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ABSTRACT: Water-in-Salt-Electrolytes (WiSEs) are an exciting class A A A- ’

of concentrated electrolytes finding applications in energy storage . a 0 A
devices because of their expanded electrochemical stability window, ' | A.

good conductivity and cation transference number, and fire-extinguish- > A 1

ing properties. These distinct properties are thought to originate from a

the presence of an anion-dominated ionic network and interpenetrating
water channels for cation transport, which indicates that associations in
WiSEs are crucial to understanding their properties. Currently,
associations have mainly been investigated in the bulk, while little
attention has been given to the electrolyte structure near electrified
interfaces. Here, we develop a theory for the electrical double layer
(EDL) of WiSEs, where we consistently account for the thermorever-
sible associations of species into Cayley tree aggregates. The theory predicts an asymmetric structure of the EDL. At negative
voltages, hydrated Li* dominates, and cluster aggregation is initially slightly enhanced before disintegration at larger voltages. At
positive voltages, when compared to the bulk, clusters are strictly diminished. Performing atomistic molecular dynamics (MD)
simulations of the EDL of WiSE provides EDL data for validation and bulk data for parametrization of our theory. Validating the
predictions of our theory against MD showed good qualitative agreement. Furthermore, we performed electrochemical impedance
measurements to determine the differential capacitance of the studied LiTFSI WiSE and also found reasonable agreement with our
theory. Overall, the developed approach can be used to investigate ionic aggregation and solvation effects in the EDL, which, among
other properties, can be used to understand the precursors for solid-electrolyte interphase formation.
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Bl INTRODUCTION an operating voltage of ~2.3 V while maintaining reasonable
conductivity.” They found that a predominantly Li-anion ionic
network exists' that is interpenetrated by nanochannels of
water-rich domains containing Li cations."”"*"® The existence
of these nanochannels enables the facile transport of Li cations,
which is crucial for their operating performance. In addition, the
existence and equilibrium of aggregates at interfaces have been
revealed by surface force apparatus (SFA) and atomic force
microscopy (AFM) measurements'®~>° and molecular dynam-
ics simulations,'”" "> where it was found that hydrated Li* exists

Water-in-Salt Electrolytes (WiSEs) have emerged as a promising
class of electrolytes for applications in batteries and super-
capacitors.l_7 In contrast to conventional organic Li-ion battery
electrolytes, WiSEs have dramatically improved safety and
stability, owing to the use of water as a solvent instead of
flammable carbonate solvents."”®” In classical dilute aqueous
electrolytes, water is known to electrolyze around 1.23 V, giving
their small electrochemical stability windows (ESW), but the
superconcentrated WiSE regime displays enhanced ESWs up to the interf.
4 V.° The reductive stability of WiSEs is attributed to the fiear the mteriace.

To understand these simulations and experiments in the
formation of a passivating solid-electrolyte interphase (SEI) at . . e
the anode, simﬂ};r to convintional Li-ion}l’)tattery elfectrolgrtes.g’g’9 electrical double layer (EDL) of WiSEs, it is useful to have a

theory to rationalize the observations. One of the first theories
At the same time, the oxidative stability originates from the 24

thermodynamic activity of water reducing in the super- ————

concentrated regime.s_lz Received: January 24, 202$ g—
As WISEs are often used in the superconcentrated salt regime, Revised:  April 15, 2025

such as 21m LiTFSI, it is perhaps not surprising that the Accepted:  April 22, 2025

aggregation of ions has been discovered to be important in Published: May 7, 2025

numerous simulation and experimental studies."””"" At the

optimal concentration of 21m LiTFS], the electrolyte obtained
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Figure 1. Schematic of the modulation of aggregation occurring in the EDL of WiSE near positively (left) and negatively (right) charged electrodes.
Here, the alkali metal cations can form up to 4 associations, the IL anions can form up to 3 associations, and water can form up to 1 association. Ion

associations are shown by touching vertices.

for the EDL of WiSEs came from McEldrew et al.,'" where the
Bazant-Storey-Kornyshev theory”* was incorporated with the
Langevin fluctuating dipole model for “free” water molecules,
with most of the water assumed to be rigidly bound to Li cations.
This theory was able to rationalize the overall changes in the
composition of the EDL; but, it contains no explicit information
on the ionic associations, and assumes that the water bound to
each of Li* had infinitely strong associations. Later, McEldrew et

3 developed a theory for thermo-reversible aggregation and
gelatlon in WiSEs,"? among other electrolytes,24 26 which
allowed the cluster distributions and percolating ionic networks
to be understood within the framework of Flory, Stockmayers
and Tanaka’s famous polymer work. More recently, Goodwin et
al.””*® and Markiewitz et al.”” extended this formalism to tackle
the EDL, but the theory has yet to be rigorously tested against
MD simulations and experiments for real electrolytes of interest
in the battery and supercapacitor community.

In this paper, we develog a theory for the EDL of WiSEs based
on previous work,'*>*”*” where thermoreversible associations
are treated consistently, and test it against MD simulations and
experiments. This comparison of theory, MD simulations, and
experiments allow us to analyze the role these associations have
in the structure and properties of WiSEs in the EDL. We found
three main conclusions from this investigation. First, we found
that at negative voltages, in both theory and MD simulations,
electric field-induced associations are present at small negative
electrostatic potentials, i.e. over a range of potentials the WiSE
becomes more associated than in bulk. Moreover, we found the
hydrated Li* becomes increasingly dominant with larger
negative potentials. At positive voltages, it appears the clusters
are strictly diminished when compared to the bulk. The distinct
difference in the EDL structure and behavior at negative and
positive voltages can be seen through our theory and is
presented schematically in Figure 1. Second, we found the
theory was able to reproduce trends observed in MD simulations
as well as aggregation length scales inferred from AFM
measurements. Third, we found that the trends in the theory’s
predicted differential capacitance were promising when
compared against experimental measurements. Overall, we
found that the simple theory presented here can capture how
associations change within the EDL, which has never been
quantified with any theory.

B THEORY

Here, we consider our system to be an incompressible lattice gas
model®™ composed of alkali metal cations (+), ionic liquid
anions (—), and water (0), where we define the size of a lattice
site by the volume of a water molecule (v,), with the volume
ratios of all species, df]- = v;/vo. From these ratios, we can define
the dimensionless concentration of a species as ¢; = ¢;/&;, where
(¢)) is the volume fraction of each species and ] is +,—,0.

Similar to previous works,'>*® we consider the formation of
associations between the cations and anions, as well as between
cations and water. The cations can form a maximum of f,
associations, anions can form a maximum of f_ associations, and
water can form a maximum of 1 association; these maximum
associations are defined as the functionality of each species. The
functionality of a species can be obtained from the maximum
coordination numbers in the first solvation shell from MD
simulations; and therefore, this is not a free parameter of our
theory. When the functionality of the associating species is
greater than 1 they can form a set of polydisperse clusters, which
can be classified by the rank Ims of the cluster. This rank specifies
the number of cations /, anions m, and water s that comprise the
cluster, with the dimensionless concentration of the rank Ims
cluster being c,,. We assume the clusters only form Cayley-tree-
like structures, i.e, no loops are present in a cluster.”’ This
Cayley tree assumption for the clusters is necessary to keep this
theory analytically tractable and physically intuitive.””> This
approximation is known to breakdown for some electrolytes,'”
but it was shown to work well for WiSEs.”®

When the functionalities of cations and anions are equal to or
greater than 2, then a percolating ionic network can form.”* This
transition is referred to as gelation and is a second-order phase
transition. In this gel regime, we employ Flory’s postgel
convention to determine the volume fraction of each species
in the sol ((/)5"1 this phase contains both the clusters and the free
species) and in the gel phase ((ﬁg this phase contains only the
percolating network), where ¢, = ”1 d)gd andjis +, —, 0. The
total dimensionless concentration of each species is given by
summing over all possible clusters, for example ¢, = ;. ;. +
C§_el.

The free energy functional (F) is proposed to take the
following form

https://doi.org/10.1021/acsami.5c01781
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pF= fv dr{—/fT(wp)2 + fp® —
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+1)_0 ‘/le‘{
+/dr A
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Here the following variables, electrostatic potential, ®(r),
charge density, p,(r), volume fractions/dimensionless concen-
trations, ¢(r)/c(r), and the Lagrange multiplier, A(r), all vary in
space away from the interface and are integrated over the entire
electrolyte domain. The first three terms represent the
electrostatic contribution to the free energy: the first subtracts
the self-energy of the electrostatic field, the second is the self-
interaction energy of the charge density interacting with the
mean-field electrostatic potential, and the third is the energy
from the fluctuating Langevin dipoles (free water) interacting
with the electric field (—V®). The first two terms come from a
Legendre transform to enforce Poisson’s equation while taking
the variation with @.”>°>*" The third term comes from the
classical theory of random walks with drift, applied to the dipole
alignment to the electric field initially by Langevin. This mean-
field refinement has been implemented in prior double layer
theories” " and in modeling WiSEs."" The bound water
molecules are assumed to not act as fluctuating dipoles. Here €,
and €,, respectively, represent the permittivity of free space and
the relative dielectric constant, @ is the electrostatic potential, p,

is the charge density, given by p = ~(c, — ¢_), with e denoting
Yo

Ims

Ims

the elemental charge, and P is the dipole moment of the free
water. The fourth term is the ideal entropy of mixing from the
clusters of rank Ims. The fifth term is the free energy for forming
clusters, where Ay, is the free energy of forming the clusters of
rank Ims; this variable is discussed in detail later. The sixth,
seventh, and eighth terms represent the free energy of species
associating with the gel, A]gel, which is a function of ¢, for
thermodynamic consistency. The final term is the Lagrange
multiplier, which is used to enforce the incompressibilit%r; similar
to previous works, this requires one to solve for A(r).””*

We can consider the free energy of formation of a Ims ranked
cluster to consist of three contributions,

Alms — Ammb + Abind

Ims Ims

()
bind ;

where A?" is the combinatorial entropy and Aj " is the binding
free energy.

