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Abstract

Water-in-salt electrolytes are a fascinating new class of highly concentrated aqueous
solutions with wide electrochemical stability windows that make them viable as aqueous
battery electrolytes. However, the high ion concentration of water-in-salt electrolytes
means that these systems are poorly understood when compared to more dilute elec-
trolyte solutions. Here, we present direct surface force measurements across thin films
of a water-in-salt electrolyte at several concentrations. We find that the electrolyte
adopts a layered structure at charged interfaces composed of a nanostructure of hy-
drated cation and non-aqueous anion-rich domains. These observations will aid in the
interpretation of capacitance and double layer behaviour of water-in-salt electrolytes

with consequences for their use in energy storage devices.
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Electrolytes are ubiquitous: they form the planet’s oceans, they exist within all living
cells, and they are critical to the function of many modern technologies. In the dilute
regime, electrolytes are well understood by considering the established ideal Debye-Hiickel
theory,! however as salt concentration increases and excluded volume and correlation effects
become important, significant deviations from the theory are observed.? Understanding the
concentrated electrolyte regime is key in many areas, from the study of ion channels in
biology? to designing the next generation of electrochemical energy storage devices.

Water-in-Salt (WiS) electrolytes have recently emerged as promising candidates to replace
conventional organic electrolytes in state of the art lithium ion batteries.*” These supercon-
centrated aqueous electrolytes, where the salt comprises the majority of the mass and volume
of the system, are able to compete with traditional battery electrolytes owing to the vastly
extended electrochemical stability windows of the aqueous system from 1.23 V in dilute elec-
trolytes to ~ 3 V. This is possible as the high concentration of the WiS electrolyte allows for
the efficient formation of a solid electrolyte interphase at the electrode surface that prevents
breakdown of the electrolyte, as well as substantially reducing the activity coefficient of the
water.#%® Much work has been focused on attempting to understand these new electrolytes,
in particular on modelling the environment of WiS electrolytes,?'* on extending the WiS

1213 potassium M and zinc'® ion batteries, and

principle from lithium ion batteries to sodium,
on broadening the electrochemical stability windows of WiS electrolytes. 1617 Despite this, the
true nature of the structure of WiS electrolytes remains relatively poorly understood, as high-
lighted in a recent review article.'® In this communication, we present measurements of the
surface forces and structure of aqueous lithium bis(trifluoromethylsulfonyl)imide (LiTFSI)
in the concentrated regime in order to better understand the structure of WiS electrolytes
in general and in particular at interfaces and in nanoconfinement.

Measurements were performed using a Surface Force Balance (SFB), shown schemati-
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cally in Figure 1, previously described in detail** and briefly summarised here. Full details

of the SFB and the measurement process are given in the Supporting Information. Two
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Figure 1: (a) Schematic of the SFB and interferometric cavity. (b) Approximate dimensions
of the lithium-water primary hydration shell and TFSI anion, calculated from neutron scat-
tering experiments!'® and Van der Waals radii.? (¢) Phase diagram of the H,O - LiTFSI
system adapted from a work by Ding et al.?! with the concentrations of the experiments
detailed in this work shown by yellow circles. I = L + (H,0),LiTFSI), II = L + LiTFSI),
where L is a liquid solution.

back-silvered mica pieces of uniform thickness are glued, silver side down, to cylindrical
glass lenses with radius R ~ 10 mm using an epoxy resin (EPON 1004, Shell Chemicals).
The lenses are mounted vertically in the instrument in a crossed cylinder configuration as
shown in Figure 1(a), with the two silver mirrors forming an interferometric cavity. White
light incident on the interferometer emerges as a series of Fringes of Equal Chromatic Order
(FECO), analysis of which can determine the radius of the surfaces R and the surface sep-
aration D.?? Distance dependent normal forces Fiy(D) are also determined from the FECO
by measuring the deflection of a horizontal leaf spring upon which the lower lens is mounted.
Calibrations for absolute distance measurements first take place in air, then a droplet of
aqueous LiTFSI is confined between the mica surfaces.

