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ABSTRACT: A water-in-salt electrolyte (WiSE) offers an electrochemical
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stability window much wider than typical aqueous electrolytes but still falls T;ai:i:::' 21m WiSE OER 1 50V
short in accommodating high-energy anode materials, mainly because of the eI:ctronte OER [ 1 48V
enrichment of water molecules in the primary solvation sheath of Li*. Herein, )

we report a new strategy in which a non-Li cosalt was introduced to alter the OER_ L 4.3V

Li*-solvation sheath structure. The presence of an asymmetric ammonium salt
(Me;EtN-TFSI) in water increases the solubility of LiTFSI by two times,

pushes the salt/water molar ratio from 0.37 in WiSE to an unprecedented L 2.4V
value of 1.13, and significantly suppresses the water activity in both bulk HER 1.98V
electrolyte and the Li'-solvation sheath. This new 63 m (mol kg jen: ') 75y

aqueous electrolyte (42 m LiTFSI + 21 m Me;EtN-TFSI) offers a wide
potential window of 3.25 V and supports a 2.5 V aqueous Li-ion battery
(LiMn,0,//Li,TisO,,) to deliver a high energy density of 145 Wh kg™' stably
over 150 cycles.

both electrode surfaces.” However, further increasing Li salt
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he public concern over the safety of lithium ion
I batteries (LIB) increases rapidly with our reliance on
this technology in our daily life,'™* for which the
nonaqueous and highly flammable electrolyte should bear most
of the responsibility. Aqueous batteries offer a safe
alternative;>~’ however, the narrow electrochemical stability
window of a typical aqueous electrolyte (<2.0 V) imposed by
the electrolysis of H,O (hydrogen evolution reaction (HER) at
anode and oxygen evolution reaction (OER) at cathode) sets a
crippling limit on the energy density of all aqueous batteries.
To break this confinement, the scientific solution is to reduce
the electrochemical activity of water molecules in a Li*-
solvation sheath as well as in the bulk electrolyte.

Recently, a new class of aqueous electrolytes, “water-in-salt
electrolyte” (WiSE), was developed by dissolving a tremen-
dous amount of Li salt in water, pushing the salt/water molar
ratio from 0.018 (corresponding to typical 1.0 m (mol
kg owene ) diluted electrolytes) to 0.37—0.50 (corresponding
to 21 m WIiSE or 28 m water-in-bisalt (WiBS)), exhibiting an
electrochemical stability window of ~3.0 V.*~'* At these high-
concentrations, because the average number of water
molecules available to solvate each Li* falls far below the
“solvation numbers” required to establish a normal Li'-
solvation sheath, significant change occurs to both the Li*-
solvation sheath structure as well as the bulk electrolyte liquid
structure, which results in an altered interfacial chemistry on
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concentration beyond 28 m is often limited by salt solubility
and results in high viscosity and poor ion conduction. Very
recently, Hu et al. introduced tetraethylammonium into an
aqueous electrolyte for a sodium ion battery, which helps to
increase the salt concentration to 31 m."”” The highest
concentration achieved thus far of 55.6 m was enabled by an
asymmetric derivative of TFSI anion, pushing the salt/water
molar ratio to 1.0. However, its viscosity significantly increased
to 8555 mPa s and is accompanied by a decrease in ion
conductivity (~0.1 mS cm_l),lé indicating that such
approaches quickly becomes unsustainable if water activity
needs to be further reduced.

Herein, we report an alternative approach. Using an inert
salt based on an asymmetric ammonium cation, trimethyle-
thylammonium (Me;EtN"*), the solubility of LiTFSI can be
increased by two times. The resultant new class of water-in-
hybrid-salt (WIHS) aqueous electrolyte contains an unprece-
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Table 1. Physicochemical Properties of WIHS Electrolytes