The combinatorial entropy comes from the number of ways
the ions and water molecules can be arranged in each cluster; in
the context of polymers, this was first derived by Stockmayer™
for the combinatorial entropy for Cayley tree associations and
can be extended to the case of WiSEs,'?

Coo1

Yo

L= Y (G0 + Em+5)g,, — &

A = kg Tn{f, " Wy} 3)
where
W = (f 1= DIfm —m)!
T s (f = T—m = s+ DI m—m—1+ 1)
(4)
29517

sinh(SP|VD|)
PPIV |

{5

1 .gel 1 . gel 1 gel
Z (Clmsln ¢1ms + ﬂclmsAlms) + ﬁAie C—fe + ﬁAgf Cge + ﬁAge Cge}

— é:_cfﬂl _ C(';’,d]
(1)

The binding free energy for an Ims cluster with [ > 0 is simply
given by,
Ahind _

Ims —

(I+m = 1)Af, _ + sAf, (s)

where Af,; = Af;, is the free energy of an association between a
cation and the ith species (anions or water). In the case where [ =
0, the binding free energy is zero. Note previously, the binding
free energy was split up into two terms, the binding energy and
the conformational entropy.”****¢

We can calculate the chemical potential of the clusters in the
bulk and the EDL, where an overbar will indicate that the
variable is the EDL version and ® is nonzero,

inh(SPIV®|
ﬂﬁlms= (l — m)ped — ln(%gcbl)]&,oém,o@,l +1
+ ln(ﬁms) + BA,,.
—(EJ+Em+ N+ (E1+Em +5)pd’
(6)

where d’ =0A8! + A + BOAE, with the derivative being
with respect to ¢,

In the bulk with zero electrostatic potential and field, by
asserting the clusters are in equilibrium with the bare species, it
follows that,

lygo + mpg o + spog, = My (7)

From this equilibrium, we can predict the cluster distribution
in the bulk with the bare species,

_ Wi f+¢100’1 - l f_¢010’1+— " s
Cims = /Lr_ ( §+ ] E (¢001’1+0) ®)

where 1, _ is the cation—anion association constant and 4, is the
cation-water association constant are given respectively by,

)4__ = eXP{ _ﬂAf+_ } (9)

Ao = exp{—PAf} (10)

EDL Equilibrium. By establishing the equilibrium between
the free species and the clusters within the EDL it follows,

lfy49 + mity, g + sy, = Fy, (11)

We obtain an analogous solution to the bulk’s for the EDL
cluster distribution given the volume fractions of the bare species

in the EDL,
J— 1 _ m
I/Vzms f+ ¢100)'+— f_ ¢010j'+— - = s
=5 A
s Ap_ ( £, £ (Doorto) 12)
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where

- BPIVODI

Ao = Ao Sinh(BPIV®I) (13)

Note that establishing the equilibrium within the EDL allows
the aggregation to be consistently treated at the interface, in
contrast to previous a})Proaches which only considered the
equilibrium in the bulk.”>*° In the Supporting Information (SI),
we verify that 4., varies in the EDL, supporting the assumptions
of our theory. The problem then boils down to consistently
linking the equilibriums in the bulk and in the EDL. These
approximations are expected to still hold under dynamics. For
example, when the bulk goes out of equilibrium, but the EDL
and the bulk “just outside” the EDL remains in equilibrium from
the effective boundary conditions. This result comes from the
asymptotic analysis for thin EDLs.”'

Following the work of Markiewitz and Goodwin et al. 7% we
can connect the bulk and EDL cluster distributions to the
Poisson—Boltzmann equation through closure relations. Here,
the closure relations are based on the pregel regime; hence we
limit the current analysis to this regime, as other terms should be
accounted for in the postgel regime.”” This connection is
achieved by equating the bare species in the bulk to those in the
EDL. For the bare cations

45100 = gbwoexp(—ﬂecb + &) (14)

there are only contributions from the electrostatic potential and
excluded volume effects. For the bare anions

5010 = Py pexp(fe® + E_A) (15)

there are only contributions from the electrostatic potential and
excluded volume effects. For the free water

_ Sinh(BPIV®I)

Poor = Poor exp(A)

PPV (16)

there are only contributions from the fluctuating Langevin
dipoles and excluded volume effects. It is imgortant to note here
that in previous versions,””" a parameter @~ was introduced to
account for the short-ranged correlations between ions, beyond
the mean-field that is accounted for here. One can simply
introduce the a-parameter by replacing @ with a®. For
simplicity, @ is excluded here for all but the differential
capacitance predictions, where we set a to be 0.1, which has
proven to be a reasonable value.”® For more details on a’s
implementation see the SI.”"*%*’

Lastly, to solve for the volume fraction of bare species, we
need to introduce the idea of association probabilities,
conservation of associations, and the law of mass action on
said associations.”” Knowing the volume fraction of bare species
@100 Poroy and Py, a priori is uncommon, requiring MD
simulations.”~ This motivates the theory to be designed around
the volume fraction of each species that comprise the solution,
¢;. One can obtain the desired volume fraction of bare species by
introducing the association probabilities p;, where i is the species
of interest and j is the species that it can form associations with,
for this paper they are (p,_,p,0,p—.Po.) as it has been shown that
associations between water and anions are negligible.“‘12
Similar to previous works,'”****7*7*’ we can use these
probabilities and the functionality of the species to determine
the bare species volume fractions, ¢ 00 = ¢,(1 — p,_— p.o),

$oro = P_(1 - P—+)f': and ooy = ¢ho(1 — P0+)~

In order to solve for the bare species, we need four additional
equations to determine the association probabilities. These
equations are obtained via the conservation of associations and
using the law of mass action on the open and occupied

- 12,23 . . :
association sites. The conservation of cation—anion
association produces,

wp,_=wp, =¢ (17)

wherey, =f.¢,/&, andy_=f_¢p_/E_ correspond to the number
of cation and anion association sites per lattice site and {
represents the number of cation—anion associations per lattice
site.'””” The conservation of cation-water association provides,

Wb = bobp, =T (18)

where I represents the number of cation-water associations per
lattice site. »** Using the law of mass action on the open and
occupied association sites for cation—anion associations
produces,

p_P
):_'__C — + +
(1 TPk —p+0)(1 —p_+) (19)
For cation—anion associations it produces,
T = ProPos
A-p_-p,)0-p,) (20)

where 1, _ and 4, are the association constants for cation—anion
associations and cation-water associations, respectively, as they
are determined by the equilibrium between the open and
occupied association sites. These bulk parameters can be
extracted from bulk MD simulations, and thus they are not free
parameters. Their EDL counterparts are determined by their
bulk value and state variables of the EDL, i.e., they are also not
free parameters. An analogous version of these association
probability equations uses their EDL quantities and are assumed
to hold and smoothly vary in space across the EDL.

Sticky-Cation Approximation. The complexity of this
model can be reduced by utilizing the so-called “sticky-cation”
approximation, first introduced in ref 12. where it was asserted
and shown that in lithium-based WiSEs the cation associations
are sufficiently strong as to fully populate its first solvation shell,
i.e., on the time scales of interest the lithium ions always have
their max amount of associations. Physically, one can motivate
this assumption for Li" as it is the smallest ion present producing
the largest local electric field. Thus, Li* is expected to have the
strongest and most persistent associations with species in its
solvation shell. Therefore, it follows that its first shell will be
completely filled. This treatment relaxes the previous treatment
of the first solvation shell of Li* for WiSE in the EDL seen in
McEldrew et al,'* where four waters and Li* were assumed to
form a single effective cation. Our current treatment allows the
cation to bind to water, but also the anions to form aggregates.
This assumption fundamentally reduces down to the constraint
P+ + po= 1. Additionally, this leads to singularities in the law of
mass action equations, eqs 19 and 20; this can be overcome by
taking the ratio of these equations,

Ao _p(-p)
Ao P, (I=p.) (21)

where A is the cation association constant ratio. Furthermore, as
this assumption is incompatible with having bare cations, eq 14

https://doi.org/10.1021/acsami.5c01781
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must be replaced; this is achieved by considering the equilibrium
between the fully hydrated cation in the bulk and the EDL,

alof+ = qbl%exp(—[ied) + (& +f+)A) (22)

where o = (1+£,./8,).(1 — p,_)". Additionally, as the sticky

cation approximation requires that s = f,I — | — m + 1, the sticky-
cation cluster distribution simplifies to

1 m
f/)o%Wzm( ’//+05+—] y/_a_]
Clm = }. A
4 by b (23)
where
(f+l - DUf m — m)!
W =
" ml(f = 1= m+ DI m =1 —m + 1)
(24)

Here, ap=1 — Pow A= (1 _P+—)f+; anda_= (1 _P—+)f’ are
the fraction of free water molecules, fully hydrated cations, and
free anions, respectively. Additionally, an analogous set of
equations exists for the EDL. Lastly by using p,_ + p,o = 1 with
eqs 17, 18, and 21, one can explicitly solve for the association
probabilities in terms of 4, y,, w_, and ¢, the equations for
which are shown in the SL

Modified Poisson—Boltzmann. To predict WiSEs behav-
ior in the EDL, we can derive our modified Poisson—Boltzmann
(PB) equation by taking the functional derivative of the free
energy with respect to the electrostatic potential,

