reported the formation of a LiF-rich interphase
on the surface of a MosSg anode cycled in 21 m LiTFSI, as
evidenced by TEM (Fig. 11a). The fully inorganic SEI functioned
as an electron barrier preventing the reduction of water while
allowing Li" migration. A crystalline phase showing a 10 to
15 nm thickness was discovered on the cycled MogSg anode,
which according to its interplanar spacing could be identified
as imperfect crystalline LiF."* Similarly, a dense and robust
NaF-based SEI was discovered by Suo et al. on a NaTi,(PO,);
anode cycled in 9.26 m NaCF3;SO;. To reveal other possible
components other than LiF in the interphase generated in 21 m
LiTFSI, Suo et al. performed XPS and collected the relative
intensity of Li,CO;z and Li,O from the O1ls spectra at various
etching stages (Fig. 11b)."** Both Li,CO; and Li,O were con-
firmed as components of the SEI. These findings were
further verified when the full cell LiMn,0,/Mo¢Sg was charged
to 1.6 V."** In addition, the same analysis performed on the F1s
spectra (Fig. 11c) demonstrated that LiF resided in the inner
region of SEI close to the electrode surface.'** The formation
of LiF was attributed to the reduction of anion complexes
(or clusters) at the potential of 2.9 V (vs. Li/Li"), while Li,O
and Li,CO; were produced by reduction of dissolved O, and
CO, as shown in the following equations:***

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (a) TEM images of cycled MogSs electrode in 21 m LiTFSI. (a) Reproduced with permission.? (b) Relative intensity of Li,O and Li,COs in Ols
spectra collected by X-ray Photoelectron Spectroscopy (XPS) upon various etching times. (c) Relative intensity of LiF in F1s spectra collected by XPS upon
various etching times.(b and c) Reproduced with permission.?* XPS spectra (d) and TEM image (e) relative to the characterization of the interphase on a
cycled MogSs electrode in 21 m LiTFSI saturated with CO, in three-electrode cell. (d and e) Reproduced with permission.®? (f) TEM image of a MogSg
electrode after 10 cycles in saturated LiAc electrolyte. (g) TEM image of a MogSg electrode after 10 cycles in 28 M LiCO,CFs. (f and g) Reproduced with

permission. 2 (

20 cycles in 17 m NaClO4 electrolyte. (h and i) Reproduced with permission.

4Li" + 0, + 4~ — 2Li,0 E=2.91V (15)

2Li + 1/20, + CO, + 2~ — Li,CO; E=3.82V
(16)

It should be noted that, given the non-negligible solubility of
LiF, Li,O and Li,COj3, such an SEI is only stable in highly
concentrated electrolytes with limited amount of free water.
Despite the stable SEI formed in the 21 m LiTFSI system,
this electrolyte suffers from multiple disadvantages such as
high cost, high viscosity and limited ionic conductivity. For this
reason, efforts are being done to develop SEIs that are stable
also in lower concentration electrolytes. Suo et al., for example,
introduced CO, into 5 m LiTFSI (TFSI-CO, complex) as an
interphase formation additive.”> XPS (Fig. 11d) revealed that
chemical components of the interphase were dominated by
Li,CO; and, to a lesser extent, LiF, whose corresponding lattice
distances are marked by red and blue in the TEM image
(Fig. 11e), respectively.”® Stepwise Ar" sputtering and XPS
analysis showed that Li,CO; and LiF always coexist during
etching.’”> Tailoring the SEI composition via this CO,~TFSI
interaction allowed stable cycling of aqueous LIBs with more
sustainable low concentration LiTFSI electrolytes.””> By

This journal is © The Royal Society of Chemistry 2023

h) High-resolution TEM images and corresponding elemental EELS maps of (i) carbon K-edge of the NaTi>(PO,4)s electrode surface after

126

adopting a similar strategy, artificial introduction of a certain
amount of CO, was also reported by Zhao’s group for the 1 M
and 5 M LiNO; electrolytes. The generated passivation film,
mostly consisting of Li,CO;, broadened the ESW of the

system.'*®

7.2 SEI in carboxylate-based WiSEs

As reported by Zhao’s group, saturated LiAc electrolyte having a
concentration more than 12 m,** could induce the formation of
an SEI mainly consisting of Li,CO; on the MogSg anode.'* The
TEM image (Fig. 11f) of MosSs electrode after 10 cycles evi-
denced that such layer possess a thickness of about 5 nm."?®
The formation of a Li,CO;-dominated SEI results from both the
protonation of acetate and the decarboxylation reaction of the
carboxylate. The reaction mechanism for the decarboxylation
can be described as follows:'*®

RCOO™ — RCOO + e~ (17)
RCOO* - R + CO, (18)
2R*—> R-R (19)
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Meanwhile, the electrochemical decarboxylation reaction could
convert Ac~ into CO, as it follows:'**

