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electrolytes
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ABSTRACT The water-in-salt strategy successfully expands
the electrochemical window of the aqueous electrolyte from
1.23 to ~3.0 V, which can lead to a breakthrough in the energy
output of the aqueous battery system while maintaining the
advantage of high safety. The expanded electrochemical win-
dow of the water-in-salt electrolytes can be ascribed to the
decreased water activity and the solid electrolyte interphase
formed on the anode. The solid electrolyte interphase in the
aqueous system is not fully understood, and the basic com-
position, the structure, and the formation mechanism are still
cloaked in mystery. This perspective summarizes the pub-
lished research with emphasis on the most possible formation
mechanism and composition of the interphase layer in the
aqueous system. Further understanding of the interphase as
well as rounded assessment of the water-in-salt electrolyte in
practical operating conditions is encouraged. The full under-
standing of the interface will guide the design of aqueous
electrolytes and help to build novel aqueous batteries with
high safety and high energy density.

Keywords: solid electrolyte interphase, water-in-salt electrolytes,
aqueous rechargeable Li-ion batteries

INTRODUCTION

As rechargeable Li-ion batteries (LIBs) serve the modern
industry and society ubiquitously, public concerns over
the safety of LIBs are increasing, especially in large-scale
applications such as electric vehicles (EVs). Current LIBs
adopt flammable organic solvent electrolytes, which play
a critical role in the combustion or explosion accidents
caused by LIBs in recent years. Therefore, the newly
emerged LIB system based on aqueous electrolytes shows
huge appeal. Replacing organic electrolytes with aqueous
electrolytes can offer not only high safety but also low
cost, environmental benignity, and high tolerance against
abnormal abuse [1,2]. The batteries with solid-state

electrolytes also have a great advantage in safety, but they
require a particular manufacturing process, which poses a
big challenge for the battery industry. In contrast, aqu-
eous LIBs (ALIBs) can be perfectly compatible with the
current LIB assembly line and show promise for future
large-scale production.

In 1994, the first ALIB based on rocking-chair battery
chemistry was proposed by Li et al. [3], with LiMnO, as
the cathode, VO, as the anode, and a solution with
5mol L' LiNO; in water as the electrolyte. The cell
achieves an energy density of ~55Whkg ' with an
average discharge voltage of ~1.5 V, but the cycle stability
is poor. Since then, by optimizing the electrodes, the
electrolytes, and the current collectors, great progress has
been made to improve the specific capacity, cycling sta-
bility, and rate capability [4]. However, the narrow elec-
trochemical stability window (ESW) of water (1.23 V)
limits the operating voltage (usually lower than 1.5 V) of
ALIBs. The ESW of water rules out most of the energy-
dense anodes and cathodes, which always work beyond
the voltage range, otherwise the water splitting reactions
would dominate the electrode reaction, inhibiting the
energy-bearing lithiation/delithiation process [5]. The
organic LIB system with ethylene carbonate (EC) as co-
solvent for the electrolytes also encounters a similar issue;
the insertion potential of lithium ions in graphite, which
is the most widely used anode material of LIBs, is beyond
the thermodynamic ESW of EC. During the initial li-
thiation process, the EC molecules are reduced, and the
products form a passive layer deposited on the surface of
the graphite anode, which is the well-known “solid elec-
trolyte interphase” (SEI) in LIBs. The SEI successfully
prevents the further decomposition of electrolytes, thus
enabling the subsequent charging-discharging reaction of
the battery [6,7]. The passive layer was first observed on a
lithium metal anode soaked in a propylene carbonate
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(PC) electrolyte by Dey et al. [8] in 1970. Then it was
named the SEI by Peled [9] in 1979. The SEI widely exists
on the surface of vast majority of the anodes of LIBs and
also on some cathodes (the passive layer on cathode
surface is more often referred to as the “cathode elec-
trolyte interphase” (CEI)). The SEI is a solid-state elec-
trolyte that can insulate electronics while conducting the
lithium ions. For the current LIBs, the SEI plays an im-
portant role in stabilizing the electrode structure and
suppressing the side reactions during the repeated char-
ging-discharging cycles. As the SEI passivates the anodes
efficiently, the LIBs can operate in an expanded voltage
range successfully. The breakthrough of LIBs in energy
density, to a large extent, is rooted in the high voltage
output of the battery.