salt molality viscosi glass temperature 6,  liquidus temperature 6]  solidus temperature 0, conductivity”
material (mol kg™") (mPa s (°C) 8 (°C) (mS cm™
WIHS 63 407 —66.1 234 -17.6 091
electrolyte
“Viscosity and ionic conductivity were measured at room temperature.
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Figure 1. FTIR and MD simulation results of liquid structure. (A) FTIR spectra of 21 m WiSE (21 m LiTFSI), 42 m WIHS (21 m LiTFSI +
21 m Me,EtN-TFSI), and 63 m WIHS (42 m LiTFSI + 21 m Me;EtN-TFSI) electrolytes. (B) Snapshots of MD simulation box showing
connectivity of the Li*(H,0) chains (domain) highlighted with transparent blue for 21 m WiSE (21 m LiTFSI), 42 m WIHS (21 m LiTFSI +
21 m Me;EtN-TFSI), and 63 m WIHS (42 m LiTFSI + 21 m 3MeEtN-TFSI) electrolytes (from left to right). The TFSI™ anions and Me;EtN*
anions are shown as wireframe. Colors: Li, purple; O, red; H, white. (C) Coordination numbers of O(TFSI) and O(water) around Li*
(within 2.8 A) and a fraction of free water (no Li* within 2.8 A) for 21 m WiSE (21 m LiTESI), 42 m WIHS (21 m LiTFSI + 21 m Me,EtN-
TFSI), and 63 m WIHS (42 m LiTFSI + 21 m 3MeEtN-TFSI) electrolytes.

dented high salt concentration of 63 m (42 m LiTFSI + 21 m
Me,EtN-TFSI), pushing the salt/water molar ratio to 1.13 for
the very first time. Despite the high salt concentration, the 63
m WIHS maintains a relatively high ionic conductivity of 0.91
mS cm ™' and low viscosity of 407 mPa s, while demonstrating
a wide electrochemical stability window of 3.25 V (1.75 V
cathodic and 5.0 V anodic vs Li*/Li). The electrolyte supports
a 2.5V aqueous LIB (LiMn,0,//Li,TisO;,) full cell to deliver
a high energy density of 145 Wh kg™ over 150 cycles at 1 and
0.2 C. Beyond their application for high energy storage
technologies, the hybrid-salt approach presents a new class of
superconcentrated electrolytes, whose unexplored bulk ion
transport, liquid structure, interfacial structure, and interphasial
chemistries at electrodes provide exciting scientific oppor-
tunities for physical chemistry and electrochemistry.

At room temperature, the maximum solubility of neat
LiTFSI in H,O is ~22 m, above which salt inevitably
precipitates. The LiTESI salt solubility could be doubled
when the asymmetric ammonium salt (Me;EtN-TFSI) is
present, resulting in a maximum concentration of 63 m (42 m
LiTESI + 21 m Me,EtN-TFSI, Figure S1). Interestingly,
Me,EtN-TFSI alone cannot dissolve in water (Figure S2).
Hence, the formulation of WIHS electrolytes requires the
simultaneous presence of both LiTFSI and Me;EtN-TFESI, a
phenomenon that hints at an unusual liquid structure.
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Table 1 summarizes some important physicochemical
properties of the 63 m WIHS electrolyte, of which the thermal
properties were characterized using differential scanning
calorimetry (DSC). Thermodynamically, this electrolyte is a
stable liquid with its liquidus temperature 6, of 23.4 °C below
ambient temperature and consists of solid phases only when
below its solidus temperature 6, of —17.6 °C (Figure S3).
Kinetically, however, it proved to be highly resistant to
crystallization, as evidenced by the complete lack of
crystallization events during the first cooling of its DSC
sample down through its glass transition below —60 °C at —5
°C min~" (Figure $3), which enabled its glass temperature 6,
(=66 °C) to be determined in subsequent heating. The glass
transition was not followed by crystallization as usual; only on
the second heating through its 6, did crystallization finally
occur. This strong resistance to crystallization makes the
electrolyte a good candidate for low-temperature use. The
value of 6, here should be equal to that of the eutectic
temperature of the ternary Li(H,0), TFSI-LiH,O-TFSI-
Me;EtN-TFSI, as the composition of 42 m LiTFSI lies
between the two solid LiTFSI hydrates as identified in ref 17.
It is further assumed that Me;EtN-TFSI does not form stable
hydrates because of the large size of and the diffused electric
charge on the cation, which has been confirmed by the very
limited solubility (Figure S2). Here, although the salt
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Figure 2. MD simulation results of self diffusion and double layer. (A) Self-diffusion coefficients for 21 m WIS (21 m LiTFSI), 42 m WIHS
(21 m LiTFSI + 21 m Me;EtN-TFSI), and 63 m WIHS (42 m LiTFSI + 21 m Me,EtN-TFSI) electrolytes and nonaqueous neat RTIL
electrolyte (0.25LiTFSI + 0.75Pyr,,-TFSI) at 333 K. (B) Interfacial composition of the inner part of the double layer of 63 m WIHS
electrolyte on graphite showing number density. (C) Snapshots of the inner part of the double layer of 63 m WIHS (top and side views for

