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We previously presented a thermodynamic continuum model for electrolytes. In this paper we include solvation
interactions between the ions and solvent, which alter the structure of the electrochemical double layer (EDL).
We combine a local solvation model with a full electrolyte model and investigate double layer structures for
a wide range of electrolytes, especially including highly concentrated solutions. We find that some of the
parameters of our model significantly affect the solvent concentration at the electrode surface and thereby
the rate of solvent decomposition. An increased salt concentration weakens the solvation shells and eases
ion desolvation at the electrode surface. The strength of the ion-solvent interaction also shifts the potential
required for desolvation. Thus, our theory qualitatively predicts EDL structures for different electrolytes based

on parameters like molecule size, solvent binding energy and salt concentration.

1. Introduction

Batteries play an important role in sustainable energy systems. It
is necessary to optimise the electrolyte—electrode interface to improve
battery operation [1-7].

Predicting the structure of the ion solvation shell both in the bulk
and in the EDL is of general interest. Among other effects, solvation
has a profound influence on the electrolyte structure and behaviour [8,
9]. In the electroneutral bulk, solvation effects affect ion transport.
Furthermore, the structure of the EDL and the degree of coordination
with the solvent near electrodes can have an important influence on
the reaction kinetics occurring at the interface between the electrodes
and electrolyte. For example at the electrode electrolyte interface the
solvation shell must generally be removed for the ion to transfer
into the electrode structure. On the other hand, the solvent can co-
intercalate to lower the associated energy barrier compared to pure
ion-intercalation. This can be seen in Sodium-battery systems with
graphite/graphene electrodes and certain electrolytes [10,11], which
was considered unsuitable due to graphite delamination, but recent re-
search promises reversible operation, [12,13]. Solvent co-intercalation
can also be found in Zinc-batteries [14,15] — in both systems, however,
binding solvent in the electrode degrades ion-transport in the cell.

Previous work [16,17] found that the degradation reactions at
the electrode surface are very sensitive to the local environment of

the ions, as are the ion-conductivity characteristics in the bulk elec-
trolyte [18]. By tuning the abundance of anions and solvent species
near the interface, electrolyte stability could be improved. As the
Electrochemical Double Layer (EDL) is able to disturb the solvation
shell, the dominant interfacial degradation pathway depends on the
strength of the ion-solvent interaction. Thus, this paper aims to more
accurately model solvation structures in the EDL. Using our findings
on property-structure relationships, we hope to guide searches for
improved electrolyte chemistries.

Experimentally, it is possible to probe solvation shell structure via
a number of methods. Raman and NMR spectroscopy can give insight
into the solvent coordination number [19,20]. Cyclic voltammetry (CV)
can be used to extract the differential capacitance of an electrolyte at
a charged surface and thereby probe the charge storage mechanisms
in the EDL [21-25]. However, the concentration profiles cannot be
measured at the scales of the EDL. Here, theoretical models can give
a deeper understanding of the EDL-structure.

Theoretical methods have also be applied to study the solvation
structure. Molecular dynamics (MD) simulation can resolve very small
length scales and are used to investigate the structure of the EDL.
Vatamanu and Borodin have modelled water-in-salt electrolytes, where
the EDL structure is strongly influenced by the applied voltage due
to ion-solvent-interactions [17]. Recently, continuum models have also
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been used to analyse EDL nanostructure. The groundwork was laid by
Kornyshev, when he illustrated how to predict differential EDL capac-
itances using a modified Poisson-Boltzmann model [26]. The authors
have published a framework based on consistent non-equilibrium ther-
modynamics [27,28]. Our model has been applied to different systems,
including highly concentrated electrolytes used in batteries [28,29] and
electrolyte mixtures composed of a pure ionic liquids (ILs) mixed with
a Li salt [30,31].

The nanostructure of the electrochemical double layer (EDL) shows
multi-layering [32-34]. This effect can be replicated in continuum mod-
els by including non-local interactions [35,36]. This extended model
describes the formation of equilibrium structures in the EDL of ILs
near electrified interfaces, and replicates results from MD-simulations,
including oscillations in charge density (“overscreening”) [27,37]. De
Souza et al. introduced a Poisson-Boltzmann type model informed
by similar non-local, hard-shell interactions [38], while Yochelis and
his co-workers used a consistent mean-field framework [39,40] to
achieve results down to nm-scales. Applying classical DFT to electrode—
electrolyte interfaces is able to match well with MD-simulations [41].
This paper will not consider non-local interaction terms. The authors
have, however, previously reported how a non-local contribution to
the free energy can be integrated in a continuum model [37]. Further
work on a non-local field theory for polarisable aqueous electrolytes
was done by Hedley et al. [42] For this reason, the work to be described
here cannot reproduce certain nanoscale effects like charge-layering,
but for simplicity, we chose to introduce our solvation model in a
purely classical transport model. By extending the free energy, it is then
possible to examine the interplay with non-local terms in further work.

There have been efforts to include solvation in continuum models.
Dreyer and his coworkers were able to study the effect of including ion-
solvent interactions on key transport parameters [43,44]. In classical
DFT, solvation is relatively straightforward to include approximating
it as a pure polarising interaction [45]. The stabilising effects of the
solvent in confined geometries has been studied in aqueous electrolytes
using MD [46]. For a more detailed description of the solvation shell
structure, DFT models can be used [19]. This allows estimation of the
binding energy and preferred coordination numbers, key parameters
necessary for the continuum scale models. Based on these parameters,
Goodwin et al. developed a mean field model, able to describe complex
clusters containing both ions and solvent molecules [47]. Their detailed
work predicts the association probabilities of two electrolyte species,
from which the composition of solvation clusters can be inferred.

In this manuscript, we present a theory for the solvation of ions
by a neutral solvent. Our continuum model presented here extends a
transport theory published earlier by some of the authors [28]. The
underlying framework is based on modelling the free energy of the
system. Here, we modify the free energy and include solvation effects,
via accounting for the solvation binding energy and entropic effects.
Thereby, our model captures the interplay between the strong electric
forces in the EDL and the binding forces in the solvation shells. From
this, we can investigate the stripping of the solvation shell around the
ions, which is prompted by strong electric fields. We can give quali-
tative insight, which electrolyte properties can improve intercalation
kinetics and reduce solvent decomposition at the electrode.