Unlike the organic LIB system, an efficient protective
SEI cannot form on the aqueous counterpart, as the
splitting reaction products of water are gases (O, and H,),
making it difficult to expand the ESW of aqueous elec-
trolytes via the SEI strategy. Recently, a groundbreaking
work by Suo et al. [10] proposed a new aqueous elec-
trolyte system, the “water-in-salt” electrolyte (WiSE),
which is an aqueous solution with high salt concentration
of 21 molkg ' lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI). The WiSE successfully expands the ESW
of the aqueous electrolyte from ~1.23 to >3.0 V. Later
studies demonstrate that other lithium salts or bisalts
based on fluoroalkyl sulfonylimide anions or fluoroalkyl
sulfonate anions, eg., lithium bis(penta-
fluoroethanesulfonyl)imide (LiBETI) and lithium tri-
fluoromethane sulfonate (LiOTf), could also largely
expand the ESW with a super-concentrated solution [11-
13]. With a widened ESW, the energy-dense anode/
cathode materials with lower/higher redox voltage, such
as Li,Ti;0,, and LiNi, sMn, ;0,, which are excluded from
the aqueous system, can be used to construct ALIBs, re-
sulting in significantly improved voltage output (2.1 V) as
well as energy density (100 W h kg ). The widened ESW's
of WiSEs can be mainly ascribed to the reduced water
activity due to the significantly decreased concentration
of the free water molecules, and the SEI formed on the
anode surface also plays an important role. Although not
all ESWs of WiSEs are expanded by the SEI, as for the
cathodic limit, the protective interphase in the anode
significantly contributes to the delay of the hydrogen
evolution reaction (HER) and therefore broadens the
cathodic limit [14,15]. However, so far, a comprehensive
understanding of the SEI in WiSEs has not been reached
in terms of the formation process, the interphase chem-
istry, and physical properties. In some respects, the SEI in
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WIiSEs can be more elusive than that in organic electro-
lytes due to its continuous dissolution/formation in
aqueous electrolytes and more side reactions that com-
pete with formation reactions [16]. Efforts are urgently
needed to unveil the mystery of the SEI in the aqueous
system, which will provide guidelines to tailor the elec-
trolyte composition and therefore further improve the
electrochemical performances of the aqueous batteries.

CURRENT STATUS

ESW expanding mechanisms of WiSEs

The WISE concept greatly diversifies the battery chem-
istry. In addition to ALIBs, it also proves feasibility in
conversion reactions (e.g., sulfur) [17] and other metal
ion intercalation systems (e.g., Na' and K") [18-20]. The
WISE concept has also been applied in supercapacitors
[21,22]. In turn, the versatility further evidences the ef-
fectiveness of expanding the ESW with the WiSE concept.
While WiSE improves the oxidative and reductive stabi-
lity of the aqueous solution simultaneously, there is
usually an uneven position of cathodic and anodic limits,
which stems from the preferential distribution of water
molecules and salt anions at the inner Helmholtz inter-
face of the electrode as potential is applied [23,24]. In the
cathode side, anions tend to accumulate on the cathode
surface upon positive polarization and exclude water
from the inner Helmholtz layer, largely decreasing the
water activity [24]. The kinetic barrier for water mole-
cules to free themselves from chain-like aggregation, as
proposed Zheng et al. [25], is mainly responsible for the
expansion of the anodic limit. As shown in Fig.1a, the
aqueous solution with concentrated LiNO; (the salt/water
molar ratio is 1:2.5) shows an oxidation potential much
higher than the dilute counterpart [25]. Another WiSE
with a highly concentrated eutectic mixture of lithium
and potassium acetate also achieves an expanded oxida-
tion limit [26]. Therefore, the oxidative window is largely
widened without obvious SEI formation, while for the
anode side, the broadening mechanism is quite different.
When the anode is negatively polarized, anions tend to be
expelled from the anode surface, and cations solvated by
water molecules are attracted, making the HER more
likely to occur. Fig. 1b, ¢ show the linear sweep voltam-
metry of various electrolytes with different salts and
concentrations [27]. Although the glassy carbon (GC)
and platinum disk electrodes have different catalytic
abilities for the HER, it can still be concluded that the
onset reduction potential is independent of the anion
concentration. As the potential further moves to the ne-
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Figure 1 (a) Linear sweep voltammetry of the dilute LINO; aqueous solution (salt/water molar ratio is 1:55) and highly concentrated solution (1:2.5).
Reproduced with permission from Ref. [25], Copyright 2018, Elsevier. Cyclic voltammograms of (b) LiTFSI aqueous electrolytes with various
concentrations on GC (top) and platinum (bottom) disk electrodes and (c) the same rotating disk experiment performed in LiNO;-saturated solution
(~11 mol kg ', pink) and LiCl saturated solution (~18 mol kg ', purple). Reproduced with permission from Ref. [27], Copyright 2018, Royal Society of
Chemistry. The “m” after the numbers in (b, ¢) stands for a unit of mol kg .