three potentials relative to potential of zero charge).

concentration approaches an astonishing value of 63 m, the
viscosity remains relatively low (407 mPa s, in sharp
comparison with 8555 mPa s of a 55.56 m neat Li salt
electrolyte),'® and it retains an ionic conductivity of 0.91 m$S
cm™!, which is close to the minimum value required to support
acceptable battery operations.

The interplay among Li*, Me;EtN”, TFSI™, and water was
evaluated using Fourier transform infrared (FTIR) spectros-
copy. The bands in the FTIR spectra at ~3550 cm™" and
~3650 cm™' (Figure 1A) are attributed to O—H stretching in
H,0,'""” and the intensity of these two peaks decreases
significantly in the 63 m WIHS electrolyte as compared to that
of 21 m WIiSE. Compared to pure water, the FTIR spectrum
reveals that the hydrogen bonding network is severely
disrupted.”**"

Molecular dynamics (MD) simulations were performed on
both 42 m WIHS (21 m LiTESI + 21 m Me;EtN-TFSI) and 63
m WIHS (42 m LiTFSI + 21 m MesEtN-TFSI), and their
structural and dynamics properties were compared with 21 m
WiSE. Radial distribution functions (RDFs) shown in Figure
S4 reveal that Li* prefers to coordinate with oxygen of water
(O,,) rather than oxygen of TFSI™ (Orgg). The strong Li-
water affinity leads to a rather high fraction of the solvent
separated ion pairs (SSIP) Li*(H,O)TFSI and high fraction of
Li*(H,0), complexes as shown in Figure SSa. The SSIP is
approximately the same for 21 m WiSE and 42 m WIHS, but
further addition of 21 m of LiTFSI decreases the fraction of the
SSIP Li*(H,0), complexes by a factor of 2, thus reducing the
number of charge carriers in the 63 m WIHS electrolyte. A
spatial distribution of the Li*(H,0), solvates in the MD
simulation boxes is shown in Figure 1B, while the distribution
of the O,—O,, cluster sizes is shown in Figure SSb. In 21 m
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WISE, a significant fraction of the O,,—O,, networks percolates
through the entire MD simulation box. Adding 21 m Me;EtN-
TFSI decreases the size of the [Li*(H,0),], clusters with the
most probable size being around 10—30 water molecules.
Further addition of 21 m LiTFESI to 42 m WIHS results in the
further breakdown of water domains (clusters) with the most
probable cluster size becoming even smaller. In 63 m WIHS
electrolyte rearrangement of the Li*(H,0), clusters is
necessary for Li* transport through the water-rich phase. The
Li* transport also occurs through the anion-rich domain that
contains 25% Li* for 42 m WIHS and 50% for 63 m WIHS
electrolyte. These domains are water-poor and are composed
of the (TFSI-Li-TFSI) networks. As shown before, Li*
diffusion through the TFSI-rich domain is much slower
compared to the diffusion through the Li*(H,0),rich
domain.*