We structure this manuscript as follows. First, in Section 2 we
describe our thermodynamic transport model based on a modified free
energy which includes solvation. In Section 3 we describe the numerical
implementation used to solve the differential equations. We use the
results from simulations of the EDL structure to compare the model
with and without solvation in Section 4. Next, in Section 5 we present
a parameter study where we investigate the effect of the ion-solvent
binding energy as well as size asymmetry between cat- and anions on
the EDL structure. Additionally, we compare our results to experimental
differential capacitances obtained from CV. A summary of our work is
found in Section 6.
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2. Model

In this chapter, we present our continuum electrolyte model for the
solvation of ions by neutral solvent molecules. This chapter has two
parts: First, in Section 2.1, we discuss our continuum description based
on modelling the free energy for a general electrolyte composition.
Second, Section 2.2 applies our model to a three species system of a
binary salt with a neutral solvent.

2.1. Electrolyte transport theory including solvation

Our theory is based on a transport theory for liquid electrolytes,
which has recently been developed by the authors [28,37,48]. This
framework combines elements from non-equilibrium thermodynam-
ics [49], mechanics and electromagnetic theory, and focuses on mod-
elling the free energy density of the system. Here, we incorporate
solvation effects into our framework by adding additional terms to the
bulk free energy discussed in Ref. [28].

Because we neglect non-local interactions in our discussion, the
Helmholtz free energy of the system, F = [ dVogy, is a function of
the free energy density ooy [28].

The quantity gy constitutes the focal quantity in our modelling
approach, as it accounts for the material specific properties of the
system. This approach has the advantage, that the framework can easily
be modified and adapted to different systems via modification of the
free energy density. As a consequence, the framework exhibits a great
potential for tunability. In this work, our model for the free energy
density relies on the definition of o¢y in Ref. [28].

We allow solvation of ions by neutral solvent molecules. For this
purpose, we assume complete dissociation of the electrolyte salts into
pure ionic species consisting of cations and anions. The neutral solvent
species then partially solvates both the cations and the anions.

The species concentrations c, characterise the local electrolyte com-
position. In this manuscript, we denote the total concentration of the
solvent species, which comprises all solvent molecules (bound and
unbound), by ¢. The specific volume fractions of all electrolyte species
sum up to unity [28],

N N
Z VgCq = VgCs + 2vaca =1, 1)
a=1 a#s

where v, are the partial molar volumes of the species. Thus, only
N-1 species concentrations in an electrolyte mixture composed of N
constituents are independent.

Our description for the solvation of the cations and of the an-
ions assumes that each cation and anion is coordinated by X, solvent
molecules (where a # s). Thus, the concentration of “free” solvent (not
bound to the ions), reads

N
csfree =c5— Z Ay Cop- )
a#s
The solvent coordination numbers ), depend on the configuration of
the system and are functions of the system variables. For simplicity,
we assume discrete solvation shells with a fixed number of degener-
ate solvation-sites A'. The parameters A" constitute the fixed upper
bounds for the normalised coordination numbers A, = A,/AT (such
that 0 < A, < 1). Thus, A, — 0 corresponds to empty solvation
shells, and A, — 1 corresponds to solvation shells which are completely
filled. Furthermore, we comprise all “free” molecules (ions and solvent)
in

N

cfree = csﬂee + 2 Cq- 3
a#S

The formation of equilibrium structures in the EDL is governed by

the competition between disordering effects of entropy with ordering

effects, e.g. due to electrostatics [37]. As consequence, the relative
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magnitudes of the corresponding energy scales determine the EDL. For
non-interacting electrolytes, the relevant energies appearing in oy
are the Coulomb energy and the mixing entropy og"". However,
solvation effects lead to additional energy contributions.

First, the solvation of ions implies a contribution to ¢y via the
specific ion-solvent binding energies. We model this solvation energy
by Q(ps"”a“"“ = >, E,\,c,, where the specific binding energies E, are
fixed parameters. In principle, they can be obtained from atomistic
modelling (e.g., DFT or MD) [20,50-54]. The binding energy incorpo-
rates all energy terms associated with solvent polarisation, electrostatic
attraction and other contributions. We, however, neglect interactions
between two coordinated molecules inside the same shell. Our model
therefore is able to capture the free energy of those electrolyte systems,
in which the interaction between the coordinated solvent molecules
does not become dominant.

In addition, the solvation of ions by neutral solvent molecules
alters the statistics of the system and thus has an influence on the
mixing entropy Q(p""’“"g which depends on the number of microscopic
realisations of a given macroscopic state. Usually, for a bulk electrolyte,
it is modelled in analogy to an ideal gas [28]. Because this approach
is insufficient for our case, we derive a more accurate model based on
modified statistics.

In particular, solvation processes influence the mixing entropy
smixing 1447 which affects the free energy according to the constitutive
equation s™X"¢ = —gq, /0T (here we neglect thermal contribution to
the free energy) [28]. We model the mixing entropy by assuming that
it obeys Boltzmann’s law, i.e. gs™*"¢ = RIn(Q)/V. Here, Q is the
number of possible microstate configurations for a given macrostate,
all of which are assumed to be equally likely. Furthermore, we assume
that any given macrostate is uniquely defined by a fixed set of values for
the species concentrations ¢, and coordination numbers A,. The total
number of microstates, however, is determined by the statistics of the
free and bound particles via 2 = Q... - 2younq- For the free solvent
molecules and ions this reads

o Nfree! @
free stree! . Ha#s(Na!)
The total number of available sites for the solvent molecules in the
ion solvation shells is for each ion species A7} N,. However, out of this
number, only A, N, sites are filled (note that for the specific macrostate
we only specify the average ion-solvent coordination number and do
not resolve the distribution of the bound solvent molecules between
the solvation shells). Thus,

(me )
0 =
bound !;]S: (}L N [}Lm 2\ ]N

()

The mixing entropy can then be calculated directly from In(£2) using
Stirling’s approximation, In N,! ~ N,InN, — N,.
Altogether, the free energy including solvation effects reads (where

E,=E,/RT)
N
Q@ = RT Y ¢, A" (A, In(h,) + (1 =R In(1 = &,) + 3, E,)
a#s
N cfree
free S
+RT <§ ¢y In tree +¢, " In e >
aFs

N 2
+%+%<1—Z%ug> . ®)
a=1

The contributions appearing in the first and second line above comprise
the mixing entropy and the binding energy. The solvation shells of the
ions are filled with neutral solvent molecules such that the free energy
becomes minimal. Thus, the fractional coordination numbers %, are
governed by the constraint that d(epy)/d%, = 0. In the SI (see section
S-4), we show that this condition is fulfilled exactly if

- xfree

A= ——————, 7
“ xfree yexp (E,) @
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with the molar ratio
free _ free ; .free
x'Tee = ¢ re¢ /clree, (8)

The third term in Eq. (6) describes the electrostatic energy density of
a linear dielectric medium, where D = eyeg E [28]. The final term
measures the volumetric energy density of deformations, where the
bulk-modulus X acts as a Lagrange multiplier in the case of incom-
pressible electrolytes [28]. In that case, the partial molar volumes are
constant and equal the reference bulk values vg. This term results in
a pressure force, which constitutes a threshold for local ion concentra-
tions and stabilises the electrolyte against attractive electrostatic forces
[371.