gative side, a cathodic peak appears in the LiTFSI-based
WISE, which corresponds to the SEI formation reactions;
the solid products of TFSI decomposition construct the
passive layer. The TFSI -derived SEI delays the potential
of the drastic HER current successfully. In contrast, the
reduction peak is not observed in the inorganic salt-based
WiSEs, which thus show an inferior cathodic stability.
Obviously, the passivation from an ionic conductive and
electrically insulated SEI plays the key role in increasing
the reductive stability of WiSEs [10,12]. The different
widening mechanisms between cathode and anode make
the expanded ESW always “positively biased” [23], and
the “cathodic stability” poses the major challenge for the
application of the WiSEs.

The formation of SEI in WiSEs

Several attempts have been made to verify the ingredients
of the SEI and to speculate the formation process in the
aqueous system. Since the primary difference between the
dilute solutions and WiSEs is the concentration of lithium
salt, some relation should exist between the SEI formation
and the solvation structure of WiSEs. In the super-
concentrated electrolytes, water molecules are insufficient
to form the typical solvation structure; hence, anions
participate in the primary solvation sheathing of Li" and
therefore provide a high probability of the effective re-
duction of TFSI . Here, it is believed that the fluorinated
bulky anions (e.g., TFSI , BETT , and OTf ) are the active
ingredients to form an effective SEI in WiSEs. For the
fluorinated salt-based WiSEs, fluorides, including LiF and
CF, species, are usually found in the SEI layer on the
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cycled anode. According to the density functional theory
(DFT) calculation, as the salt concentration increases,
both the conduction band minimum of TFSI and the
valence band maximum of water shift to a lower poten-
tial, resulting in premature TFSI reduction and delayed
water oxidation [10]. The TFSI in aggregates such as
Li,(TFSI)(H,0), can be reduced below 2.9 V vs. Li*/Li,
which is much higher than the reduction potential for
isolated TFSI at 1.4 V and HER at 2.63 V.

Suo et al. [10,16] have proposed that the reduction of
TFSI can generate LiF, which stands as the main com-
ponent of an SEI, and the reductions of dissolved CO,
and O, yield Li,CO; and Li,O in an SEI as well. The
possible reactions are shown in Fig. 2a. Dubouis et al. [27]
raised a different point. They found that the nucleophilic
reaction between TFSI and OH in the HER is more
favored than the direct reduction of TFSI . As shown in
Fig. 2b, there is no evident reduction peak in a dry so-
lution of 1 mol L™ LiTESI in [1-ethyl-3-methylImidazo-
lium (Emim)][TFSI] in which water molecules are absent.
In contrast, the reduction peak is prominent in the pre-
sence of water. The F nuclear magnetic resonance
(NMR) spectrum (Fig. 2¢) evidences that KF forms after
heating KTFSI and KOH, indicating that TFSI is un-
stable under strong alkaline conditions such as the ones
encountered during the initial HER at the negative elec-
trode in WiSEs. Noticeably, in a non-fluorinated WiSE
with 17 mol kgf1 NaClQ, as salt, an SEI is also found with
Na,CO; and NaOH as the main ingredients [28]. The
voltage decay curves and the transmission electron mi-
croscopy (TEM) image shown in Fig. 2d indicate that a
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Figure 2 (a) SEI formation mechanisms in WiSE. Reproduced with permission from Ref. [16], Copyright 2017, American Chemical Society.
(b) Cyclic voltammograms of the WISEs: 20 mol kg71 LiTFSI in H,O (red), 1 mol L' LiTFSI in H,O saturated [Emim][TFSI] (blue), and 1 mol L
LiTFSI in dry [Emim][TFSI] (gray). (c) “F NMR analysis of the 100 mmol L™ KTFSI in 3 mol L' KOH solution before (green) and after 60 h at
120°C (blue) compared with the same analysis replacing KTFSI by KF (pink). Reproduced with permission from Ref. [27], Copyright 2018, Royal
Society of Chemistry. (d) Voltage decay curve of a Na,Fe;(PO,),(P,0,)/NaTi,(PO,); full-cell at 100% state of charge (SOC) measured at 25°C in
different aqueous electrolytes and TEM image of the NaTi,(PO,); anode reconverted from 17 mol kg ' NaClO, electrolyte. Reproduced with