V(eV®) = —p = —Vi(q -7 25)
0

where

Coo1 L(PPIVDI
€ = €€, + Pmi(ﬂ )
i Vo (26)

and L(x) = coth(x) — 1/x is the Langevin function. Here, we can

define the inverse Debye length, x = \/ Ble, + c_) /e,
which will be used to express the distances from the electrode as
dimensionless values. Simple modified PB approaches model the
correlations of point-like charges interacting through a uniform
dielectric media, which is only technically valid in the dilute
electrolyte limit.*”> While fluctuations from the dipole moment
of free water molecules are accounted for here, nonlocal effects
still exist that are not captured in this simple modified PB
equation. Other modified PB equations have been developed to
correct for the effects of finite ion sizes, Coulomb correlations,
and nonlocal dielectric responses.”>*"*>***%*! Similar to the
theory of SilLs in the EDL,” our simple model may indirectly
capture these corrections through the short-range associations
that promote the formation of ionic clusters with solvent
decorations. These clusters have a “spin-glass” ordering, i.e. ions
favor oppositely charged neighbors.”” The procedure imple-
mented to solve our system of equations coupled to the modified
PB equations is discussed in detail in the SL

EDL Prediction. Beyond the spatial profiles, cluster
distributions, and how aggregated the WiSE is in the EDL,
one can extract other informative quantities such as the
screening length and the length scale of the aggregates. The
screening length can be extracted by fitting an exponential
function to the electrostatic potential at small potentials for
various molalities. Obtaining the screening length allows one to

test the consistency of the model’s electrostatic predictions. The
length scale of the aggregates (/) can be obtained in the pregel
regime by solving,

B o=y, Z (EJ+ Em + 5) g,
Ims (27)

The /, may be used to understand more thoroughly the
structuring near charged interfaces, allowing for qualitative
comparison against experimental results."”

A valuable aspect of mean-field models is their tendency to
provide reasonable predictions for intezgrated quantities such as
the excess surface concentrations,'"**** the interfacial concen-
tration of water,'" and the differential capacitance. The excess
surface concentrations provide an integrated perspective on how
the composition of the electrolyte is affected by being in the
presence of a charged interface,

_1 e _ bulk
) = |G g) - o)

where g, is the surface charge density at the interface, " is the
dimensionless concentration of the bulk electrolyte solution,
and where x is the dimensional distance from the interface. We
obtain these predictions by directly integrating the numerical
solutions from the modified PB equations and the MD
simulations.

The interfacial concentration of water provides deeper insight
into the average composition of the EDL and the amount of free
interfacial water present. This measurement can provide insight
into how accessible water is to undergo reactions at the
interface."" This quantity can be obtained from both theory and
MD simulations by integrating a distance /,, from the charged
interface and normalizing their bulk value over this distance,

/O[W c,(x, q.)dx

~ads
Pon(a) =
w,n Nlg lwcé)ulk (29)
Here /, was chosen to be 5 A, and n indicates the form of water,
i.e., total is ¢, free is Cyp;, and bound is ¢y — Cpg;-
The differential capacitance, C, also known as the double layer
capacitance, can be calculated as,

dqs

C =
dQ (30)

Here, @, is the electrostatic potential at the charged interface,
equivalent to the potential drop across the EDL.

B RESULTS

Here, we will mainly discuss the EDL properties of 15m water-
in-LiTFSI (12m water-in-LiTFSI is shown in the SI), describing
and comparing the theory’s predictions under the sticky cation
approximation (nonstick case shown in SI) against the
predictions from MD simulations and later experimental data.
The theory and its predictions discussed here build strongly on
previous studies of WiSEs in bulk, such as ref 12 and
concentrated electrolytes in the EDL, see refs 27 and 29. In
the SI, we have included the MD simulation methodology,
experimental protocols, sticky cation approximation, numerical
maps of how the WiSEs properties change as a function of the
electric potential and the magnitude of the electric field, and the
results under different conditions.
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Bulk WiSE. Before investigating the EDL properties of WiSE,
it is first prudent to review the aggregation behavior in the bulk.
In order to model the bulk, one must first find the salt’s
functionalities, which can be determined from the coordination
number distributions. Here we found that in our simulations of
pregel water-in-LiTFSI, Li* has an average coordination number
greater than 4 (approximately 4.5). This is in agreement with
experiments, where they find the first hydration shell of Li"
contains 4—5 water molecules as determined by neutron
diffraction experiments.** This finding is also similar to previous
work,'” in which they set the functionality to be 4 and created
the sticky cation approximation, i.e., the cation is always fully
associated, as it better modeled the simulation data. As our
finding suggested a Li* functionality of either 4 or 5, we tested
and verified the adequacy of using the sticky-cation approx-
imation in the EDL with functionality of 4, and nonsticky case
with functionality S. This was also done with 12m water-in-
LiTESI and is discussed in detail in the SI. Based on the
behaviors of TFSI™ associations, its maximum cation coordina-
tion is 3."” Therefore, we concluded Li* functionality to be 4
under the sticky-cation approximation and the functionality of
TESI™ to be 3, both values agree with the previous study.'”

The association probabilities can also be extracted from the
simulations, which are discussed in detail in the SI. From the
bulk association probabilities and mass action laws, we were able
to extract the cation association constant ratio, 4, using eq 21 to
find it is 0.231 for 15m water-in-LiTFSI. From the molality, we
can obtain the volume fraction of each species in the WiSE.
Using the volume fractions, functionalities, and A one can
predict the bulk association probabilities from our theory. Lastly,
we can also predict the gel-point, which is given by 1 — (f, —
1)(f-— 1)p¥_p*, = 0.% This criterion comes from calculating
the critical probabilities for which the ionic backbone of these
clusters can become infinitely large. The proximity of p, _p_, to
p¥_p*, provides insight into how large the aggregates are and
how close the solution is to gelation. For 15m LiTFSI, we find
both from the sticky-cation theory and simulations that the
WISE is just under the gelation point.

Since the theory is fully parametrized for bulk 15m water-in-
LiTFSI, we can investigate the bulk cluster distribution using eq
23. In Figure 2, we show schematics of some of the most
common clusters in the LiTFSI WiSE: cations hydrated with 4
water molecules, free anions, hydrated ion pairs, and sample
multi-ion clusters. In Figure 2, the bulk cluster distribution from
the sticky-cation theory for 15m water-in-LiTFSI is shown. An
informative quantity is cyo,/co10, Which tells us how positively or

negatively biased the “free” species are. Additionally from this
quantity, one can deduce the sign of the net charge bias of the
clusters. Moreover, it can be shown to depend only on the ratio
of anion to cation functionality (f_/f,), for the derivation see SI.
Here one can note that the distribution beyond the hydrated
Lithium and the free TFSI” is marginally biased toward net
negative clusters, which occurs because the functionality of
cations is larger than anions. This preference for slightly negative
ionic aggregates is balanced by the excess amount of hydrated
cations compared to free anions, giving overall electroneutrality
in the bulk. Intuitively, the negative cluster bias can be noted that
there are more “free” cations than “free” anions. Since the bulk
must satisfy global electroneutrality, ie., ¢, = c_, then the
difference in the “free” species c;o;, — ¢y must be compensated

in the multi-ion clusters (C10f+ + %8 = 10 + %), For this reason,
Ciof, = Co10 > 0= A% — 4% 5 0, j.e., the multi-ion clusters must

have a net negative bias. An alternative visual representation and
explanation of this cluster bias are presented in the SI for both
the theory and MD.

Anode EDL. In Figure 3, we show the predicted properties of
the EDL for negatively charged interfaces from both MD and
theory. All plots are shown as a function from the charged
interface, in dimensionless units of distance, which is normalized
by the inverse Debye length, k. Here 1/k = Ay ~ 0.5 Awith €, =
10.1 and P = 4.995 D, which respectively comes from the relative
dielectric constant and the dipole moment of water-in-LiTFSI
obtained in previous MD simulations of water-in-LiTFSI
solutions."" The gray regions in the simulation plots below
indicate the area closest to the interface where one species did
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not exist in the simulations, determined from the center-of-mass.
In this region, extracting the probabilities from MD simulations
is not well-defined, and moreover, the theory is expected to
break down near this condensed layer. The deviations are
expected in the condensed layer, also known as a Helmholtz
layer, as a result of the surface, nonlocal, and finite size effects
leading to oscillations and species exclusion.

In Figure 3a,e the volume fraction of the Li* (¢,), TESI™
(¢_), and H,0 (¢h,) from, respectively, the simulation and
theory are displayed. In Figure 3a, one can identify three distinct
regions for the cations, with minimal population in between.
The first layer is found at the interface where the cations have
saturated, i.e., its volume fraction reaches 1, followed by a
depleted region where water dominates. Following this
hydration layer, another cation peak is found with water at
6/p, followed by a large volume fraction of anions. Lastly, there is
a small third layer of cations at 174p, after which the volume
fraction of cations fluctuates around the bulk value. In Figure 3a,
the water forms two distinct layers, the first being the hydration
layer around 3—74p, which follows the saturated layer of cations
and is smeared out into the second cation peak before being
depleted by the large anion layer. The second water peak is after
the anion layer around 194, and decays into the bulk oscillations
of the system. Lastly, the anions are depleted just before the
condensed layer; before this, they peak around 114, and
subsequently fluctuate around their bulk value.