2.2. Electrolyte mixtures: Dilution of a salt by a neutral solvent

In this section, we apply the theory derived above and focus on
electrolyte mixtures composed of a completely dissociated salt with
a neutral solvent species ranging from infinitely dilute systems (only
solvent) up to pure salts (no solvent, e.g. ionic liquids).

Here, we assign the cations and anions to the first and second
species, i.e. ¢; = ¢, and ¢, = c_, and choose for the third species the
neutral solvent, i.e. ¢; = ¢;. As before, the volume fractions c,v, of the
three species sum to 1 (Eq. (1)) [28]. In contrast to the specific partial
molar volumes v, (which are assumed constant in the incompressible
limit), the partial molar volume of the solvated ions, given by v, +A,v,
depend on position (even for incompressible electrolyte mixtures).

Volumetric effects often depend only on the size asymmetry be-
tween the species. Here, we use the partial molar volume of the salt
Ve = V4 + v_ as reference and describe the size asymmetry by ratios
Yo = Vo/Vsu- Note that, by construction, y, + y_ = 1. Thus, for
symmetric ions where y, = y_, the solvent is much smaller (larger)
than the ions if y; > 1 (y; < 1), and has a volume similar to the salt if
¥s = 1.

Because of the Euler equation for the volumes (see Eq. (1)) only
two species concentrations are independent. In addition, we replace one
species concentration by the charge density o = z, F(c, — c_). Thus, ¢
and ¢, are the independent variables for the electrolyte configuration,
where ¢, (¢, 0) = 1 /gy = v70/Fz, —vscs [28].

Electrolytes are characterised according to the relative amount of
salt and solvent — instead of initial concentrations, we focus on the
volume fraction of the salt and the solvent — we use the volume fraction
of the salt (which is dimensionless)

bui lk
¢ = csa]t Vsalt- (C)

Thus, the characterisation of an electrolyte mixture according to the
amount of solvent depends on the initial composition. In solvent free
electrolytes (e.g., ionic liquids), the initial configuration ¢ = t’““‘ is
governed by the condition of electroneutrality and by Eq. (1) such that
the initial volume-fraction of the salt is ¢ = 1.

Hence, the initial conditions of the electrolyte are fixed by the
partial molar volumes of the ions. In contrast, when a solvent is present
in the electrolyte, the initial volume-fraction of the salt is reduced
according to Eq. (1)

1=+, (10

such that ¢ < 1. As consequence one initial bulk concentration must be
specified as additional parameter. By construction, 0 < ¢ < 1, where
@ — 0 corresponds to a pure solvent, and ¢ — 1 corresponds to the
solvent-free limit of a pure salt. Thus, the quantity ¢ is a measure for
the “dilution” of the electrolyte.

In an electrolyte consisting of a solvent with a binary salt, the forces
governing the particle fluxes are given by (see SI section S-2 for a
derivation)

s = 2, FVOD + RTV(ln(l — xfr®) — AM In (x"° + exp[ £,])

_Ya In(x™) + In C—a>, (1D

Vs ‘L
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Table 1
Overview over the parameters used in the calculations presented in this

paper.

Name Symbol Unit Comment

Dielectric constant £r 1

Molecular volume Vg 1 m?/mol

Salt mol. volume Vealt 1 m?/mol =v, +v_

Bulk concentration chulk 1 mol/m?

Bulk salt conc. chul 1 mol/m? = %(c2“1k+cﬁ“”‘)

Dilution parameter @ 1 = cnz’;lk alt>
replaces bulk
salt conc.

Charge number z, 1

Solvent binding energy E, 1 E, and E_
must be equal
here

Solvation shell size Am 1

Table 2
Overview over the variables used in the calculations presented in this paper.
Name Symbol Unit Comment
Species concentration ¢, 1 mol/m?
Electrical potential (o] 1V
Electric field E 1Vm™!
Charge density 0 1A s/m? =Y, Fz,e,
stationary state - bulk
s V- J=V-N,=0 ’/o' - charge |= 0
3:3“ ' O\ &f) o den5|ty
0
() ~ NN
3 .
: 0 S s
B ) - E
8 2
©
) SO S
J’ Nll = 0 o o

applied voltage V<

electrode potential @ bulk potential @ =

Fig. 1. This scheme illustrates our one-dimensional numerical set-up. For our
simulations of the EDL structures, we assume the stationary state, in which
the charge flux J and particle flux N, both vanish. Here, we consider a
half-cell set-up, where the distance from the electrode (located at x = 0) is
measured along the x-axis. The right side of the simulation space is determined
by the electroneutral bulk conditions, where ¢ = 0 and ¢, = (1 — @)/v,.
The electrostatic forces are governed by the applied voltage V<, given as the
difference between the electrode potential and the bulk potential.

with ¢ = ¢, + c_. In the SI, we present a formulation of our model
where all physical dimensions have been removed (see section S-3).

In Table 1 all parameters which determine our calculations are
listed, while Table 2 presents the variables the model is solved with.
It should be remarked that not all parameters presented are free to
choose. For example, our requirement for an uncharged bulk and
volume conservation by the Euler-formula determines two of the bulk
concentrations from the third. To make it easier to compare systems,
we then replace the final bulk concentration with the dimensionless
dilution parameter ¢. A number of these parameters, most pertinently
the binding energies E, but also molecular volumes v and solvation
shell size A™, should ideally be obtained from atomistic models.

3. Numerical methods and parameterisation

In this section, we describe our numerical implementation and
present our parameterisation.

We solve the transport equations in a stationary state. Fig. 1 illus-
trates the simulation space and boundary conditions used. The elec-
trode located at x = 0 is assumed to be completely inert, so no particles

Electrochimica Acta 540 (2025) 147204

and therefore fluxes are allowed to cross the electrolyte—electrode inter-
face. The other boundary is set by the contact with the bulk electrolyte
bulk “which is electroneutral and at a potential of 0V, but able
to exchange particles with the system. The ion concentrations on the
bulk side are determined by a neutral charge density ¢"¥ = 0 and the
salt concentration c®!*v.,; = ¢. The one-dimensional simulation space
spans these two boundaries, closed on the electrode side, open on the
bulk side.