permission from Ref. [28], Copyright 2019, Elsevier.

robust surface layer forms on the anode after cycling in
17 mol kg ' NaClO, solution. Apparently, here the SEI
does not form through the reduction of ClO, ; instead,
the dissolved CO, and O, in electrolytes are responsible
for the SEI formation. The formation route can also be
supported by the existence of Li,CO; and LiOH in the SEI
of LIBs [16]. In this regard, fluorinated salt may be dis-
pensable in the SEI formation. Taking all this evidence
into consideration, the SEI in WiSEs is most likely a
product blend of reactions involving anions of lithium
salts, CO,, O,, and OH , and the corresponding compo-
nents include fluorides (such as metal fluorides and CF,
groups), carbonates, metal oxides, and metal hydroxides.

In carbonate-based organic electrolytes (e.g., LiPF4 in
EC/PC), the main components of the SEI are decomposed
products from both solvents and salts. These components
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include lithium alkylcarbonate, Li,CO3, and LiF [7,29]. In
contrast, in WiSEs, the only origination of the SEI is the
electrolyte salts. Up to now, most of the reported WiSEs
use fluorinated salts; as a result, fluoride species including
LiF and CF, are always the main species in the inter-
phases. It is worth investigating whether this fluoride-
dominated SEI is the real SEI in practical cells because the
post-mortem observations cannot perfectly represent the
real SEI due to its high sensitivity to the ambient condi-
tion and the characterization tools [30]. Although LiTFSI
can generate LiF under X-ray radiation and/or Ar"
etching [11], fluoride species are still considered as the
most likely components of the SEI in fluorinated WiSEs,
in view of the widely observed fluorides on the cycled
electrode after rinsing, which has been evidenced by
TEM, time-of-flight secondary ion mass spectrometry

July 2021 | Vol.64 No.7
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(TOF-SIMS), and solid-state NMR [10,16,27]. Moreover,
among the reported interphase ingredients, LiF has the
lowest solubility, making it more prone to depositing on
the electrode surface instead of dissolving into the elec-
trolyte.

Another question is whether the LiF-based SEI is the
most suitable choice for aqueous batteries, as LiF itself is
believed to be not only a good electronic insulator but
also a poor ionic conductor (~10' Scm ™) [31]. Actually,
the SEI in WiSEs is more likely a mixture of LiF, Li,COs,
and LiOH. Zhang et al. [32] have found that the contact
between Li,CO; and LiF can boost the lithium ion
transport and reduce the electron leakage simultaneously.
This result sheds light on the ion transport mystery of the
SEI, indicating that the fluorinated SEI is mixed with
Li,CO3, which is rich in defects and disorders and can be
more favorable in terms of the transport properties.