29521

These MD results can be compared against the theory in
Figure 3e. The theory predicts an increase in the cation volume
fraction approaching the interface before negligibly decreasing
close to the interface, which agrees with the simulation trends,
albeit without the oscillations and surface structuring observed
in the simulations. Similarly, the water volume fraction slowly
increases until close to the interface where it rapidly increases.
This predicted trend by the theory agrees roughly with the
simulations, as the oscillations and surface structuring,
respectively, leads to fluctuations throughout the EDL and
more refined structuring in the condensed layer. Lastly, the
anion volume fraction slowly decreases until it rapidly goes to
zero closer to the interface. In this case, the theory more
accurately captures the trends seen in the simulations; this result
follows from the anions not being present in the condensed layer
making the diffuse nature of our theory even more apt. However,
we still see deviation from the simulations through oscillations,
but this is expected from the local approximations used in our
theory not capturing the overscreening behavior of the
concentrated electrolyte (see Discussion Section). The value
of the presented theory is not in predicting the exact distribution
of each species in the EDL, but in investigating how the
associations change within the EDL, which will now be
described.

Considering the volume fraction of specific clusters in the
EDL provides deeper insight into the structure of the volume
fraction of each species. Observe first the free anion volume
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fraction for the simulation in Figure 3b, ¢y, is found to be
significantly smaller than ¢_ as much of the anions are in
clusters. In Figure 3f, the decaying trend in ¢y, toward the
electrode’s surface is replicated qualitatively by the theory.

Second, let us consider the free water volume fraction, ¢go;.
From the simulation in Figure 3b, a sharp peak in ¢y is
observed in the middle of the condensed layer at 34p. A little
outside of the condensed layer, ¢y peaks again at 8.
Following this, ¢4y, decays and fluctuates around its bulk value.
In Figure 3f, the theory predicts ¢o; monotonically increases as
it approaches the charged interface, albeit the absolute values are
quite different. This enrichment of ¢4y, near the negatively
charged interface qualitatively captures the behavior of ¢,
observed in the simulation.

Third, one can consider the volume fraction of aggregates
containing more than one ion, ¢,,,. From the simulation in
Figure 3b, one can observe that this profile slightly increases
entering the EDL followed by a gradual decay before a rapid
decay to a near zero value through the condensed layer. In
Figure 3f, this qualitative trend is found in the theory with the
local maximum in aggregation being notable in this curve around
6/p. This local maximum emerges from both the cations and
anions existing in similar and appreciable amounts, instead of
there being one dominant ion present, which maximizes the
aggregation emerging. This kind of phenomenon has been
predicted to occur in other concentrated electrolytes such as
Salt-in-Tonic-Liquids.”

29522

Lastly, the volume fraction of various degrees of hydration (x)
cations, ¢,,, from the simulation is seen in Figure 3b. At the
surface, o, saturates, excluding free water from the interface.
Following this layer, ¢, decays slightly before rapidly
increasing, producing a second ¢, peak in the condensed
layer. This second ¢, peak occurs at 51y, which is around the
same location as the second ¢, peak. After this peak, ¢, is
depleted until further away from the interface where ¢, obtains
its third and final peak in the EDL at 214} after which it
fluctuates around its bulk value. All the peaks in ¢, correspond
to the peaks in ¢, in Figure 3a, but the peaks in ¢,,, are broader
and dissipate slower. For the theory, as we are considering the
sticky-cation approximation, the only hydrated cation cluster is x
= f,, 50 (10x=104 In Figure 3f, the theory predicts that the
volume fraction of hydrated cations increases when approaching
the negatively charged interface, with the fastest increase within
SAp of the interface. Close to the interface, a local maximum in
@104 is predicted. The theory is able to capture qualitatively the
increase of ,, in the diffused EDL and dominate presence of
@104 close to the interface.

At this time, let us consider how the negatively charged
electrode impacts the association probabilities, which no prior
theory of WiSEs in EDL has been able to predict. From the
simulation in Figure 3¢, one can note that the association
probability of cations being bound to an anion, p,_, increases
initially after entering the EDL, before gradually decaying to zero
as the interface is approached. The association probability of
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cations being bound to a water, p,, initially decreases before
increasing around 15/, from the interface, which is the same
turning point as seen for p,_. Upon entering the condensed
layer, P, decays; this behavior appears to result from the excess
amount of Li”’s in the condensed layer without enough water to
fully fill their first solvation shell. Note in this analysis,
associations of species with the wall are not considered. From
the theory in Figure 3g, p,_ gradually decays before quickly
decaying near the interface, and p,, gradually increases before
quickly increasing near the interface. The general trends of p, _
and p, in the EDL seen in the simulation can be captured by the
theory.

Next, one can consider in Figure 3¢ that the simulation of the
anion—cation association probability p_,, appears to slightly
increase while undergoing broad fluctuations when approaching
the negatively charged interface and is ill-defined in the
condensed layer. While the direction of p_, in the simulation
is captured in the theory seen in Figure 3g, the magnitude of the
change in p_, is larger in the theory.

Lastly, in Figure 3c, the water-cation association probability
from the simulation, py, is shown. Here, p,, slightly increases
until ~174p. After which p,, strongly oscillates with a negative
trend until the condensed layer. In the condensed layer, p,,
strongly increases toward 1. The theory can be seen in Figure 3g
where p,, slowly increases until close to the interface, where it
then decreases slightly. Overall the theory can capture the rough
behavior of py, seen in the simulation.

Finally, one can consider how ionic associations are impacted
by the EDL through the product of the cation—anion and
anion—cation association probabilities, p,_p_,, another observ-
able which prior theories have not be capable of providing
insight on for WiSE in the EDL. From the simulation in Figure
3d, one can observe an initial increase in p,_p_, where it even
crosses the critical value for gelation and reaches a maximum
around 14.54;. Following this maximum, the electrostatic
potential and electric field strength achieve sufficiently strong
values to melt the induced gel. Comparing this result against the
theory in Figure 3h, p, p_, increases very slightly, peaking
around 74p, before rapidly decaying to zero, shown in greater
resolution in the SI. Once again, the theory appears to predict
qualitative trends in the WIiSE solution in the EDL, but the
overall changes are smoother. Note that the association
probabilities can also be combined to compute how the
association constants vary in the EDL, as we show in the SI,
where good agreement with the theory is found.

Overall, by considering the simulation results and theory’s
predictions near a negatively charged interface in Figure 3, one
can consider the EDL to be structured by the following regions:
(1) a condensed cation layer with some bound water molecules,
(2) a hydration layer filled with free water and some hydrated
cations, (3) a cation rich layer with fully hydrated cations,
aggregates, and trace amounts of free water, (4) a small peak in
aggregation, and (5) bulk region. Additionally the qualitative
trends in the diffuse sections of the EDL produced by the theory
appear to agree with the MD simulation results sufficiently to
provide previously inaccessible insights into the association
environments in the EDL, both in terms of ionic associations
and solvent associations.

Cathode EDL. A similar analysis can be conducted for a
positively charged electrode in Figure 4. The total volume
fractions obtained with MD simulation can be seen in Figure 4a.
In Figure 4a, as one approaches the interface, the volume
fraction of Li*, ¢,, fluctuates around its bulk value before

increasing slightly for a short region and then dropping to zero,
which is consistent with overscreening. While the overarching
trend in ¢b, depleting near the interface is captured by the theory,
as seen in Figure 4e, the higher order correlation effects such as
overscreening are not captured, which will be discussed in
greater detail later. Analogous to the Anode EDL, there exists a
condensed layer where significant deviations are expected and
can be improved in future theory extensions as discussed
previously in the Anode EDL subsection.

Considering the simulation prediction for the volume fraction
of H,0, ¢, in Figure 4a one notes the two peaks. The first being
the hydration layer at the interface followed by a depletion
region where the first anion layer can be found. This layer is
followed by the second peak at 114, in ¢, before it drops to its
bulk value. The theory predicts an initial decay in ¢, entering the
EDL before quickly increasing close to the interface. This
behavior qualitatively captures the key features of the ¢, curve
from the MD simulation.

Now, one can consider the behavior of the volume fraction of
TESI™, ¢_, in the EDL displayed in Figure 4a. Upon entering the
EDL, ¢_ retains its bulk value before decaying to about half its
bulk value. Following this region, there is an anion layer with
little water present around 5Ap. Entering the condensed layer
close to the interface, h_ goes to zero as the hydration layer
excludes the anions from the interface. Considering the theory’s
prediction for ¢_ in Figure 4e, the anions initially increase their
presence in the EDL before gently decaying near the interface.

Next, one can consider the volume fraction of a specific cluster
near a positively charged electrode. First, from simulation in
Figure 4b, the volume fraction of free anions, Do10 stays near the
bulk value in the EDL until reaching the anion layer around 51,
where it then increases significantly, but seemingly a little less
than half of these anions remain in a cluster. Following this, ¢,
decays quickly to zero in the hydration layer. The theory’s
prediction is seen in Figure 4f, with ¢, increasing and reaching
a local maximum close to the interface before slowly decaying.
Here, the theory appears to capture the general behavior but
lacks the ability to account for the finite nature of these clusters,
which is expected given the current theory’s point-like treatment
of species. These effects, along with specific surface interactions,
become increasingly important at closer distances to an
interface.

Second by simulation in Figure 4b, one can see that the
volume fraction of free water’s, (b, enhancements in the diffuse
part of the EDL are in line with ¢,’s but scaled down significantly
as it happens that most of the water is bound in the bulk solution.
However, close to the interface, a “hydration” layer is filled with
free water molecules. Similar to the theory’s prediction for the
oo its prediction for ¢y, is consistent with a qualitative trend
from the MD simulation, with the condensed layer producing
more complicated effects, such as the “hydration” layer at the
interface.