The structure and dimensions of aqueous LiTFSI are shown in Figure 1(b). Solutions of
aqueous LiTFSI are made up by dissolving LiTFSI from freshly opened bottles (Fluorochem,
99%) in ultrapure water (18.2 MQem, TOC < 2 ppb). The approximate concentrations
investigated in this study are highlighted in the phase diagram in Figure 1(c) and detailed
in table 1.

Measurements of equilibrium forces are made from an initial surface separation of D =



Table 1: Concentrations investigated in this study in molality, molarity, and water to salt
ratio. 5 m represents the lower limit of the water-in-salt regime for this system. Densities
are from a work by Han.?*

Molality, m Molarity, M H,O:Li

mol salt / kg H,O mol salt / litre solution molecular ratio
5) 2.8 12:1

8 3.8 7:1

12 4.6 4.5:1

200 nm. The surfaces are translated towards each other at constant velocity (in the range
0.5 nm s ! $v < 20 nm s™') by means of either a mechanical or piezoelectric drive, while
separation and force are measured directly. The resulting equilibrium forces are shown in
Figure 2, normalised by the contact spot radius R (measured in situ for each spot) to allow for
quantitative comparison between different measurement spots, experiments and experimental
geometries as described by the Derjaguin approximation, Fy(D)/R = 2nWy(D), where
Wy (D) is the interaction free energy between two parallel plates separated by a distance D.

At each concentration we observe a clear oscillatory force profile characterised by a series
of repulsive walls extending to ~ 7 nm surface separation. Retraction of the surfaces from
each wall reveals an adhesive well. The force required to overcome each wall increases as
surface separation decreases, similarly the force required to escape each well increases as
the surface separation decreases. Forces can only be measured along the gradient of the
spring constant (~120 Nm™!) hence regions of the force profile between the maxima of layer
7 and the minimum of layer -1 are inaccessible in our measurement and instead jumps are
observed between repulsive walls and from adhesive wells.

These results are substantially different from those measured in simple dilute aqueous
electrolytes, where the DLVO theory holds at the lowest concentrations measured with only
small deviations close to contact as the concentration is increased due to the formation of a
Stern layer of immobile ions at the surface.?>2¢ Instead, these results are more qualitatively
similar i) to force profiles measured in concentrated solutions of aqueous simple salts?"

where oscillations are thought to arise from layering of hydrated cations neutralising the
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Figure 2: Force profiles measured at three concentrations of aqueous LiTFSI, normalised
by the radius of the contact spot. (a) 4.70 m. (b) 7.78 m. (¢) 11.64 m. Forces measured
on approach are shown in blue, and those on retraction in yellow. Layers are labelled from
i = 1 at closest approach as shown in (a) and (c¢), compressions AC; within layers and
jumps AlJj .1y between layers are defined in the example in (b), while oscillatory wavelength
Ao is defined by linearly fitting minima positions and is shown in the example in (¢) and
in the Supporting Information. Small changes in the optical path can lead to an error in
the absolute surface separation of up to 1 nm, so runs have been shifted relative to the first
approach on the first measurement spot in each case. Beyond the oscillatory force regime
there is an exponentially decaying force, shown in the insets, with decay length A, = 8.3 nm
at 7.78 m and A\; = 11.5 nm at 11.64 m. At 4.70 m, this force is obscured by thermal drift.
The greater line-width in panel (b) for 7.78 m is a result of thicker mica in that experiment.
This can also introduce a small difference between F'(D)/R at the highest loads (smallest
distances) when comparing between concentrations due to differences in contact mechanical
stiffness. For this reason, we do not draw physical significance from the slight difference in
closest separation between the 7.78 m and 11.64 m concentrations.



surface charge; ii) to force profiles measured in ionic liquids (pure salts that are liquid at or

29,30

near to room temperature), where oscillations are thought to arise from alternating layers

of cations and anions and correspond to the ion pair diameter; and iii) to measurements in

31733 where simple packing arguments

non-polar organic liquids, polymers and liquid crystals,
are used to explain the layering and layer dimensions. We therefore suggest that the force
profiles observed here arise from strong layering of species at the surfaces.