To further improve the stability of the aqueous elec-
trolytes, some co-solvents and co-salts have also been
developed. Among them, hybridizing aqueous and non-
aqueous solvents can bring additional organic interphase
ingredients into the SEI to further broaden the ESW [33-
35]. By analogy with the WiSE system, these electrolytes
can be called “bisolvent-in-salt” hybrid electrolytes, where
“bisolvent” stands for water and non-aqueous solvent.
For instance, dimethyl carbonate (DMC) and acetonitrile
(AN) have been applied as co-solvents, and organic spe-
cies, carbonyl (C=0) and ethereal species (C-O) (from
DMC), nitrile (C=N), and sulfamide (R-S-N-S) (from
AN) appear as the new interphase ingredients corre-
spondingly [33,35]. The addition of the organic solvents
can further reduce the water/salt ratio as well as the water
activity. As a result, the cathodic limit is further expanded
to ~1.0 V (vs. Li'/Li) and 0.7 V (vs. Li'/Li). “Water-in-
bisalt” electrolytes have also been explored by pushing the
concentration to an extremely high level, from
28 mol kg ' (21 mol kg ' LiTESI + 7 mol kg ' LiOTf) to
63 mol kg ' (42 mol kg ' LiTFSI + 21 mol kg ' tri-
methylethyl ammonium (Me;EtN)-TESI) [12,36,37].
Nevertheless, the cathodic limit still cannot be largely
expanded. Even with the 63 mol kg ' concentration, the
negative ESW can be just expanded from 1.9 V (vs. Li'/Li)
in 21 mol kg_1 LiTFSI to 1.75 V (vs. Li’/Li) [37], which is
inferior to the effect of co-solvents like DMC or AN. The
reason may be that the organic co-solvents could help to
form an SEI more robust than that in the co-salt elec-
trolyte. Therefore, the SEI is the key point to expand the
negative limit of the aqueous electrolytes, and the hybrid
SEI composed of organics and inorganics seems to be
more reliable than the SEI based on pure inorganics in

July 2021 | Vol.64 No.7

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

the aqueous system.

To fully understand the SEI, the component analysis is
just the first step, and more comprehensive information is
urgently needed. The proportion of each component and
the exact distribution are of more significance and usually
determine the properties of the SEI, such as the me-
chanical strength, the ion transportation capability, and
the resistance. So far, comprehensive composition in-
formation on the SEI in WiSEs and the morphology and
detailed distribution of the components is unclear. For
the formation mechanisms, no common understanding
has yet been reached. Even so, we can still acquire some
common comprehension of the SEI formation in WiSEs
from previous insightful studies.

(1) The formation of the SEI in WiSEs involves mul-
tiple complicated reactions, the reactants of which may
come from the salt solute, H,O, and the dissolved O, and
CO,. Owing to the different thermodynamic equilibriums
of the reactions, they are triggered at different potentials
when the anode is negatively polarized, resulting in the
heterogeneous solid deposition. Generally, the effective
formation reactions should have the priority over the
undesired reactions such as HER, otherwise the over-
whelming HER will inhibit any deposition of the solids,
leading to quick failure of the electrolytes.

(2) The reactions cannot occur independently in an
ideal sequence. They interact with each other as they
occur closely on both the potential scale and spatial scale.
The OH ions generated in the HER may chemically react
with TFSI anions through nucleophilic attack, generating
solid products that can deposit on the anode surface [27].
Meanwhile, the hydrogen generated in the HER would
prevent the deposition of the solid products and break the
passive layer, which is detrimental to the SEI formation
[16].

(3) The solid products could be dissolved in the aqu-
eous solution. As water possesses a high dielectric con-
stant, even LiF, which has the lowest solubility (<0.01 g in
water), can still be dissolved in the electrolyte, especially
in consideration of its in-situ nanometric formation.
Thus, the newly formed solid products can dissolve into
the solution instead of adhering to the surface of the
electrode. To form a reliable SEI, the generation of the
solid products must be faster than the dissolution. Fur-
thermore, there must be enough solids deposited on the
anode surface to achieve effective passivation, which takes
a certain amount of time during the formation process.
As shown in Fig. 3a, b, the open circuit voltage (OCV)
can stabilize for the cells either cycled at a low rate (0.1 C)
or after extended cycling at 1 C, while for the cells, after

1575



PERSPECTIVE

SCIENCE CHINA Materials

b
100% SOC 100% SOC - 1C
— 2.5} after the first charge | ~2.5
S s
% 20 0.1C :%2'0_ after 10 cycles
S 15 S 1.5t
= 0sc | =
[$] [&]
£10 10}
c 1C c
205 2 0.5l after the first charge
o o)
0.0

40 80 120
Rest time (hour)