Third, one can consider how EDL influences multi-ion
aggregates obtained through simulation in Figure 4b. In Figure
4b one can observe that the volume fraction of aggregates with
more than one ion, (}Agg, is zero through the “hydration” layer
after which it takes on half of its bulk value in the anion layer,
before returning to around its bulk value. This result
demonstrates how the TFSI™ extended nature allows it to
form clusters across the EDL. This deviation occurs as the anion
can form associations with cations further away from its center-
of-mass, which hinders local theories’ ability to capture
oscillations as short-ranged ordering is averaged out. As
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expected in Figure 4f, the theory predicts ¢ age t0 decay toward
the interface monotonically. This decay loosely agrees with the
trend seen in the MD simulation, without the strong oscillations.

Lastly, one can consider the simulation’s prediction for the
volume fraction of hydrated cations, ¢, in Figure 4b.
Approaching the interface, ¢,o, fluctuates around its bulk
value, until it increases and obtains a peak value around 134;,
from the interface before rapidly decaying to zero. This peak at
13/ is at a similar location to the second local maximum of ¢, in
Figure 4a but has a larger peak amplitude. Considering ¢, in
Figure 4a with higher resolution, there are two local maximum’s
at 84, and 131p. The first maximum at 81, appears to
correspond to cations in multi-ion clusters as the peak is missing
from the ¢o,’s profile, but is present in the ¢ age Profile. From
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this information, we can infer that the majority of the cations
present in the second peak in ¢, around 134, exist as hydrated
cations. For the theory as we are considering the sticky-cation
approximation, the only hydrated cation cluster is x = f,, hence
®105=0104- The theory in Figure 4f predicts that the hydrated
cations monotonically decay, which qualitatively captures the
diffuse EDL’s global behavior, but misses this local maximum.
Now, let us consider how the association probabilities are
influenced near a positively charged electrode. This is another
key prediction that could provide insight into the various
properties of WiSEs and one which prior theories of WiSEs in
the EDL were incapable of predicting. In Figure 4c from the
simulations, one can note that the association probability of
cations being bound to an anion, p, _, fluctuates around its bulk
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value until it quickly increases close to the condensed layer. In
Figure 4g, the theory predicts that p, _ increases into the EDL in
a similar fashion. Comparing p, _ profile from the simulation and
the theory displays an adequate match in the qualitative trends.
In Figure 4c, the value of the association probability of cations
being bound to water, ., fluctuates around its bulk value before
quickly decreasing near the condensed layer, in a roughly
reversed response to the EDL than p, _. In Figure 4g, the theory
predicts an equivalent behavior for p, . Hence, the theory is able
to qualitatively capture the trends in p,, seen in the simulation.

Next as seen in the MD simulation in Figure 4c, the
association probability of anions being bound to a cation, p_,,
slowly decreases through the EDL. The decay of p_, near the
interface is more gentle in the simulation compared to the
theory’s prediction. In Figure 4g, the theory predicts p_, to
behave similarly to the simulation trends with minor decreases in
the bulk of the EDL. Lastly through simulation in Figure 4c, the
association probability of waters being bound to a cation, py,,
fluctuates around its bulk value for much of EDL before rapidly
decaying to zero before and through the condensed layer. From
the theory in Figure 4g, p,, is observed to have a strikingly
similar behavior to the simulation prediction with negligible
decay in much of the EDL before rapidly decaying close to the
interface. Overall, the theory appears to adequately agree with
the qualitative trends presented in the MD predictions for the
association probabilities in the EDL.

Finally, let us consider how ionic associations are impacted by
the EDL through the product of the ionic association
probabilities, p, _p_,, is impacted by the positively charged
interface, once again an interesting prediction which previous
theories of WiSEs in the EDL are unable to predict. In Figure 4d,
P._P_, can be seen fluctuating, in a seemingly decreasing
fashion. Here, it appears to generally exist close to the critical
threshold. In Figure 4h, p, _p_, is predicted to gently decay
before rapidly decaying close to the interface. The differences
between these curves further support the important role the
condensed layer may have on the structure of the EDL itself and
how these effects propagate into the bulk.

Both the simulation and theory can give a detailed picture of
the EDL structure near a positively charged electrode. Here, we
have found it has four distinct regions: (1) a hydration layer of
free water molecules, (2) an anion-rich layer filled with free
anions and anions associated with cations from further away
from the interface, (3) an enriched cluster and hydrated cation
layer, and (4) the bulk. Overall, the theory appears to adequately
capture the qualitative trends from the MD simulations, while its
spatial profiles are compressed at points due to a short screening
length.

Size and Structure of EDL Aggregates. One direct way
associations impact the EDL is through the length scale of
aggregates, /,, which can be experimentally obtained through
SFA and AFM measurements. In Figure 5, /, predicted from
theory near a negatively charged electrode is displayed along
with its predicted value from MD simulations, and exper-
imentally from force—distance measurements by AFM on
mica'” in the inset. In Figure 5, the MD simulation predicts that
for a negatively charged surface /, fluctuates around its bulk
value far from the interface before gradually decaying as it
approaches the interface. In the condensed layer, /, rapidly
decays, taking on a final value around the length scale of a fully
hydrated Li cation. The theory captures the general trend,
however, the bulk value deviates from the MD results.

Turning to the inset of Figure S, the experimental data'’
predicts a lower length scale compared to the MD simulation
and the theory. Moreover, the experiments show that clusters are
located further away from the surface. Experimentally, this
finding may be the result of AFM as the position of the surface
has an uncertainty, meaning it is possible that the tip cannot
displace the last layer of strongly bound cations. Additionally,
the deviations might be due to a difference in the surface charge
of mica compared to the surface charge in simulation and theory.
One could expect the magnitude of the surface charge for mica
to be up to 0.33 C/m” The experimental data measures the
distances in the force peak heights from the AFM/SFA
measurements, which can be interpreted as representing the
minimum size of the ions/clusters in that region that are
squeezed out together. However, the experimental measure-
ments in the diffuse portion of the EDL appear to suggest the
presence of a local maximum in /,, indicating enhanced
aggregation compared to the bulk before decaying toward the
surface. The local maximum seen in 10m measurements'~ is in
line with this hypothesis. This qualitative comparison suggests
an experimental agreement with the theory’s and MD
simulation’s predictions of the local enhancement in associa-
tions near a negatively charged interface.

Moving to the bulk, one can compare the MD and the theory
predictions for /, against previous experimental measurements
from scattering13 and SFA."” Here, we find that for 15m water-
in-LiTFS], the characteristic length scale of the clusters should
be around 1—1.7 nm. This result is consistent with findings from
scattering that found the length scale of nanoheterogeneity from
9 to 14m water-in-LiTFSI being around 1-2 nm,"” and this was
later found to be consistent against SFA results.'” The deviation
between the MD and theory predictions for the bulk can be
understood through their respective cluster distributions, shown
in Figure Sc for the theory and Figure 5f for the MD. Comparing
Figure Sc and f, one can observe that the MD distribution has a
slightly heavier tail than the theory. This deviation leads to the
larger /, in the MD compared to the theory. Additional
discussion about the deviations and bias in the bulk distributions
is discussed in greater detail in the SL

One of the powerful aspects of our theory is that we are able to
investigate in more detail the predicted cluster distributions in
different regions of the EDL. In our previous descriptions of the
EDL we only described what happens to the aggregates and free
species, as is often done, but we can resolve clusters in more
detail. In Figure 5a,d & b,e we show the cluster distribution for
the positions in the EDL of the negative electrode that are
indicated in Figure S. In Figure Sa,d, the cluster distribution is
~2/p from the interface is considered. In Figure 5a the theory
predicts that the cluster distribution here is strongly skewed
toward positively charged clusters, with the majority of the
clusters being hydrated cations. Similarly, in Figure 5d, the MD
predicts a strong skew toward positive clusters with almost all of
them existing as hydrated cations. Here we can observe why the
theory & MD agree at the interface, as the majority of the
clusters are the hydrated states. Additionally, analyzing the
cluster distribution at the regions where p,_p_, are maximized
can provide deeper insight into the underlying physics. In the
theory, this occurs at ~7.54p, which is shown with higher
resolution in the SI. As shown in Figure Sb, the cluster
distribution is slightly elongated compared to the theory’s bulk
distribution as displayed in Figure Sc. In the MD, the maximum
is at ~14/p. The MD’s cluster distribution shown in Figure Se, is
stretched compared to the MD’s bulk distribution as displayed

https://doi.org/10.1021/acsami.5c01781
ACS Appl. Mater. Interfaces 2025, 17, 29515—29534


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c01781/suppl_file/am5c01781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c01781/suppl_file/am5c01781_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c01781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

— Theory - - MD
b)&e)

2%

l4 (nm)

0 5 10 15

20 25 30

RI
10 — O

E a)Theory ~2\p , b)Theory ~7.5Ap , ¢)Theory Bulk ,

o 8 7

D) e

wnoe ’ 1-2

= ,
— 4

o ! ,

7

) .
09 g
g ° &)
o 7] 7] hrord
~ d)MD ~2)p . e)MD ~7.5\p . f)MD Bulk . 20
% 8 e ‘ -6 3
o ’

o ¢ L’ ’

g . -8

Q e

g L

2okt 10

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

number of cations in cluster, [

Figure 6. Aggregation length scale and cluster distributions for WiSEs in the EDL. Aggregate length scale of 15m water-in-LiTFSI at g,= 0.2 C/ m?asa
function of distance from the interface in dimensionless units, where « is the inverse Debye length. (a,d) Cluster distribution ~ 24, from the g,=0.2 C/
m? interface. (b,e) Cluster distribution ~ 7.5, from the g, = 0.2 C/m? interface. (c,f) Cluster distribution in the bulk. For the theory, we use f, =4, f_ =
3,86 =16 =04 & =108, ¢ = 10.1, 4 = 0231, P = 4995 D, and v, = 22.5 A%,

in Figure 5f. In both cases, the theory and MD display elongated
cluster distributions around the maximum in p, p_,, which
indicates that larger clusters are more prevalent here compared
to the bulk. This finding is consistent given the connection
between /, and the association probabilities. One might note the
lack of a clear maximum for/, in the MD that originates from the
degree of hydration being variable in the MD compared to the
theory.