The equilibrium structures in the EDL enforced by the stationary
state J,N = 0 require vanishing forces [37], i.e. &, = 0, stated in
Eq. (11). As can be inferred from Egs. (8) and (11), the forces are linear
functions of gradients of the free variables, (£,,&_) « (V®, Vg, V¢y). In
contrast to the forces, which involve only first order derivatives, the
Poisson equation ¢ = —¢, V(eg V@) involves a second order derivative of
the potential. We linearise our system of equations and split the Poisson
equation into two differential equations of first order,

at x = x

E=-Vo, and o=¢V (e E). (12)

Altogether, the corresponding linearised fundamental system reads
T T
(64,6, E.0) = Ao, ¢5)- (V®,Vo,Veg, e0VerE) (13)

where the matrix A is a function of the free variables {®,¢,¢}, but
not of their gradients (stated in the SI section S-5). Note that, for the
equilibrium state of the system, this fundamental system is subject to
the condition £, = 0.

We solve the fundamental system of linear equations given by
Eq. (13) to obtain the local gradients as a function of the free variables,
(V®,Vo,Ve,,e0Ver EYT = A71 - (0,0, E, 0)". This determines the value
of the free variables at all points, if one configuration is known. The
known configuration is given in the bulk by the electrolyte composition.
However, to obtain a non-trivial solution, a small non-zero electric field
has to be applied on the boundary.

By calculating the local derivatives from the bulk configuration, we
obtain the static solution for the whole double layer. The complete
simulation data is then cut off at the predetermined, externally applied
potential difference between bulk electrolyte and electrode VX, Using
this approach, the solution for any external voltage applied to the
specific electrolyte can be obtained from one simulation.

According to this approach, the variables act as field quantities
which depend on the position x (distance from the electrode). However,
there exists a local correspondence between the position x and the
electric potential within the electrolyte @(x). Thus, the position can
be represented by the potential, and the EDL structure can therefore
equally be described as a function of potential rather than space. This
interpretation has the advantage that physical system parameters are
removed from the functional description of the EDL properties. For
example, as will be shown later, some structural properties (like the
point at which the EDL becomes saturated with the counter-ion) occur
at similar potentials over a wide range of electrolytes. Consequently,
comparisons between different simulations are best done using the local
potential.

Note that, according to this perspective, @ = 0V corresponds to the
bulk position xk,

In the following sections, if not stated otherwise, we parametrise
our electrolyte as follows. We assume symmetric ion sizes, by setting
Y. = ¥s = 0.5, and set the partial molar volume of the salt to vy, =
5 x 107> m? /mol. Furthermore, we assume for the dielectric parameter
er = 50, motivated by a DMSO solvent [25]. We set the number of
available sites in the solvation shells to A = 4, which is commonly seen
for many electrolytes [52,53]. Although parameters for the binding
energy can be obtained from atomistic models, the literature data is
limited to a few systems which have been studied. Here, we set E, =
—4, inspired by DFT calculations for Sodium ions in carbonate solvents
[50].
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(b) 25 : SE— : 0
~
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Fig. 2. Concentration profiles (shown on the left y-axis), and profiles of the electric potential (dashed curves shown on the right y-axis) arising in the EDL at
an inert electrode in a dilute electrolyte (¢ = 0.15, i.e. salt occupies 15% of electrolyte volume) with an applied voltage of V' = —1V. Fig. 2(a) shows the EDL
structure when not including solvation interactions, while Fig. 2(b) shows numerical results when solvation effects are taken into account. Both figures show the
concentration profiles for the solvent, and the two ion species, where the solvent is split into free and bound molecules when accounting for solvation.

4. Simulation results for the differential capacitance of the EDL

In this section, we present simulations results of the as-modelled
solvation effects occurring in an electrolyte mixture composed of a salt
and a neutral solvent.

In our discussion of the numerical results, we focus mainly on the
differential capacitance (DC) Cj of the EDL. This quantity is a widely-
used descriptor for the EDL structure, and has the advantage that it can
be investigated both by experiments [25], and by computer simulations
[26,55-57]. Here, we define it via C; = dQFPL/gV x| where QFPL =
foxb“lk o(y)dy is the charge stored in the EDL, and V' is the external
electrode potential.

We structure this part into three sections. First, in Section 4.1 we
present a first glance on the numerical results for the primary variables
of our model (electric potential and species concentrations). In the next
sections of this part, we make use of these variables and calculate
the corresponding differential capacitance — second, in Section 4.2,
we aim to understand the influence of electrolyte dilution on the
EDL structure. To address this goal, we present simulation results for
our model where we neglect solvation effects by setting AT = 0. In
Section 4.3, we then perform numerical simulation of our complete
model taking solvation effects into account (A # 0).

4.1. First glance: Structure of the electrochemical double layer

The simulations output the concentration profiles for the three
electrolyte species (solvent, cation and anion), the local electric po-
tential and the electric field as functions of the distance from the
electrode. In this section, we aim to familiarise the reader with the
properties of the system and highlight some typical findings about the
EDL nano-structure.

Fig. 2 shows numerical results for the concentration profiles of the
electrolyte species (left y-axis), and of the electric potential (right y-
axis) at an applied voltage of —1V for a moderately dilute electrolyte
(p = 0.15). In the left figure (Fig. 2(a)), all solvation effects are
neglected by setting AT = 0, whereas the right figure (Fig. 2(b)) shows
results including solvation effects (here, M} = 4). Apparently, in both
cases, the negatively charged electrode is screened in the electrolyte
by the accumulation of counter-ions (here, the cations), while repelling
the anions. The unbound neutral solvent is also forced away from the
electrode surface, albeit not as harshly as the anions. When solvation
effects are neglected, the solvent does not get significantly closer to
the electrode than the anions (see Fig. 2(a)). However, when solvation
interactions are included (see Fig. 2(b)), the behaviour of the solvent
changes significantly, as solvent molecules bound to the solvation shell
of the cations are now pulled much further into the EDL (closer to the

electrode). The reaction rate of the solvent at the electrode surface can
therefore be fine-tuned by modifying the solvation interaction.

For both cases presented in Fig. 2 (with and without solvation), the
concentration profiles exhibit two to three distinct electrolyte regions
with respect to the EDL structure. The first region is adjacent to the
electrode, and is characterised by a saturation layer of the counter-
ion accompanied by an almost complete depletion of the other ion
species. Note that, because of the volume constraint in Eq. (1), the
cation concentration is limited by the specific partial molar volume via
cﬁf‘ =1/v, =20 molL~! [37]. A second region can be identified on the
opposite side far away from the electrode (in the electroneutral region
of the bulk electrolyte), and is characterised by constant species con-
centrations. When the electrode is approached from this bulk region,
however, a diffuse layer appears, in which the concentrations of the
ions grow/decay exponentially. Meanwhile, the solvent concentration
remains more or less constant. In a third intermediate region between
the saturation layer and the diffuse layer, a quasi-saturation layer
forms, where cations with completely filled solvation shells are in
saturation (note that the effective size of the solvated ion is larger
than the size of the unsolvated ions, which reduces the saturation
concentration of the ions — see also Eq. (14)).