0.0
0 20 40 60 80 100 0
Rest time (hour)

c 105k

100k . ...
o5F
90f
85
80F
75 80%
70F
65
60f
55
50f

5

¥0

99%

SRt Bt A

AR

e T N
97%

s pe—— e
\\\\\\a\\\\\\\\\\\\\\\\\‘\\

& WIS and C-TiO:
® WIBS and C-TiO:

&57.8%

Coulombic efficiency (%)

10 20 30 40 50 60 70 80 90 100
Cycle number (N)

Figure 3 OCV potentials decay with rest time. (a) The cell is first fully
charged to 2.3V at different rates (0.1, 0.5, and 1 C) and then rests at
100% SOC; (b) the cells are rested at 100% SOC after different cycles at a
high rate (1 C). Reproduced with permission from Ref. [16], Copyright
2017, American Chemical Society. (c) The Coulombic efficiencies for
varying combinations of TiO, anode and electrolyte. Reproduced with
permission from Ref. [12], Copyright 2016, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

faster charging or limited cycle numbers, the OCV drops
rapidly [16]. Correspondingly, the Coulombic efficiency
of the full cell is relatively low in the initial several cycles,
as shown in Fig. 3¢ [12,38]. Therefore, to effectively form
the SEI and suppress the side reaction, during the initial
several cycles, the anode should be polarized at specific
potentials for enough time.

(4) The SEI in the aqueous system undergoes con-
tinuous dissolution and repairing growth, leading to
electrolyte consumption, low Coulombic efficiency, and
significantly shortened lifespan. The SEI formation routes
are roughly illustrated in Fig. 4. Compared with the or-
ganic system, the high solubility may pose the biggest
challenge for the in-situ formed SEI in the aqueous sys-
tem. In this regard, the WiSEs not only make the SEI
formation possible but also help repair and maintenance
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Figure 4 Schematic illustration of SEI formation process in WiSEs.

due to their adequate salt source and reduced free water
ratio.

FUTURE NEEDS AND PROSPECTS

Further understanding of SEI in WiSEs

Since the discovery of the SEI in 1970 [8], researchers
have devoted persistent effort to building an SEI model in
the non-aqueous system in terms of the composition, the
distribution, the physical/chemical properties, and the
formation mechanisms. However, after nearly half a
century’s endeavors, the SEI is still regarded as “the most
important but least understood (component) in re-
chargeable LIBs” due to the complex formation process
and insufficient in-situ characterization tools [7,39].
Challenges can be more severe in attempts to understand
the SEI in WiSEs, owing to the much harsher condition
for the formation and maintenance of the SEI in the
aqueous system. Even so, knowledge of the aqueous SEI
will no doubt help to accelerate the development of
WiSEs.

Firstly, compositional and structural information of the
aqueous SEI should be clearly acquired, from which the
physical/chemical properties can be inferred. The typical
mosaic structure model of the SEI in non-aqueous elec-
trolytes [9] could be referred to in order to describe the
SEI in WiSEs as well, as they are both multicomponent
mixtures. In view of the nanometric presence of the SEI
and the high sensitivity to the ambient environment,
advanced in-situ no-damage detection tools with high
sensitivity and precision are urgently needed to identify
the SEI components as well as their distributions. In-
formation can also be gathered from the recent studies on
non-aqueous SEIs, in which powerful characterization
tools and ingenious experiment designs were applied. The
tools include tip-enhanced Raman spectroscopy (TERS)
[40], in-situ liquid secondary ion mass spectrometry (li-
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quid-SIMS) [41], dynamic nuclear polarization (DNP),
and enhanced NMR [42]. These characterizations can not
only offer compositional and structural information but
also provide real-time pictures of the SEI formation.
Quantum chemistry (QC) and molecular dynamics (MD)
simulations are of great significance in depicting the
picosecond timescale reactions at the electrode/electrolyte
interface, which is rather challenging for direct experi-
mental observation. Computational modeling can be in-
tegrated with experiments to complement each other and
lead to comprehensive understanding of the SEI as well as
the battery performance [39].