Next, one can consider the aggregation length scale near a
positively charged interface, as shown in Figure 6. The MD
simulation predicts that /, fluctuates with a decaying trend
before rapidly decaying in the condensed layer to its final value
around the length scale of water molecules. The theory captures
the general trend with both the final bulk and interfacial value
deviating from the MD results. The bulk deviation between the
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theory’s and MD’s predictions comes from the heavier tail in the
MD cluster distribution as discussed previously. The deviation
at the interface could result from the distinct interactions
expected at the interface. This reasoning aligns with the
“hydration” layer seen in the MD, but not in the theory. This
deviation is also reflected in the differences in the predicted
cluster distributions, shown in Figure 6a for the theory and
Figure 6d for the MD.

Similar to the negative electrode, one can consider the
changes in the cluster distribution as one approaches a positively
charged electrode in Figure 6a,b for the theory, and in Figure
6d,e for the MD. The cluster distribution at ~24, from the
interface is shown in Figure 6a,d, for the theory and MD
respectively. In Figure 6a, the theory predicts that the clusters
will mainly be free anions, with minor amounts of small

https://doi.org/10.1021/acsami.5c01781
ACS Appl. Mater. Interfaces 2025, 17, 29515—29534


https://pubs.acs.org/doi/10.1021/acsami.5c01781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c01781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c01781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c01781?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c01781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a) Theory

Experiment

80 . —15m 7
SN --12m

-o-15m
-o0-12m

25 jih

(13 . . .
-2 -1 0 1 -1 -0.5 0 0.5 1 1.5
o (V) V vs. Ag/Ag*
C) N E ! N u d) T T T
—Li" (Theory) = =TFSI™ (Theory) - H>0O (Theory) — Total (Theory) - -Bound (Theory) - Free (Theory)
4 A Li" (MD) o TFSI™ (MD) o HO (MD) 9| A Total (MD) o Bound (MD) o Free (MD)

qs (C/m?)

s (C/Inz)

Figure 7. EDL predictions of WiSEs. (a) Theory prediction for the differential capacitance of water-in-LiTFSI as a function of the electrostatic
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A =0.226 and v, = 22.9 A,

negatively charged clusters present. However, from Figure 6d,
the MD predicts no ions are present at ~2/, from the interface
reflecting the presence of the “hydration” layer discussed earlier.
Further away from the interface at ~7.5p, is depicted in Figure
6b,e, for the theory and MD respectively. In Figure 6b, the
theory predicts the cluster distribution is slightly shifted in favor
of negatively charged clusters, with the most common cluster
being the free anion. From Figure 6e, the MD predicts the
cluster distribution to be strongly shifted in favor of the
negatively charged clusters, with free anions being most
common. While the MD appears less elongated compared to
the theory at ~7.54p, the more substantial bias to negatively
charged clusters leads to it having a larger /, compared to the
theory. In both the theory and the MD, the cluster distribution at
~7.5Ap is shifted in favor of negatively charged clusters with the
most common cluster being the free anion.

Integrated Quantities. Differential Capacitance. Next, we
can consider how the differential capacitance of water-in-LiTFSI
varies as a function of electrostatic potential in the theory, as
shown in Figure 7a. Here, we have introduced the a-
parameter,”” which accounts for short-ranged correlations
between ions and stretches the theory’s voltage range to that
from MD simulations and experiments. We set & to be 0.1, which
has proven to be a reasonable value.”® At low potentials in Figure
7a, we see that the theory predicts the differential capacitance for
pregel water-in-LiTFSI at 12m and 15m takes on a strongly
asymmetric camel shape,”””"*” with the larger peak occurring in
the negative potential and a satellite peak occurring at large
positive potential. One can associate each of these peaks with
distinct circumstances, visualized and discussed in greater detail
in the SI. The large negative peak is associated with the cation
enrichment and is further amplified by the enhanced dielectric
function. The moderate positive peak is associated with anion
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enrichment, but lacks the same dielectric enhancement as seen
in the negative peak. The satellite peak at large positive
potentials is associated with water enrichment and dielectric
enhancement. This water-induced asymmetric satellite is
analogous to having hydrophilic anions or hydrophobic cations,
which is the case discussed in previous work.*® In the previous
work, Budkov et al.*® showed that the interactions from water
with hydrophobic cations or hydrophilic anions lead to the
asymmetric peak observed at low positive potentials.”’ In our
work, this peak emerges at a large positive potential as a result of
initial water diminution at a low positive potential, followed by
its enhancement at a large positive potential.

Additionally, in Figure 7a, one can consider the effects of
concentration on the predicted differential capacitance from the
theory. Here, we see that increasing the molality stretches out
the profile horizontally, as seen from the peaks of the camel
shape separating in voltage and the water-satellite peak moving
to a higher voltage. Moreover, the amplitude of the camel valley
in the differential capacitance increases with increasing
concentration, causing a larger camel shape. These features are
consistent with the differential capacitance curve becoming
more camel-like, which has been correlated with a decrease in
the number of free charge carriers in the electrolyte.’
Additionally, we see the water-satellite peak’s amplitude increase
with molality. Molalities effect on the screening length, and
therefore the Debye capacitance, is discussed in the SI in more
detail.

Here we also experimentally investigated the differential
capacitance of water-in-LiTFS], at different molalities, as a
function of the applied voltage, as shown in Figure 7b. The
differential capacitance was extracted from electrochemical
impedance spectroscopy (EIS) measurements performed in a
three-electrode cell, where we started from the open circuit
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potential and went to positive and negative applied voltages. By
conducting cyclic voltammograms for LiTFSI at various
concentrations, we were able to ensure our EIS measurements
were collected within the electrochemical stability window. The
differential capacitance was extracted by analyzing EIS data
using three different methods, two Nyquist plot-based fitting
methods and a Cole—Cole plot-based fitting method, all of
which produced similar trends. Shown in Figure 7b is the
extracted differential capacitance by fitting to the equivalent
circuit, as first introduced by Brug et al,>® in the limit of
dominant double layer resistance. For the differential
capacitance predictions using the other methods, see the SI.
The experimental protocol and analysis, along with predictions
for 1m and 21m LiTFS], are discussed in-depth in the SI.

In Figure 7b, one can note that the experimental differential
capacitance for both 12m and 15m water-in-LiTFSI appears to
have a camel-shaped curve. At both concentrations, 12m and
15m, we see a peak at moderately positive applied potentials at
0.29 Vvs Ag/Ag" and peaking around 24.78 uF cm~?and at 0.37
V vs Ag/Ag" and peaking around 20.85 F cm ™ respectively.”’
As the concentration increases, the magnitude of the differential
capacitance curves decreases slightly everywhere, but the
positive peak at 15Sm is smaller than the 12m. Additionally,
both the 12m and 15m differential capacitance curves appear to
decay monotonically after their positive peak, with some
increase being measured at large positive potentials, and the
differential capacitance profile appears to increase with
increasingly negative applied potentials. As these profiles are
collected within the electrochemical stability window, this
increase in differential capacitance at negative applied potential
is believed to be part of a larger negative peak at a larger negative
potential. This result suggests the differential capacitance has a
camel-shaped curve centered close to 0 V vs Ag/Ag" or at
slightly negative applied potential.

Now, one can compare the theory’s predictions against
experimental data for a more robust evaluation of the theory.
Here, we find that in both the theory in Figure 7a and the
experimental data in Figure 7b, as the molality of the solution
increases, the magnitude of the differential capacitance
decreases. This effect is clearest in the positive potential peaks.
The general shape of the differential capacitance between the
theory and the experiments suggests a camel shape with a water-
satellite peak at a large positive potential. Note that the most
prominent peak in the theory, found at negative potentials, is not
explicitly seen in the experiments. However, the peak’s existence
is reflected in the increasing differential capacitance at increasing
negative applied potentials that suggests its presence at larger
negative potentials. Moreover, comparing the 1m case results for
theory and experiments in the SI shows the absence of the
positive differential capacitance peak, further supporting that
this experimental peak corresponds to the positive peak in the
theory’s prediction around 0.5 V. Lastly, the magnitude of the
differential capacitance differs between the theory’s predictions
and the experimental data, which can be attributed to the
assumptions of the employed theory (discussed later), not fitting
the @ and not including a Stern layer while calculating the
capacitance. These deviations are expected given the sophisti-
cated nature of obtaining differential capacitance profiles
experimentally and a well-known weakness of simple mean-
field models, both of which are discussed in greater detail in the
following section. Overall, we observe similar trends in the
differential capacitance profiles in the theory and the
experimental measurements.