Figure 1C shows that addition of 21 m Me;EtN-TFSI to 21
m WISE does not change the structure of the primary Li'-
solvation sheath, while further addition of 21 m LiTFSI
increases the number of Oy at the expense of the number of
water in the Li*-solvation sheath. Importantly, the fraction of
free water that is not coordinated by a Li* decreases by a factor
of 2 in 63 m WIHS as compared to 21 m WIiSE and 42 m
WIHS. In 63 m WIHS, each TFSI™ is surrounded by 1.74 Li*
on average with the Li-TFSI-Li coordination being the most
favorable (Figure SSc). Higher number of Li* near TFSI™
stabilizes an excess electron, increases electrolyte reduction
potential, and destabilizes the excess hole, leading to higher
oxidation potential.”*’ Together with the reduced water
presence in Li'-solvation sheath as well as the decreased
fraction of free water in bulk 63 m WIHS electrolyte, these
changes of the TESI™ coordination would likely favor a more
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Figure 3. Electrochemical window of WIHS electrolyte. (A) Electrochemical windows of different aqueous electrolytes as measured on
inactive current collector (stainless steel) at scanning rate of 5 mV s~'. (B) Illustration of expanded electrochemical stability window for 63
m (42 m LiTFSI + 21 m Me;EtN-TFSI) WIHS electrolyte together with the modulated redox couples of LiMn,0, cathode and Li,Ti;O,,

anode caused by high salt concentration.

exclusive TFSI™ reduction over H, and O, evolution, thus
extending the electrochemical stability window.

The diffusivities of Li, *H, and '°F were predicted from MD
simulations and also measured separately by PEG-NMR, which
correspond to the movements of Li*, ammonium and water,
and anion (TFSI™), respectively. Table S1 shows that the
apparent transference numbers of Li* (¢;+) in 42 m WIHS and
63 m WIHS as measured by NMR are 0.38 and 0.51,
respectively. These lower transference numbers as compared
with that of WiSE (0.71) actually does not mean that Li*
moves slower than TFSI”, but rather originates from the fact
that Li* now is no longer the only cationic carrier but has a
competitor. Nevertheless, Li" remains the most mobile ionic
species for 63 m WIHS. There is excellent agreement between
these transference numbers and those calculated via MD
simulations (0.386 for 42 m WIHS and 0.505 for 63 m WIHS).
Such excellent agreement between the experimental values and
predictions further validates the reliability of the force field in
describing ion and solvent transport in this complex system.

A comparison of self-diffusion coeflicients among 21 m
WISE, 42 m WIHS, 63 m WIHS electrolytes, and neat room-
temperature ionic liquid (RTIL) (LiTFSI-Pyr,, TFSI) electro-
Iyte (Pyr,, stands for methylbutyl pyrrolidinium, a heter-
oatomic version of ammonium cation) is given in Figure 2A.
Addition of Me;EtN-TFSI into 21 m WiSE only slightly slows
down the movement of TESI™, water, and Li*, while further
addition of another 21 m of LiTFSI had a more dramatic effect
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on all the diffusion coeflicients. In the 63 m WIHS electrolyte,
Li" diffuses significantly faster than that in the neat RTIL
electrolyte (0.2SLiTFSI + 0.75Pyr,,-TFSI). Thus, the Li*
conductivity is much higher in the 63 m WIHS than that in
the neat RTIL electrolyte, suggesting that this electrolyte,
despite its high salt concentration, is expected to support
higher rate cycling in batteries. In 21 m WiSE, 42 m WIHS, and
63 m WIHS electrolytes, the Li* cation is the fastest moving
ionic species in contrast to the neat nonaqueous RTIL
electrolyte, where Li" is the slowest moving species. Therefore,
in WiSE and WIHS electrolytes, t;;- is expected to be higher
than that in the neat RTIL electrolyte. Furthermore, the
transport mechanism significantly differ between the WIHS
and the neat RTIL electrolytes. In RTIL the migration of
Li*(TFSI"), requires counter diffusion of the free TESI™
anions.”* In the aqueous WIHS, however, the vehicular
motion of much lighter Li*(H,0), is expected to dominate
the cation transport, leading to higher t;;. This is consistent
with the experimental results by PFG-NMR tests (Table S1);
the t;+ in 63 m WIHS electrolyte is 0.51, which is much higher
than that of 0.099 in neat RTIL. The ionic conductivities of 63
m WIHS and neat RTIL electrolytes are compared in Table S2,
with 0.91 mS cm™ for the former and 0.45 mS cm™ for the
latter. To make the comparison on a fairer basis, we also
prepared another 63 m WIHS (42 m LiTFSI + 21 m Pyry,
TFSI), in which the t;; and ionic conductivity are 0.46 and
0.86 mS cm™', respectively (Table S2), both being much
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Figure 4. High-energy aqueous Li-ion batteries. (A) Selected charge—discharge voltage profiles of LiMn,0,//Li,TisO, full cell with the 63
m WIHS aqueous electrolyte (42 m LiTFSI + 21 m Me;EtN-TFSI) at the rate of 1 C. (B) Cycling stability and Coulombic efficiency of
LiMn,0,//Li,TisO, full cell with the 63 m WIHS aqueous electrolyte (42 m LiTFSI + 21 m Me;EtN-TFSI) at the rate of 1 C. (C) Cycling
stability and Coulombic efficiency of LiMn,0,//Li,TisO, full cell with the 63 m WIHS aqueous electrolyte (42 m LiTFSI + 21 m Pyr,,’
TFSI) at the rate of 1 C. (D) Cycling stability and Coulombic efficiency of LiMn,0,//passivated-Li,TisO;, full cell with the 63 m WIHS
aqueous gel electrolyte (42 m LiTFSI + 21 m Pyr,,~TFSI) at the rate of 0.2 C. All the specific capacity values are calculated based on the total