Quantitative investigations are encouraged, including
the proportion of each component of the SEI, the re-
actants, and, if possible, the SEI formation process. For
example, Li,CO; and Li,O in the SEI are always attributed
to the dissolved CO, and O,, which are actually uncertain
and non-quantitative as ALIBs are usually assembled in
an ambient environment. Quantitative measurements of
the reactive gases, the productive solids, and the reaction
rate would offer some important insights into the for-
mation process. Noticeably, the mystery of O, is also
unresolved. Luo et al. [43] have demonstrated that ALIBs
cannot work sustainably in the presence of O, because
theoretically all anode materials at different reduction
states would be chemically oxidized by O, rather than
undergoing the electrochemical redox process. The pre-
vious results also propose that O, participates in the
formation of the SEI in aqueous conditions. The con-
tradiction may be explained by the quantity of O, dis-
solved in the electrolytes, which calls for more elaborate
experiments and quantitative evidence.

Constructing more stable SEI in WiSEs
In order to construct a robust SEI in WiSEs, the un-
desired side reactions such as the HER and current col-
lector corrosion should be inhibited to make sure the SEI
formation reactions dominate the interface change. Pre-
processing of the anodes is expected especially when the
anode material may catalyze the HER. The most popular
method is coating a nanometric carbon layer on the an-
ode material [12,26], yet simpler and more effective ways
for electrode pretreatment are still expected. It is im-
portant to carefully choose current collectors depending
on the electrolytes and working potential and, if neces-
sary, to passivate the current collector to prevent corro-
sion [44,45].

There is also doubt as to what an ideal SEI in WiSEs
should be. In consideration of the aqueous condition, in
addition to the necessary electron insulation and ionic
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conduction capabilities, other properties, including high
thermodynamic stability, low solubility, good adhesion,
and suitable mechanical strength, are also required to
maintain generation and persistence in aqueous condi-
tions. Correlations between the interphase components
and the physical/chemical properties of the SEI must be
investigated. Understanding the correlations can start
with investigating each specific component in its pure
state, which would provide the basic criteria to evaluate
an SEI and help to select the desired components. After
all, the SEI is not a simple combination of each in-
gredient; the morphology and distribution of diverse
chemical components might be as important as the
components themselves. So far, the main methods used to
enhance the SEI include increasing the salt concentration
and introducing additional components in the SEI via
adding organic co-solvents, for example, DMC, AN, and
urea [33,35,46,47]. In consideration of the electrolyte
additives, which have been extensively investigated in the
organic system, additives for WiSEs can also be developed
to manipulate the SEI in the aqueous system. The in-vitro
artificial SEI coated on an anode may further expand the
cathodic limit and enable anode materials with more
negative potential to work in the WiSEs. Experience can
be learned from the organic system; however, it should be
noticed that the electrolyte additives and the artificial SEI
in the organic system cannot be used directly in the
aqueous system. The working potential of the electrodes
and the stability of the SEI in aqueous system should be
taken into account when developing additives and arti-
ficial SEIs in WiSE systems.

The stability of the SEI manipulated by electrolyte
optimization or artificial methods needs to be roundly
assessed through ESW testing as well as practical cells.
Different testing conditions usually lead to inconsistent
results of the ESW of certain electrolytes [26,48]. More-
over, a widened ESW tested does not always enable a high
voltage output of the practical cell. Therefore, it is im-
portant to choose an appropriate working electrode and
the criteria of cut-off current density when testing the
ESW of the electrolytes. Furthermore, various factors
need to be tested and evaluated in full cells, including the
sustainability upon long-term cycling, the stability under
practical operating conditions, and the compatibility with
various electrode materials.

SUMMARY

It is beyond doubt that the SEI plays the key role in
expanding the negative limit of the ESW for WiSEs, yet
the current understanding of the SEI is just the tip of the
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iceberg. Difficulties of accurately understanding the SEI
mainly come from the complicated formation mechan-
isms and insufficient characterization tools. More efforts
should be devoted to investigating the components of the
SEI as well as the distributions. Operando characteriza-
tion tools and computational simulations should be de-
veloped to identify the SEI formation route. With the
increasing safety concern over batteries, aqueous batteries
with intrinsic nonflammable electrolytes will attract more
and more attention. A comprehensive understanding of
the aqueous SEI would guide the design of a more robust
passive layer and further improve the electrochemical
performance of ALIBs, offering the potential to compete
with the state-of-art organic LIBs.
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