Excess Surface Concentration. For reactive interfaces,
understanding the excess surface concentrations, defined by eq
28, can provide insight into the local reaction environment."'
The excess surface concentrations from MD simulations and the
theory’s predictions for 15m water-in-LiTFSI at a variety of
surface charges are shown in Figure 7c. For Li*, the MD
simulations predict that its concentration will be enhanced at
negative surface charges and diminished at positive surface
charges. This prediction for Li* is accurately captured by the
theory. For TESI™, the MD simulations predict that the excess
surface concentration will be diminished at negative surface
charges and enriched at positive surface charges. Additionally,
the excess TESI™ surface concentration will achieve its
maximum value of reduction around —0.15 C/m?® and the
maximum enhancement around 0.15 C/m?2 The theory can
accurately capture the general trend for the modulation of excess
surface TFSI™ although it does miss the local maximum and
minimum observed from the simulations. Lastly, water is
predicted to accumulate strongly at negative surface charges and
be depleted at positive surface charges. Once again, the theory
captures the general trend with strong enrichment and reduction
at the respective surface charges. Overall, the theory appears to
be capable of capturing the general trends in the accumulation
and depletion of each species near the surface.

Interfacial Concentration of Water. Lastly using the results
from our MD simulations, we tested the theory’s prediction for
the interfacial concentration of water, defined by eq 29 and
shown in Figure 7d. From the simulations, one observes the
asymmetric response in the system, which is expected from the
excess surface measurements, and the existence of a depletion
region near each charged interface. At increasingly negative
surface charges, the total amount of water found close to the
interface is enriched compared to the bulk concentration in the
simulations. At increasingly positive surface charges in the
simulations, the average total water concentration gradually
diminishes before increasing moderately around 0.1 C/m?* Note
this later moderate enhancement in total water and, more
importantly, free water at larger positive potentials is consistent
with the water-satellite peak found at large positive potentials in
the theory and experiments. In Figure 7d, the theory predicts the
total amount of water increases with increasing negative surface
charge, becoming enriched at a later point than seen in the
simulations. Similarly the theory predicts the average total
concentration of water is diminished at increasing positive
surface charge. Hence, the theory appears to predict the
qualitative trends seen in the MD simulations of the interfacial
concentration of total water while deviating from the
quantitative values and local minimum at moderate positive
surface charges. Strengthening this finding, one can turn to prior
experimental studies of WiSE using Surface-enhanced infrared
absorption spectroscopy (SEIRAS), which can probe species
enrichment near charged interfaces.'®' From these experi-
ments, they found that in WiSE less water at positive than
negative potentials,'® and a similar result was found for WiSE
with divalent cations.”’ Therefore, the overall enrichment
(depletion) at a negatively (positively) charged interface from
the MD and theory is in qualitative agreement with experimental
results obtained by SEIRAS.'®'

We can further decompose the total water into that bound to
Li cations and free water. In Figure 7d from the MD results, the
amount of bound water monotonically increases at increasingly
negative surface charges and obtains a larger average
concentration than bulk water around —0.1 C/m? For
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increasing positive surface charges the amount of bound water
slowly decreases monotonically. Similarly, the theory predicts
the monotonic increase in the amount of bound water near the
increasingly negatively charged interface and its decrease near
the increasingly positively charged interface. These qualitative
trends agree with the MD simulations. The modulation of
interfacial free water from MD and theory can also be seen in
Figure 7d, wherein the MD simulations it increases with
increasing negatively charged interfaces with a maximum near
—0.15 C/m? after which it slightly decreases. Considering now
increasing positive surface charges, the amount of free water
initially decreases before rapidly increasing and becoming the
majority of the total water near the interface. The theory predicts
as the surface becomes increasingly negatively charged, the
interfacial concentration of free water shows a slight decrease
with a minimum at —0.01 C/m? followed by a monotonic
increase. For increasing positive surface charge, the theory
predicts a monotonic increase in the amount of free water. The
theory adequately predicts the qualitative trends for the amount
of interfacial free water. Overall as shown, the theory appears to
capture the qualitative trends from the MD simulations for the
interfacial concentration of water of 15m water-in-LiTFSI. Note
that the amount of free water becomes dominant to the bound
water at 0.1 C/m” in the MD results and a little after 0.1 C/m?in
theory, which further demonstrates the utility of the theory in
capturing the qualitative trends and behavior of WiSEs.

B DISCUSSION

Through testing our theory against MD simulations, we have
observed the limitations of the theory in capturing overscreening
and nonlocal effects as well as surface effects. These are expected
technical limitations from the theory presented here and are
seen through the theory’s predictions deviating quantitatively
and from the finer structure of the MD profiles. Additional
conceptual and technical limitations of this style of theory are
outlined in ref 27.

The first category of limitations are nonlocal effects and
overscreening. Overscreening is the phenomenon where an
excess amount of counterions are pulled into the EDL, leading to
a layer of co-ions being dragged into the EDL to compensate for
their excess charge. Conceptually, overscreening is a representa-
tion of thermo-reversible associations in the WiSE, as the
alternating structure of cations and anions is similar to the
layering ions in overscreening.** However, the internal structure
of the clusters is not explicitly modeled in our theory, leading to
layering of ions being averaged-out. Hence we do not explicitly
obtain decaying oscillations in the charge density as the result of
the theory’s simple construction. Generally, this limitation is
reflected in the theory being unable to capture the oscillations,
local maximums, and specific layering associated with over-
screening given the simple local point-like formulation of the
modified PB equations, which can be accounted for with more
intricate and nonlocal approaches.””*"******! The impor-
tance of the interplay between associations, overscreening, and
steric effects was highlighted in ref 40 and discussed in ref 27.
Developing more sophisticated theories that are able to
succinctly capture and balance the short-ranged associations,
nonlocal correlations, steric effects, and surface-specific
interactions will be crucial for further resolving concentrated
electrolytes such as WiSEs near charged interfaces.

The nonlocal effects may also be critical to capturing the
consequences of the finite nature of these clusters. For example
as shown in Figure 3h, the theory prediction for the product of

the ionic association probabilities, p,_p_,, is smaller than from
the simulation in Figure 3d. This deviation could be an artifact of
neglecting nonlocal effects by treating clusters as points.
Additionally, these effects can lead to nonmonotonic electro-
static potential. Now, considering that WiSEs are expected to
display some induced associations at a slightly negative
potential, these oscillations in potential could lead to electric
field induced associations occurring at both charged electrodes.
This effect could, in fact, be seen in the MD simulations in Figure
4d, where the fluctuations from nonlocal effects and over-
screening are captured. This may explain the regions of induced
associations seen in Figure 4d, which depicts p,_p_, in the EDL
near a positively charged electrode.

The most significant limitation in our theory comes from the
overly short screening length, 4, being predicted as ~1.1 A for
15m water-in-LiTFSL. This A, is smaller than an individual Li*
(~1.6 A), and this is much smaller than the length scale of
aggregates in the system in the theory for 15m water-in-LiTFSI
being ~11 A (~16 A from the simulations). This result suggests
that the theory is not acting self-consistently in regard to its
electrostatic predictions; this is a well-known challenge of mean-
field lattice gas models and is discussed in detail in ref 31. This
common failing of mean-field theories can be corrected through
more sophisticated modified PB equations that can capture
higher-order correlations and nonlocal effects, or partially
corrected through introducing a.”” This inconsistency can also
be addressed to some degree by modifying local mean-field
models, such as by including higher order local terms, as done in
BSK theory,”” or by modifying the Coulomb interactions."’
However, to overcome this inconsistency, one typically needs to
employ a nonlocal model that can capture the entropic effects of
excluded volume in a holistic fashion. This inconsistency
suggests using caution when using the theory’s predicted spatial
profiles of its species and cluster near the charged interface.’!
However, as discussed earlier from a qualitative perspective, the
theory can capture the trends and overarching behavior seen in
the spatial profiles of species and clusters near the charged
interface, despite lacking the sophisticated nonlocal effects and
overscreening seen in MD simulations. Moreover, a valuable
power of mean-field models is their tendency to adequately
predict integrated quantities even with mean-field models’
inconsistencies. For this reason, one could expect the theory’s
predictions of the double-layer capacitance, excess surface
concentrations, and interfacial concentration of water to be
reasonable, as we demonstrated. Furthermore, one could expect,
as demonstrated, the general trends in WiSE properties in the
EDL to be qualitatively captured along with the length scale of
aggregates and, most importantly, how the association
probabilities change within the EDL.

The other category of limitations are introduced by surface
effects which may dominate the physics in the condensed layer.
Even though the theory can reasonably describe the diffuse EDL,
it cannot capture the condensed layer where there are interfacial
layers of ions and water. This breakdown is expected as the
cluster distribution should deviate from the diffuse and bulk as a
result of the specific interactions with the electrode creating a
significant change in the coordination and cluster distribution.
In short, in the condensed region, the local solvation
environment is expected to be disrupted by the interaction
with the interface. These changes can be directly seen by the gray
regions representing the condensed layer from the MD
simulations in the left-hand column of Figures 3 and 4.
However, the intricacies of the condensed layer seen in our MD

https://doi.org/10.1021/acsami.5c01781
ACS Appl. Mater. Interfaces 2025, 17, 29515—29534


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c01781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

simulations could be further compounded by the lack of
sufficient statistics for co-ions in the EDL.

Experimentally benchmarking any theory or simulation is
desirable and timely as different approaches will capture
different properties of the system. In this current work, we
have been able to test the theory’s prediction of the aggregate
length scale and differential capacitance against experimental
data. The aggregation length scale was obtained via the
extraction of an estimate of the average length scale of the
nanoheterogeneities in bulk solution through AFM.'” Besides
the experimental data highlighted here, AFM measurements'®
on gold positively biased (+0.3 V) and 21m LiTFSI show the
presence of clusters with a max size of 0.8 nm close to the
surface, then with sizes ranging from 0.3 to 0.6 nm closer to the
surface. This finding indicates our results are in qualitative
agreement with additional experimental studies,"® although data
at lower concentrations have yet to be obtained. Scattering
experiments provide an alternative way to measure cluster sizes
and the average length scale of nanoheterogeneities in the
bulk."*'*** This previous experimental data," supported the
theory’s prediction that negatively charged interfaces can lead to
an enhancement in associations along with the qualitative trends
in the aggregation length scale itself compared against MD
simulations and the theory. Additional experimental inves-
tigations for a more diverse set of electrolytes could provide
novel insights into the role of associations and, in turn, the role of
the local solvation structure on interfacial electrochemical
reactions and operation of energy storage devices, using
traditional to concentrated electrolytes.