mass of cathode and anode.

higher than that of neat RTIL electrolyte (0.2SLiTFSI +
0.75Pyr,,. TFSI). In addition, for the neat RTIL electrolyte
system, it is difficult to reach such a high Li*/RTIL ratio of 2
without water, which significantly limited its Li* conductivity.

The electrical double layer (EDL) structure is closely
coupled with interfacial electrochemistry. We investigated the
influence of potential on the electrolyte interfacial structure
using a graphite electrode as an initial model system as shown
in Figure S6 and described in detail in the Supporting
Information. MD simulations show that anions strongly
partition to the positive electrode surface pushing water away
from the interface, thus screening the water—electrode
interactions as shown in Figures 2B—C and S7. This
mechanism is partly responsible for the extension of electrolyte
anodic stability together with the reduction of the fraction of
free water present in electrolyte with increasing salt
concentration from 21 to 63 m.”> At potentials above —0.8
V vs potential of zero charge (PZC) little water is accumulated
at the electrode surface as the inner part of the EDL is
dominated by the TESI™ anions and MeEt;N" cations.”* Even
at potentials below —1 V vs PZC when Li* approaches the
electrode surface and brings water with it, there is significantly
less (by a factor of 2) water in the inner part of EDL compared
to 28 m WiBS (21 m LiTESI + 7 m LiOTF) electrolyte.”> The
Me;EtN* competes with the Li*(H,0), solvates at the
interfacial layer and assists in pushing water away from the
interface. Importantly, because of high LiTFSI salt concen-
tration in 63 m WIHS electrolyte, each TFSI” anion is
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coordinated by two Li" on average at the negatively polarized
electrode (see Figure S8). A higher number of Li* near TFSI~
is expected to stabilize the excess electrons on the TESI™
during reduction, increase salt reduction potential, and
facilitate salt decomposition at higher potentials minimizing
hydrogen evolution from water.”*

The electrochemical stability windows of 21 m WiSE, 42 m
WIHS, and 63 m WIHS aqueous electrolytes were evaluated
using linear sweep voltammograms on nonactive stainless-steel
electrodes (Figure 3A). The potential for hydrogen evolution,
which sets the cathodic limit for the electrochemical stability
window, was negatively shifted from 1.98 V in 21 m WiSE to
1.85 V in 42 m WIHS, and further to 1.75 V in 63 m WIHS
electrolyte. The cathodic current at 1.6 V was also significantly
diminished from 3.62 mA cm™ in 21 m WiSE to 0.2 mA cm ™
in 63 m WIHS, demonstrating that the reductive decom-
position of water is significantly suppressed because of the
solvation sheath structure change in the 63 m WIHS, where
each Li* sees the replacement of water molecules by TFSI™
when salt concentration increases to 63 m. Such a solvation
sheath structure promotes the formation of a robust interphase
that inhibits water reduction. On the cathode side, 63 m WIHS
also extends the anodic limit from 4.9 V in 21 m WiSE to 5.0
V, because in WIHS the higher concentration of TESI™ also
results in a better screening of Li*(H,0), from the positively
charged electrode as shown in Figure 2B,C.”* Over all, an
electrochemical stability window of ~3.25 V (1.75-5.0 V vs
Li*/Li) is achieved in this 63 m WIHS aqueous electrolyte.
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Because of the extra high salt concentration, the redox reaction
potentials of all electrodes are shifted upward by approximately
0.3 V as predicted by the Nernst equation (Figure 3B). This
concentration effect thus moves the operation potential of
Li,TisO,, into the 1.75—=5.0 V electrochemical stability
window and enables a full Li* intercalation—deintercalation
reaction of this anode material, which has been challenging for
all aqueous electrolytes because of the strong catalyzing nature
of titanates to split water.