For each of these regions a different energy scale shapes the local
structure [37]. In the saturated region near the electrode, the electro-
static energy scale dominates both the entropic energy scale and the
interaction energy scale. This means, the solvation shells, characterised
by the interaction energy scale, are stripped in this region. Considering
Eq. (11), we see that an increase in the field V& must be balanced by a
decrease in the other terms to equal O force. This can either be achieved
by varying the relative concentrations of cat- and anions (the term ;iL),

or by varying xf*®. The counterion has already been depleted in the
dilute region, closest to the bulk, so the only path to balancing the force
in the intermediate region is to reduce x™¢. This is defined as the ratio
of free solvent to all free particles, but via entropic coupling also affects
the number of solvents in the solvent shells. When the number of free
solvents is reduced, there is an imbalance which favours the release of
bound solvent from the solvation shells. This then causes the solvation
shell stripping.

The diffusive structures emerging in the bulk region suggest that
entropic effects are dominant there. A third region located between
the first two regions emerges in the case where solvation effects are
considered. Here, the bound solvent is the most prevailing species,
and there are only small amounts of free solvent present. Apparently,
the electrostatic energy has surpassed the entropic scale, yet is still
dominated by the ion-solvent binding energy.

In addition, it can be seen that the formation of the intermediate
layer at potentials @ > 0.05V in the solvation case shown in Fig. 2(b)
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Fig. 3. Differential capacitance C; versus applied potential V**' of a symmetric
electrolyte (y, = 0.5) for different dilutions ¢ without solvation.

increases the thickness of the EDL compared with the case without
solvation. This property can be rationalised by the comparison of two
electrolytes with the same ion size, once with solvation and once
without: the solvation shell increases the effective size of the ion. As it
is tightly bound to the central ion, the solvation shell can be considered
part of a larger fundamental particle with an effective volume given by

vi’l" =Vy + A Vs = Ve (Vi + AiYs)- (14)

Thus, if the solvent is not much smaller than the ions, the effective
size of the solvated ion is significantly larger than the “naked” ion,
vi’lv > v,. The corresponding dilution parameter (bulk volume fraction
of the solvated ions) is

@ = cbulk (Vif)lvlbulk U o) =0 (14 [7\13, +2°]vg) s (15)

salt

where AY are the coordination numbers in the bulk. This indicates
that, if we include solvation, the electrolyte behaves similar to a more
concentrated electrolyte without solvation. Also, because the effective
volume of the saturated ions increases, the saturation concentration
of the solvated ions decreases, which in turn reduces the local charge
density. Hence, before the electric field is strong enough to strip the
ions of their solvation shells, the decreased charge density then requires
a thicker EDL to screen the electrode. Consequently, the saturation of
the stripped ions is also reached at a much higher potential (about 0.6 V
with solvation vs. 0.1 V without).

Altogether, we conclude that adding solvation interactions to our
electrolyte model has two major effects. Firstly, the solvent is pulled
closer to the electrode, and, secondly, the EDL thickness increases.

4.2. Influence of dilution in non-interacting electrolytes

The goal of this section is to investigate the influence of dilution
on the equilibrium structure of the EDL. In particular, we neglect
solvation effects in this section by setting A7 to zero. This will allow the
discrimination between effects due to electrolyte dilution from effects
due to solvation, once we discuss the “full” model in Section 4.3.

First, we consider a fully “symmetric” electrolyte, where the ions
and the solvent all have the same partial molar volume (y, = y5 =
0.5). Fig. 3 shows the differential capacitance C; versus the external
potential VXt for this electrolyte at different values for the electrolyte
dilution ¢. For ¢ = 0.1, i.e. at low salt concentration — or high dilution,
the profile of C; exhibits two peaks (‘“camel” shape), which are placed
symmetrically around VX = 0 V. A slightly increased ¢ = 0.2 raises the
profile to slightly higher values, and dampens the central minimum .
However, if the amount of salt in the electrolyte is increased above
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Fig. 4. Differential capacitance C; versus applied potential V**' of an asym-
metric electrolyte with unequal ion sizes for different dilutions ¢ without
solvation.

a critical value, which is found at ¢! ~ 1/3, the profile transitions
towards having one peak (“bell” shape) at V' = 0. Further increasing
the salt content ¢ in the electrolyte, the profile remains bell-shaped,
and the height of the central peak rises.

Kornyshev [26] was able to analytically describe the “camel”-
to-“bell”’-transition using a Poisson-Boltzmann model. His discussion
finds, that the critical value, at which the transition occurs, is @it =
1/3 (called y in his notation). Our work is able to reproduce this —
we reformulate our equations to match those in Kornyshev’s paper in
the SI (see section S-6.1). Further work analysing this transition using
different theoretical models has been published previously [56-59].
However, our model, similar to classical DFT [59], is able to extend the
work by Kornyshev to non-symmetrical electrolytes. We use this term
to refer to electrolytes, in which the three species solvent, cation and
anion are not all of equal size. A deeper look at the effect of asymmetri-
cal electrolytes on the “camel”-“bell”-transition can be found in the SI
(section S-6.2). A critical distinction of our work from Kornyshev’s work
is that, as Kornyshev considered solvent-free electrolytes, the dilution
of the ions was motivated by void formation, while our work considers
the dilution of the salt by an increased solvent concentration, which
then occupies some of the electrolyte volume.

Next, we discuss asymmetric electrolytes where the partial molar
volumes of the cations and anions are unequal. Fig. 4 shows the DC
profile as function of the applied potential V** for y, = 0.7 (ys = 0.5)
and the same set of parameters ¢ used in the symmetric case (see Fig.
3). In the dilute regime (¢ = 0.1), the profile has a modified camel
shape, where the two capacity peaks have different heights. In partic-
ular, the much taller “right” peak at positive potentials corresponds
to the accumulation of anions, which are smaller than the cations.
Furthermore, the central minimum is slightly shifted towards more
positive potentials. When the dilution parameter is slightly increased to
@ = 0.2, we observe that the DC profile begins transitioning from camel
to bell shape. For all higher values ¢, the bell shape persists. Hence,
the critical dilution is reduced for the asymmetric case to ¢ ~ 0.2,
as compared to ¢t = 1/3 for symmetric electrolytes. Also, we observe
that the single peak of the bell shaped profiles is shifted away from
Vet = 0V towards more positive potentials. This shift decreases with
@. The effect of asymmetry in ion size on the differential capacitance
has also been previously investigated theoretically [26,60].