1 lysi
2CH3COO’e ectrolysis

CHj; — CHj3 4 2CO,. (20)
The decarboxylation reaction leads to CO, production, which
indeed favors the formation of Li,CO;. Notably, electrolytes
were degassed by nitrogen for at least 1 h to remove dissolved
oxygen as well as CO,."*® Zhao’s group reported that 28 M
LiCO,CF; could also facilitate the production of CO, via dec-
arboxylation to form a Li,CO;-rich SEI. The TEM image of a
MoeS; electrode after 10 cycles in 28 M LiCO,CF; showed a
Li,CO; layer twice as thick as that formed in the LiAc electrolyte
(Fig. 11g)."*® In addition, the trifluoromethyl groups in
LiCO,CF;, possessing strong electron-withdrawing character,
effectively improved the oxidative stability of the aqueous
electrolyte.'?*

7.3 SEI in perchloric-based WiSEs

Kang’s group reported that an SEI layer consisting of Na,CO;
and Na-O compounds was formed on a NaTi,(PO,); anode
cycled in 17 m NaClO,, which guaranteed the excellent electro-
chemical storage stability of NaTi,(PO,)s/NasFes(POy),(P,07)
full-cell.'*® High-resolution TEM images of the NaTi,(PO,);
anode clearly demonstrated a layer with thickness of around
5 nm (Fig. 11h)."*® The corresponding elemental EELS maps
showed carbon K-edge signals as elements comprising the SEI
layer (Fig. 11i)."*° In addition, XPS and Soft X-ray absorption
spectroscopy (sXAS) spectra of the cycled NaTi,(PO,); electrode
revealed the characteristic peak of Na,CO; and NaOH."*® The
SEI formation process was driven by the reduction of dissolved
gases (O, and CO,), and not by salt reduction. The specific
formation process could be summarized as it follows:'¢7%2

2Na" + 0, +e~ — NaO, E =227V (vs. Na/Na') (21)
2Na' + 0, + 2¢” - Na,0, E=2.33V (vs. Na/Na') (22)

4Na' + 3CO, + 4~ — 2Na,CO; + C E =2.35V (vs. Na/Na")

(23)
NaO, + 2H,0 — Na' + 40H~ (24)
Na,O, + 2H,0 — 2Na' + 40H "~ (25)

Although the above reactions could take place in both 1 m and
17 m electrolytes, sodium carbonates and oxides are unstable
in the more diluted solution due to the large amount of
water."?® The highly concentrated 17 m electrolyte with limited
free water guaranteed the durability of the carbonate and
oxides although NaOH was formed in the surface layer by
hydrolysis between the limited free water and the NaO,/Na,O,
compounds.*?¢

7.4 Outlook on SEI formation

The SEI definitely plays an important role on the performance
of aqueous batteries. Since water does not decompose into
solid products, in WiSE the SEI formation mechanism is strictly
linked to the decomposition of the anion. Specifically,
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fluorinated anions can lead to SEIs rich in fluorinated species
(e.g., NaF and LiF). Decarboxylation reaction could take place in
carboxylate-based WiSE, leading to CO, evolution and for-
mation of a carbonate-rich SEI In case of WiSE featuring more
stable anions, e.g., perchlorate, gases dissolved in the electro-
Iyte (e.g., O, and CO,) could promote the formation of an SEI
anyway. Independently from the specific SEI composition, the
main challenge is to form an SEI that is stable upon time and
cycling and, ideally, not only at ultra-high salt concentration.
To achieve that, new salts/additives capable of decomposing
into highly insoluble compounds are needed.

8. Conclusions

The recent progress in highly concentrated aqueous electro-
Iytes, so-called WiSE, based on a variety of anions has acceler-
ated the development of high-energy aqueous batteries. The
ionic interactions, solvation structure, transport properties,
reactivity, and SEI formation of representative WiSEs based
on various anions are here reviewed and discussed. It is found
that the above-mentioned properties could be manipulated by
selecting the appropriate anion. Among these properties, the SEI
plays a crucial role in broadening the ESW of electrolytes and
stabilizing the electrode materials, thus enabling high-energy
aqueous batteries. However, the solubility of SEI components still
remains an issue. Despite the numerous achievements obtained
so far, highly concentrated electrolytes also still suffer from high
viscosity and, depending on the salt, high cost.”

To benefit from the non-flammability of aqueous electrolytes
and simultaneously circumvent the disadvantages of highly con-
centrated solutions, multiple strategies can be adopted. Of course,
the development of new, low cost salts yielding WiSE with low
viscosity, high ionic conductivity and large ESW would be very
beneficial. Nevertheless, finding salts with sufficient solubility to
achieve WiSE regime may be very challenging. In this sense, a
reasonable approach would be to decouple the interphase for-
mation from the high concentration, by identifying salts and/or
additives capable of forming a stable SEI in moderate/low concen-
tration electrolytes. Although WiSE are a wonderful playground for
performing fundamental science, from a purely practical point view
they still face serious limitations in terms of temperature operation
range and self-discharge, as recently pointed out by Droguet et al.'*?
In view of this, a renewed interest in the classical “old” concept of
salt-in-water electrolyte cannot be excluded in the future. This may
likely happen in case the water splitting issue is effectively solved by
other means such as, e.g., tuning electrode and SEI composition.
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