The dimensions and evolution with concentration of the layering wavelength, \,, jumps
between layers, AJi .1y, and compressions within layers, AC;, are shown in Figure 3. Inter-
estingly, the values of A, are consistently larger than can be accounted for by considering

19 or by considering a simple ionic liquid-like ordered

hydrated cation layers (=~ 0.5 nm),
cation-anion layer set from the ion pair diameter (= 0.7 nm).3%:34

The large layering dimensions suggest a self-assembled nanostructure within the liquid
film. Such self assembled layers have previously been observed in SFB studies of long-chain
ionic liquids?® where amphiphilic cations formed bilayers between the surfaces with layers
composed of ‘charge-rich’ regions containing the anion and charged head group of the cation,
and ‘charge-poor’ regions of interlocking non-polar cation tail groups.

Simplistically, lithium cations are small and charge dense, and are therefore well solvated
in water, whereas TFSI anions are bulky and have delocalised charge centres, meaning they
are less well solvated. We suggest that the liquid is nanostructured, consisting of a hydrated
cation domain and a non-aqueous anion domain (Figure 4). The hydrated cation domain
consists of lithium ions and water; the non-aqueous anion domain consists predominantly
of anions with a small number of lithium ions, but with water molecules excluded. This
arises because of the strongly hydrophobic nature of the anions in our electrolyte and the
strongly hydrophilic lithium cations. This diverging affinity for water between cations and
anions drives the charge separation in the nanostructure. These domains are templated

against the SFB surfaces by the negative mica charge in a manner similar to that observed

in ionic liquids. Each layer transition seen in Figure 2, with the wavelength of ~ 1.4 nm,
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Figure 3: Layering data from aqueous LiTFSI. (a). Oscillatory wavelength A, as a function
of molal concentration, defined by a linear fit of jump out positions. (b). Jump distances
AlJi g1y as a function of molal concentration of sample measured on approach. (¢). Com-
pressions AC;within layers as a function of molal concentration as measured on approach.
Examples of all quantities are shown in Figure 2.



corresponds to the ‘squeeze-out’ of both a hydrated cation domain and a non-aqueous anion
domain. This removal of both a cation domain and an anion domain from between the
surfaces is driven by the requirement for charge neutrality between the SFB surfaces. This
mechanism is analogous to the squeeze out of cations and anions as a single unit in SFB
measurements of ionic liquids.?%3 A cartoon showing a portion of the WiS film is sketched
in Figure 4 with the layering dimension highlighted.

Supporting this hypothesis, a similar scale of nanostructure has been observed previ-
ously in bulk LiTFSI. Borodin et al. performed a series of spectroscopic measurements and
simulations at varying concentrations up to saturation of aqueous LiTFSI.*® They found
evidence for a nanostructuring in the bulk liquid at high concentrations with a character-
istic lengthscale of 1.4 nm, similar to the measured oscillatory wavelengths observed here
(Figure 3(a)). They attribute this to a ‘solvent disproportionation’, in which the liquid is sep-
arated on the nanoscale into a hydrated cation-rich Li*(H,0), domain, and a non-aqueous
anion-rich Li* (TFSI™),.,; domain. The SFB data presented here provides clear evidence for
the existence of such a solvent-separated nanostructure at charged interfaces, which will have
important consequences for the capacitance properties and behaviour of aqueous LiTFSI at
electrode surfaces.

Recently, atomic force microscope (AFM) measurements were reported by Ichii et al.
involving a similar WiS electrolyte containing a mixture of LiTFSI and lithium bis(penta-
fluoroethylsulfonyl)imide (LiBETI). In those experiments, layering was observed with smaller
structural dimensions than in our present measurements. 3¢ Potential causes for these differ-
ences may lie in the different WiS electrolyte composition studied, and the impact of the
AFM tip geometry and chemistry. It is also important to note that the AFM experiments
output a ‘resonant frequency shift’ of the AFM cantilever, compared to the direct surface
normal force (and therefore interaction free energy) measured in SFB. The resonant fre-
quency shift may detect sub-layers, collectively relating to the structural units observed in

SEFB. For example, the measurement with AFM of an outer layer of ~ 0.9 nm followed by



an inner layer layer of ~ 0.6 nm could together correspond to our measurement of a single
wavelength of 1.4 nm (precise matching is not expected as a result of the different molecular
structures present). If this is the case, then together the AFM and SFB results complement

each other and lead to a deeper understanding of the WiS structure.