Altogether, we conclude that the DC profile either has a camel
shape or a bell shape, and that the transition between both depends
on the specific sizes of the electrolyte species and on the dilution ¢. In
particular, the result i = 1/3 is true only for symmetric electrolytes.
As a general trend, we find that the larger the solvent, the higher the
critical dilution is (see phase diagrams in section S-6.2).
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Fig. 5. Differential capacitance C; versus applied potential V**' of a symmetric
electrolyte for different dilutions ¢ including solvation.

4.3. Influence of dilution when considering solvation

In this section, we include solvation effects into our numerical
simulations of the EDL, and study its influence on the differential
capacitance. For this purpose, we consider a symmetric electrolyte
(equal size of the electrolyte species y, = y; = 0.5), and account for
solvation effects by setting the maximum ion coordination numbers to
AP = 4. Furthermore, we assume constant and equal binding energies
between both ions and the solvent (Ei = —4). In Section 5 we present a
more detailed discussion of the complete parameter-landscape spanned
by binding energy and size asymmetry.

Fig. 5 shows numerical results for the differential capacitance Cj
versus applied potential for three different regimes of electrolyte dilu-
tion ¢. In the dilute case (here ¢ = 0.02), we observe four maxima,
which are located symmetrically around the potential of zero charge
(VP* = (V). One pair of maxima occurs at lower potentials (roughly at
+0.1 V). These two peaks are reminiscent of the camel shaped profile
of the case without dilution, see Fig. 3. The two additional peaks at
higher potentials (roughly at +0.7 V), however, are not present without
solvation (see fig. S3). This suggests, that the high-voltage peaks are a
consequence of solvation. In a more concentrated electrolyte with ¢ =
0.26, the DC profile exhibits three maxima. Apparently, the two inner
peaks occurring when ¢ = 0.02 are absorbed into a single central peak.
This indicates a transition from camel shape to bell shape similarly
observed without solvation (see Fig. 3). Simultaneously, the “solvation
peaks” occurring at larger potentials are shifted towards the central
peak with increasing ¢. Finally, at ¢ = 0.5, all peaks are absorbed into
one central peak located at the pzc, where the height of the central
peak increases with ¢.

The transition from four peaks (“camel”’-shape) to three peaks
(“bell”-shape) in the DC-plot occurs at about ¢ = 0.04. This is sig-
nificantly smaller than described in Section 4.2, where no solvation
was considered (there, ¢! = 1/3). This deviation can be explained
by comparing the corresponding critical effective dilutions. The bulk
coordination numbers can be assumed to be equal to A7 in the dilute,
strong solvation limit. We find that the simulation results for symmetric
electrolytes shown in Figs. 3 and 5, yield

solvcrit .,
~

@ o Ino solvation- (16)

Fig. 5 shows the critical dilution to be about 0.04. Using Eq. (15), we
can translate this to an effective value of @*V:it ~ 0.2. Accounting
for the shift in the critical dilution from an increased effective size
ratio of ions to solvent — the increased effective salt volume (Eq. (14))
lowers vy, to 0.1 — we would also expect a critical dilution of 0.2 for a
non-interacting electrolyte (see fig. S1).
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Apparently, the effective dilution parameter *°" of the solvated
ions, which accounts for the volume of the solvation shell, is the
more proper descriptor for the DC profile than ¢. This highlights that
volumetric effects play a critical role in the formation of the EDL.

Next, we illustrate how solvation affects the nano-structure of the
EDL. Fig. 6 shows the concentration profiles for two electrolyte con-
figurations, which differ only by dilution. The cation (anion) species
is shown in cyan (pink), while the neutral solvent molecules are split
into those bound to the ions in solvation shells (blue), and those
which are not (red). Apparently, the negatively charged electrode is
screened by the accumulation of cations (cyan curve) in both cases. Fig.
6(a) shows the numerical results for a diluted electrolyte (¢ ~ 0.15),
subject to an electrified interface with applied voltage V' = —1V.
Here, the saturation layer described in Section 4.1 spans a distance of
Ly, < 03nm. The bulk region is characterised by the electroneutral
configuration of the electrolyte where ¢, = c_, and starts after roughly
2.5nm. As can be seen, the unbound (red curve) and bound solvent
(blue curve) is pushed out of the EDL. The intermediate region extends
roughly from 0.3 nm up to 1.2 nm. There, the concentration of the bound
solvent molecules (blue curve) exhibits a maximum (roughly at 0.6 nm),
while the concentration of free solvent (red curve) is monotonically
increasing moving away from the electrode. The right y-axis shows the
normalised coordination number %, = A,/AT of the cations (dashed
green curve). Apparently, the solvation shells are completely empty
near the interface (lim,_, A + = 0). However, after roughly the width
of the saturation layer L, the quantity A, increases sharply with
increasing distance from the electrode until it reaches its bulk value
at roughly 1.2nm, marking the end of the intermediate layer (where
the solvation shells of the ions are almost completely filled).

Fig. 6(b) shows numerical results for the species concentrations of
a highly concentrated electrolyte, where ¢ = 1/3. Here, the screening
of the negatively charged interface by the cations ranges over roughly
1 nm, after which the bulk phase of the electrolyte is reached. In con-
trast to the dilute case shown in Fig. 6(a), no intermediate region with
a concentration maximum of the bound solvent molecules is visible.
This is similar to the non-interacting case shown in Section 4.1, with
the concentrations of the free and bound solvent molecules exhibiting
more trivial profiles. In the bulk region of the electrolyte, we observe
that ¢found|y o > cfree|, . Hence, the solvent molecules in the bulk
electrolyte are preferably bound in the solvation shell. This implies that
in highly concentrated electrolytes most of the solvent molecules are
coordinated with ions. Eventually, the amount of solvent becomes too
low as to completely fill the solvation shells of the ions. This is evident
by the bulk coordination number remaining below the theoretical limit
Abulk < pm,

+ +

Next, we shall make use of the observations from above and discuss
them from a more holistic perspective. Apparently, the DC profiles
shown in Fig. 5, which involve the results of many individual EDL
simulations (many different configurations of the electrolyte), draw a
more cumulative picture as compared to the detailed results for the
nanostructure of the EDL in one specific configuration shown in Fig. 6.
However, we can identify relations between the two sets of results and
draw some conclusions for the behaviour of the system.