Comparing the theory’s predicted differential capacitance
against the experimental data gave a promising conclusion. Here,
we found that some of the trends seen in the theory’s predictions
of the differential capacitance held such as displaying camel
shaped profiles with a water-satellite and the decreasing
magnitude of the profiles from 12m to 15m water-in-LiTFSIL
The main challenge is that a rigorous extraction of the
differential capacitance profiles requires a sophisticated
approach incorporating the physical details and structuring of
the EDL into its differential capacitance fitting. While the
current analysis here has focused on extracting trends and
qualitative profiles, a more quantitative and detailed inves-
tigation into these EIS measurements could be deeply
illuminating. In general the difficulty in obtaining robust and
exact differential capacitance profiles is well established. Beyond
this challenge, the choice of electrode material and surface
roughness is expected to affect the differential capacitance
measurement. In the SI, these effects are highlighted. Given the
simple nature of the model, it is expected to fail in terms of the
absolute value as seen for the overall differential capacitance
curves; however as discussed, the model’s ability to predict the
general trends is desirable. Additionally, the structuring of the
condensed layer is expected to play an important role in the
overall capacitance measurements. Hence the condensed layer
acts as one limiting factor to the current theory. Even with these
deviations, the ability of the simple theory to capture some of the
key trends and structure of differential capacitance remains
promising.

The potential utility of the perspective our theory provides
may extend beyond the limited experimental analysis shown
here. Recently various investigations into the behavior of
concentrated electrolytes near interfaces have worked to resolve
experimentally and computationally the mystery beyond the
unique interfacial properties.'”'”*"*> A common theme

throughout these investigations arrive at is the importance of
the local structuring, orientation, and interactions near the
electrode. This idea is a core element of our theory. While the
model is expected to fail in some ways the value in it is the first-
principles intuition it provides, which appears to be shared by
top-down investigations. This perspective may aid in under-
standing experimental findings and improving electrolyte
design.

Implications for Energy Applications. Understanding the
structure of the EDL is essential for capturing the equilibrium
properties of WiSEs and developing deeper insight into
interfacial reactions occurring at electrode surfaces as well as
the stored charge.z’s’g’9’u’12 Regarding the former, there is a
strongly asymmetric response of the water, where it mainly
depletes at the cathode side giving rise to the extended cathodic
stability, but accumulates on the anode side. However, the
increase in water on the anode side mainly corresponds to bound
water, and McEldrew et al.'* found that solvated water has a
lower activity, which means it is less likely to react. However, at
very large potentials (both positive and negative), there is
eventually an increase in the interfacial free water that may be
able to react. These findings are in line with the current
understanding behind the expanded ESW in WiSEs.'”"!

Additionally, the theory captures the association probability
of the species in the EDL providing insight into the local
solvation environment. The species at the interface are
precursors for interfacial reactions. This information on the
local solvation environment and species activities could provide
deeper insight into which species are likely to undergo
decomposition into the SEL>* For example, we have found,
from both theory and simulation, that at the anode there is a
slight increase in aggregation at moderate potentials. Previously,
McEldrew et al.'* found that the activity of the salt increases
with concentration/aggregation, which suggests that these
additional aggregates could assist in the formation of the
passivating SEI layers. Understanding which species are
contributing to the formation of the SEI could support rational
electrolyte design.'**~*° By improving electrolyte formulation,
the passivation layers produced could be more efficient and
effective. Furthermore, aggregation occurring close to the
electrode/electrolyte interface may also have implications for
the metal cation mobility. Additional aggregation of the
electrolyte and the exclusion of the IL cation from the anode
can help hinder dendritic growth and form a more compact,
homogeneous and stable SEL.>” Moreover, our theory’s ability to
provide a deep understanding of how these cluster distributions
are modulated in the EDL, as well as by the composition and
other experimentally tunable variables, makes it valuable for
better understanding the role of electrolytes” local solvation
structure in energy storage.

The existing studies, however, do not address how the unique
microenvironment experienced by the interfacial ions and water
molecules affects their reactivity and charge transfer with the
electrode and other molecules. Recent experiments have
revealed that the effect of the WiSE EDL on the interfacial
reactivity of redox species is significant.' ' These works used an
ultramicroelectrode to carry out CVs, enabling faster diffusion
and a higher sensitivity to the faradaic reaction. In the WiSE
LiTES], the CVs showed a peak on the anodic scan attributed to
the oxidation of Fe(CN)¢ ™. This peak was not present in 1m
LiTFESI, which indicates that the interphase concentration of
Fe(CN){™ is greatly increased in the WiSE, and is attributed to
the confinement effect provided by the WiSE at the interface
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with the electrode. They also found that the addition of Zn** led
to a decrease of the surface-confined peak.'” The findings
suggested that the confinement effect is reduced by Zn** and is
enhanced by Ca*". The results suggest that the WiSEs EDL and
structure could be a tool to enable selectivity and tunability of
interfacial reactions.

The screening length determines the stored charge in the EDL
and it is a topic of controversy in the context of highly
concentrated electrolytes. Experimental surface force measure-
ments have found that concentrated electrolytes, such as in ionic
liquids and water-in-Salt electrolytes, have extremely long force
decay lengths.'”*>**7%° Gebbie et al.”® asserted that these forces
were electrostatic in origin, and arose from the large
renormalization of the concentration of free charge carriers.
This statement would imply that the screening length is about
1-2 orders of magnitude larger than the Debye length. This
phenomenon was originally named underscreening, but, as the
topic is controversial and unresolved,’"” it has been further
classified as anomalous underscreening.**®** This refinement
was implemented as other experiments,'”** simulations,”""°
and theories””*”* have been able to capture an uptick in the
screening length. However, the scaling seen in these works is less
than originally reported.”**® Moreover, as we show, we only find
a modest increase in the screening length, still remaining smaller
than 1 nm, which does not suggest these long force decay lengths
solely arise from electrostatics. Even with the lack of consensus
through studying the aggregation of ions and decoration by
solvent, this approach has been widely successful in capturing
the bulk and transport properties in WiSEs'” and concentrated
electrolytes.”® Recent studies””*>°” have been converging
toward an alternative hypothesis that it is steric interactions,
also known as hard-core interactions, contributing toward the
long-ranged interactions seen in various concentrated electro-
lytes and not a purely electrostatic phenomenon.®”*® We believe
the theory presented here could aid in further resolving these
kinds of measurements,'”°>°47° ag discussed in ref 29.

While our analysis here, has focused on the equilibrium
properties and structuring of WiSEs, one can expand these
results and theory to capture dynamics. The theory can be
extended to investigate WiSE’s transport properties by adapting
the methodology outlined in ref 24. Moreover, as WiSEs have an
active cation for intercalation, expanding the theory of coupled
ion electron transfer reactions to incorporate the local solvation
environment could be noteworthy.*’

Finally, the mathematical analysis required for this theory
extends beyond even the most advanced theories for patchy
particle systems.,70 while also taking into account electrostatic
interactions. These extensions could be used to account for how
other interactions or drivers of concentration localization
influence the cluster of polymers. For example, in 3D-printing
under electric fields or in synthesis requiring sol—gel
equilibrium’s. While our theory borrowed core elements of
polymer physics initially, the extensions seen here could find
broader applications in polymer physics and other statistical
physics.

B CONCLUSIONS

Here, we have developed a theory for EDL of WiSEs that
accounts for thermoreversible associations, based on McEldrew
et al’s model for bulk WiSEs. We thoroughly tested this theory
against MD simulations and found good qualitative agreement
for many cases, such as the distributions of total species, the
distribution of specific clusters (free species, hydrated cations,
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and multi-ion aggregates), and association probabilities. Addi-
tionally, our theory’s prediction for integrated quantities such as
the excess surface concentrations and the interfacial concen-
tration of water were found to be in reasonable agreement with
MD simulations. This simple theory’s value is its ability to
capture how the associations within the EDL change, not
previously quantified with any theory, allowing more detailed
predictions of cluster distributions and ionic network formation.
We found that the way cluster size changes in the EDL is similar
to the changes seen in AFM measurements and matches the
qualitative trends in MD simulations. Moreover, our theory’s
prediction of the differential capacitance was found to be in
reasonable agreement with our experimental results. The
mathematical analysis here goes beyond even the most advanced
theories for patchy particle systems, in addition to taking into
account electrostatic interactions. These ideas might find
applications in other fields of statistical physics as well as in
understanding experimental results.

As WiISEs are an exciting class of electrolytes for energy
storage, with lots of simulations and experiments investigating
these systems for a myriad of applications, having a theory to
build intuition is critical. This work can be used for the
following: provide insight into the local structure through the
ionic aggregation and solvation of species near electrodes, aid in
predicting the formation of the solid electrolyte interphase
(SEI), and shed light on surface force measurements near
electrified interfaces. Overall, the applications of this theory are
extensive and we hope it will inspire additional studies into the
interfacial behavior of electrolytes as well as support rational
electrolyte design. Looking forward, we believe developing the
approach to understand the kinetics of solvation/desolvation,
charging dynamics, and coupled-ion-electron transfer reactions
at interfaces could be interesting areas for exploration.
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