The electrochemical behavior of the 63 m WIHS aqueous
electrolyte was verified in a full Li-ion cell using a LiMn,O,
cathode and Li,TisO;, anode. The cathode/anode capacity
ratio is adjusted to be 1.1:1 to compensate the irreversible
capacity associated with the solid electrolyte interphase (SEI)
formation on the Li,Ti;O,, anode during the initial few cycles.
The discharge profile displayed a slope from 2.6 to 2.3 V,
delivering a discharge capacity of 56 mAh g~' (calculated
based on the total mass of LiMn,0, cathode and Li,Ti;O,
anode) at the rate of 1 C (Figure 4A). A conservatively
estimated energy density of a LiMn,0,//Li,TisO}, full cell
from the average voltage and capacity is 145 Wh kg™ (of total
electrode mass). Surprisingly, the initial Coulombic efficiency
of the LiMn,0,//Li,TisOy, full cell is as high as 95%, which
quickly increases to 99.5% within 10 cycles. A high capacity
retention of 88% is maintained after 100 cycles at 1 C (Figure
4B), outperforming the LiMn,0,//Li,TisO,, full cell in 42 m
WIHS electrolyte. The chemical composition of the formed
SEI was identified to be mainly LiF by X-ray photoelectron
spectroscopy (XPS), which was performed on Li Ti;O;, anode
recovered from the cycled full Li-ion cell. The conspicuous F
1s signal at 684.67 eV indicated a dense and strong SEI (Figure
S9).

We also evaluated the alternative aqueous electrolyte,
wherein the inert cation is pyrrolidinium. The LiMn,0,//
Li, TisO,, full cell based on 63 m WIHS (42 m LiTFSI + 21 m
Pyr 4 TFSI) delivered a stable cycle performance with over
90% capacity retention at 1 C rate (Figure 4C). Furthermore, a
gel polymer electrolyte based on this 63 m WIHS electrolyte
combined with a PAN/LiTFSI/LiOH passivation layer on the
anode (details on preparation are provided in the Supporting
Information) enabled the 2.5 V aqueous full Li ion cell to
achieve a supreme cycle stability over 150 cycles even at 0.2 C
(Figures 4D and S10) and 0.1 C (Figure S11). As reported by
Dubouis et al.”® hydroxides can chemically react with TESI
anions through a nucleophilic attack process and catalyze the
formation of a fluorinated SEI. Such hydroxide presence
should also promote the formation of LiF on the surface of
Li,TisOy, anode (Figure S12), which further suppressed H,0
reduction.

Introduction of an inert cation such as ammonium or
pyrrolidinium into the WiSE electrolyte doubles the LiTFSI
solubility in water and pushes the salt/water molar ratio to an
unprecedented value of 1.13. The extreme salt concentration
induces changes in the solvation structure around Li* and in
the bulk electrolyte to reduce free water content and promote
ion aggregation, creating a class of new aqueous electrolytes
based on hybrid salt. Despite the high salt concentration of 63
m, the resultant electrolytes still maintain acceptable viscosity
and ionic conductivity. These changes enable a wide
electrochemical stability window of 3.25 V (1.75—5.0 V vs
Li*/Li) and supported the LiMn,0,//Li, TisO,, full cell to
deliver performances that can be hardly achieved in aqueous Li
ion batteries. This work not only provides a new strategy to
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design the novel aqueous electrolyte; in a broader context, the
unprecedented superconcentration achieved also offers exciting
new scientific opportunities in liquid structure, ion transport,
and interfacial/interphasial behaviors in a region that has not
been known before.
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