First, we conclude that there is a relation between the outer DC
peaks in dilute electrolytes at larger potentials (see Fig. 5) and the sharp
increase of the cation concentration towards their saturation threshold
at a distance of Ly, ~ 0.3 nm away from the interface in Fig. 6(a). This
distance coincides with the complete stripping of the solvation shell.
Thereby, the effective volume of the ions in the EDL is reduced to the
volume of the “naked” ions, which allows for the ions to pack more
densely in the EDL, and leads to a significant increase of the charge
stored in the EDL. Because C; measures the rise of the EDL charge, this
then results in the respective capacitance peaks at larger potentials. In
the following, we refer to the potentials at which the outer DC peaks
occur as the “desolvation potential”.
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Fig. 6. Concentration profiles of the free solvent molecules, the solvent molecules bound in a solvation shell and the ions at two different electrolyte dilutions.
Fig. 6(a) shows results for a highly diluted electrolyte with ¢ = 0.15, and Fig. 6(b) shows results for ¢ = 0.33.
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Fig. 7. This plot shows the degree to which the solvation shells of the ions
are filled at different points in the EDL and different bulk salt concentrations
(indicated by ¢). The x-axis represents the potential relative to the bulk
potential (here @P*). At a potential of 0V the solvation shells of the bulk ions
are displayed. The potential of 1V coincides with the electrolyte surface in this
simulation, where a 1V potential difference between electrode and electrolyte
is applied.

Furthermore, we conclude that the emergence of the intermediate
region where the solvated ions saturate (see Fig. 6), depends on the
existence of an excess number of free (unbound) solvent molecules
in the bulk of the electrolyte (see section S-8 for a more extensive
study on EDL-profiles for different electrolytes). In turn, this implies
that no desolvation peaks arise in the DC profile for large values of ¢,
i.e. for more concentrated electrolytes (see Fig. 5). Accordingly, due to
the removal of the intermediate layer, the interface is screened more
efficiently for higher values of ¢, and the width of the EDL decreases
with increasing .

Finally, we show in section S-8, that the order in which the elec-
trolyte species are pushed out of the EDL is independent of the elec-
trolyte parameters (for a negative, i.e attractive, ion-solvent binding
energy): first the ions of the same charge as is applied to the inter-
face are removed and, secondly, at higher potentials, free solvent is
displaced; thirdly, the remaining solvated ions are stripped, and the
bound solvents are pushed out of their solvation shells (desolvation of
the counterions). However, if the applied voltage is not large enough to
overcome the ion-solvent binding, there may not occur any desolvation
at all.

Comparing with Fig. 5, we see that the outer peaks — due to the
desolvation of the ions — are increasingly shifted towards the origin for

increasing ¢. Eventually, at ¢ = 0.5, the two outer peaks are absorbed
into the central peak. This can be explained by the order in which
the electrolyte species are displaced from the EDL. We found that the
first species being pushed out of the EDL are ions of the same charge
as the interface, followed by the free solvent species. Only once the
desolvation potential is reached, is the bound solvent pushed out of
the EDL. Thus, a reduction of the available free solvent (by increasing
@) decreases the number of counter-ions that can be exchanged for the
solvent molecules. This inferior screening of the electrode leads to a
greater driving force removing the solvation shell from the ions. Hence,
the desolvation potential decreases for highly concentrated electrolytes,
even when the binding energy remains the same. Additionally, if the
solvation shells are only partially filled even in the bulk, the size reduc-
tion from stripping the bound solvent is not as significant. Because the
increase in charge density at the desolvation potential is less significant,
the desolvation peaks become less pronounced for higher ¢. Both of
these factors, the location of the peak closer to the large central peak
and reduced charge gain, make the secondary peak disappear in highly
concentrated electrolytes, indicating an effectively weaker ion-solvent
bond.

Fig. 7 shows the effect of different dilutions on the solvation shell
occupancy. We again consider a symmetric electrolyte (where y, =
¥s = 0.5), and assume that £ = —4 and A™ = 4. The plot is shown
against the electric potential in the electrolyte @ — ®P=, as there is a
direct relationship between the space coordinate and the local potential
(discussed in Section 3). This was chosen to better highlight the shift
of the desolvation potential with ¢. @ — ®P* = (V corresponds to
the bulk electrolyte region. For small dilutions, up to ¢ = 0.15, the
solvation shells are completely filled in the bulk. They also remain
fully filled in the EDL up to roughly @ — @"* = 0.5V. Beyond this
desolvation potential, however, the solvation shells are quickly stripped
and the normalised coordination number %, decreases exponentially to
zero. Beginning with ¢ = 0.15, the filling of the solvation shells in the
bulk decreases with increasing values ¢. In the EDL, the coordination
numbers decay exponentially towards zero, i.e. empty solvation shells.
Hence, for higher amounts of salt in the electrolyte, the solvation
shells in the bulk are only partially filled. Apparently, if we increase
¢ above roughly 0.2, there are not enough solvent molecules to fill the
solvation shells, so there have to remain empty sites. Notably, at high
salt concentrations barely any free solvent remains (see also Fig. 6).

Summarising, for highly concentrated electrolytes where ¢ — 1, we
find that x™¢ — 0. Eq. (7) then implies that the solvent coordination
number converges to zero, i.e. empty solvation shells, regardless of
the binding energy E. Altogether, an increased dilution (reduced ¢) of
the electrolyte corresponds to an entropic stabilisation of the solvation
shell, (similar to increasing E, which corresponds to an energetic
stabilisation of the solvation shell).
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Fig. 8. Influence of binding energy E, on the solvation of a symmetric, diluted (¢ = 0.1) electrolyte. Fig. 8(a) shows the differential capacitance C; versus applied
potential V. Fig. 8(b) shows the filling degree A ., of the solvation shells versus the local electric potential @ — @ in the electrolyte. For reference, in Fig. 8(c)
the same data as in Fig. 8(b) is plotted against the space variable. As x measures the distance to the electrode, the point at x = 0 corresponds with @ —@P* =1V,

the potential difference applied between the bulk electrolyte and the electrode.

5. Discussion

In this section, we discuss the influence of some of the electrolyte
parameters on the solvation of the ions in the EDL. First, in Section 5.1,
we focus on the binding energy. Second, in Section 5.2, we examine
the influence of ion-size asymmetry. These parameters where chosen,
as they have the most profound influence on tuning the solvation
interaction in the electrolyte. We investigate their effects on the EDL by
analysing differential capacitance plots, similarly to how we analysed
the effect of salt dilution in Section 4.3. Next, in Section 5.3 we
qualitatively reproduce experimental results for a real electrolyte and
in Section 5.4 compare with MD simulations. Finally, in Section 5.5, we
touch on our choice of normalisation for the potential, the potential of
zero charge, and discuss its relationship with the capacitance minimum.

5.1. Influence of binding energy

As discussed in Section 2, our continuum model introduces two
parameters (E, and },) to account for solvation. In this section, we
focus on the normalised ion-solvent binding energy E, = E,/kgT
(at room temperature 7 = 298 K) and study its influence on the EDL
solvation.