Hydrated { Non-aqueous
cation anion
domain domain

Figure 4: A cartoon representation of ion structure over two oscillatory wavelengths. Ions
are separated into hydrated cation and non-aqueous anion rich domains. The oscillatory
wavelength is the sum of the breadth ot the two domains.

Although A, varies only by a small amount over the concentration range studied, the
mechanism of the squeeze-out process appears to change more substantially. As concentra-
tion is increased, the force required to overcome the repulsive energy barrier and induce a
layering transition also increases. Alongside this, compression within layer ¢ = 2 increases
(Figure 3c). Whilst some part of this compression may arise within the mica layer,?"37
under the loads and mica thicknesses considered here, mica compression is unlikely to be
responsible for the full effect observed. This suggests that under the high forces required to
induce a layering transition, some reversible structural reorganisation can take place within
the layers to reduce their thickness before the irreversible transition takes place. Such a
reorganisation could occur via a dehydration within the hydrated cation domain, or by a
a compression within the non-aqueous anion domain, resulting in a more compressed layer.

The squeeze-out of this modified layer is responsible for the small jump to the final layer,

AJsy1, observed at the highest concentration investigated.



The position at which the closest surface layer is first encountered varies with ion con-
centration. At 5 m the closest layer is observed at 2.1 nm, however at 8 m and 12 m this
decreases to ~ 0.5 nm. This variance likely corresponds to a changing mica surface charge
with concentration. It is well known that potassium ions can be dissolved from mica sheets
immersed in a dielectric liquid, leaving a negative charge on the surface. While the K* ions
occur at such low concentration in the solution as to not affect the structure, the negative
charge left on the surface can modify the ion ordering in the adjacent liquid. Potassium ion
dissolution will happen to a greater extent at higher dielectric permittivities of solution, i.e.
lower ion concentration, hence it is expected that the highest surface charge occurs at the
lowest ion concentration studied. At the lowest concentration, the high surface charge means
that the attraction between the surfaces and the adjacent layers is greater and therefore re-
quires more force to overcome. The 2.1 nm distance observed is close to the dimensions of
one oscillatory wavelength with a second hydrated cation domain, and we suggest that such
a structure is held tightly enough to the surfaces to persist under the loads applied in this
measurement. At the highest concentrations, the distance corresponds well to the diameter
of a single hydrated cation domain that is able to neutralise the surface charges of both mica
surfaces.

The insets of Figure 2 show the existence of a long range exponentially decaying mono-
tonic force with an exponential decay length A,. This force is similar in appearance to the
screening of charge within Debye-Hiickel theory, however, the concentration regime in which
we observe this screening is substantially higher than can be accounted for by considering a
continuum theory approach. Instead we attribute this force to the recently observed under-

28:38.39 and concentrated solutions

screening phenomenon, which has been seen in ionic liquids
of simple salts.?®4% The exponential decay length of the underscreening force increases with
increasing concentration from Ay = 8.3 nm at 7.78 m to Ay = 11.5 nm at 11.64 m (at 5 m

the decay length is obscured by thermal drift in the experiment). These values of A; are of

the same order as those observed previously in other concentrated electrolyte systems, and

10



the observed increase of A; with concentration is consistent with previous reports of under-
screening, ?84% however direct quantitative comparison of screening lengths is not meaningful
until a theory incorporating strong assymetry of ion diameter emerges.

In summary, we have performed the first direct surface force measurements of aqueous
solutions of the WiS electrolyte LiTFSI. We find that the system behaves differently to
aqueous solutions of simple salts, showing well defined layers and long range screening forces
similar to those observed in ionic liquids. They remain distinct from ionic liquids however,
with surface forces dominated by a self-assembled nano-structure with a characteristic length
scale > 1 nm, suggesting the existence of large and separated cation and anion rich domains
at charged surfaces. This result has interesting implications for the nature of WiS ion
transport to the electrode, and will be important in future research to improve the efficacy

of WiS electrolyte based electrochemical storage devices.
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