Fig. 8(a) illustrates the differential capacitance of a symmetric (y, =
0.5), dilute (¢ = 0.1) electrolyte as function of the external potential,
for six different binding energies. Here, we set A = 4. We emphasise
that solvation occurs, indicated by non-vanishing coordination numbers
(A, # 0), even if the binding energy is set to zero (Ea = 0). For all
binding energies, the profiles exhibit three peaks, with one peak located
at ¥t = 0V and two secondary peaks located at higher (negative
and positive) potentials. The choice of ¢ = 0.1 leads to a “bell”-shape
(i.e. single peak) in the DC profile with respect to the “inner” peaks at
lower potentials (see Fig. 3). This central peak is unaffected by changes
in the binding energy, which is in accordance with our interpretation
from above, where we concluded that “inner” peaks are only due to
effects of ion size and dilution (see description in Section 4.2). The
outer peaks, however, are strictly dependent on the binding energy
and are shifted towards higher (negative and positive) potentials with
increasing binding energy.

Fig. 8(b) illustrates the normalised coordination number 7\‘1 as func-
tion of the electric potential ®@. We normalise the potential with respect
to the potential of zero charge (pzc) @P*°, which in our simulation
is set to be the bulk potential. This is a consequence of choosing
an inert electrode — if we hold the electrode at the bulk potential,
no charge accumulates in the EDL. The value of A, at @ = @™

correspond to the coordination numbers in the bulk, whereas the results
for A, at increased potentials indicate the filling of the solvation shells
in different regions of the EDL. For vanishing binding energy, the
solvation shells in the bulk are filled to only 50%. The degree of filling
depends on the binding energy, where higher binding energy increases
the solvent coordination in the bulk. The bulk solvation shells are
nearly completely filled from E = —5, while at 1V the binding energy
required to fill the shells is larger than E = —10. At higher potentials,
the normalised solvent coordination number %, decays exponentially
towards complete desolvation of the ions (7\0‘ =0).

Apparently, the desolvation potential (the potential where A, ~ 0)
increases with increasing binding energy. A quantitative analysis of
Figs. 8(a) and 8(b) reveals that the voltage V', at which the outer
capacitance peaks are located, always correlate to a filling of the solva-
tion shells of around 3%, i.e. almost empty shells. This again confirms
our conclusion that the outer peaks arise due to the stripping of the
solvation shell and are located exactly at the desolvation potential (A, ~
0). The increase in desolvation potential with increasing binding energy
shows that higher binding energies lead to more stable solvation shells,
which are more resistant to being stripped. Thus, the local potential
must be high enough as to overcompensate the strong ion binding.

Finally, we briefly discuss our observation from Fig. 8(b), that E .
also affects the solvation shells in the bulk (i.e. at @ — @P* = (V).
Our statistical theory presented in Section 2 yields an implicit relation
between the filling of the solvation shells and the binding energy via
Ay = A /AM = xfree/(xfre 4 exp(—|E,|)), where x(h;) = cfree/cfree is
always smaller than unity (x¢ < 1). Thus for large (negative) binding
energies | E| > 1, the coordination number converges to unity, A, — 1.
In this limit, the solvation shells become very stable and can hardly be
stripped in the EDL. In contrast, for E — 0, the coordination number
can be approximated by A, = x'¢/(1 + x™¢), Thus, for highly diluted
electrolytes and E = 0, where xf"®® — 1, Eq. (7) then implies A, — 1/2,
which matches exactly the numerical results shown in Fig. 8(b).

5.2. Influence of the size asymmetry on the differential capacitance

In this section, we study the influence of the size asymmetry v,
between the cations and anions on the solvation in the EDL (recall that
Yo = Vo/Vsae and 1 =y, +v_). When varying y,, we keep v, and the
solvent size constant, such that ¢ remains unaffected from the variation
of v,. Note that y, > 0.5 implies that the cations are larger than the
anions.

Fig. 9(a) shows the differential capacitance as function of the ex-
ternal potential for six different size asymmetries y,, where ¢ = 0.1,
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Fig. 9. Influence of ion-size asymmetry y, on the solvation of a diluted (¢ = 0.1) electrolyte. Fig. 9(a) shows the differential capacitance C; versus applied
potential V**'. Fig. 9(b) shows the filling degree A, of the solvation shells versus the local electric potential @ — & in the electrolyte.
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Fig. 10. Differential capacitance C; of a KPF salt in DMSO electrolyte with different mixing ratios. Fig. 10(a) shows experimental results as presented in Ref. [25].

Fig. 10(b) shows numerical results as obtained from computer simulations.

AT =4, and E = —4. For all size asymmetries, the DC profiles exhibit
three different peaks (this is in accordance with results from above for
E = -4 and ¢ = 0.2 and thus corresponds to a bell shape). The main
peak at V' = 0V is minimally shifted to the right with increasing
Y., but otherwise remains unaffected. This can be attributed to the fact
that ¢ remains constant. In contrast, the amplitudes of the secondary
peaks (indicating the desolvation potential) increase with decreasing
size of the screening species (cations for negative potentials V%', and
anions for positive potentials V*X'). The smallest cation shown here, at
v, = 0.05, gives a very high desolvation peak at around VX' = -0.5V.
We explain this behaviour as follows: For very small ions (y, < ys),
there exists a significant size difference between a desolvated ion and
a solvated ion (see also the discussion on effective size in Section 4.3).
Thus, when the solvation shell of a small ion gets stripped and the
newly formed free solvent molecules are quickly pushed out of the EDL,
the ion concentration can rise sharply by displacing the solvent. Thus,
the EDL charge is also abruptly increased. In effect, this results in the
prominent DC peak.

Fig. 9(b) shows that the desolvation potential decreases with de-
creasing size of the screening ion. Therefore, the solvation shells of
smaller ions are, effectively, less stable than that of larger ions (with
equal binding energy). In contrast, the bulk solvation is unaffected by
size asymmetry of the salt.
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5.3. Validation: Comparison with experiment

In this section, we validate our simulation results in comparison
with experimental data from the literature. For this purpose, we focus
on results presented by Shatla et al. for their measurement of the
differential capacitance, see Ref. [25]. In this publication, the authors
describe the electrolyte mixture composed of a KPF, salt in a DMSO
solvent on a Gold electrode (Au(111)), and obtain the differential ca-
pacitance from impedance measurements using a three electrode setup.
In contrast to many publications in the literature, the authors perform
measurements over a wide potential window and present results which
extend beyond the narrow potential window around the potential of
zero charge (pzc). Such a wide potential window is crucial for validat-
ing our model predictions, in particular with respect to the emergence
of secondary peaks in the differential capacitance at larger potentials
(desolvation potentials due to the stripping of solvation shells).

Fig. 10(a) illustrates experimental results for the differential capaci-
tance for different salt/solvent ratios. The pzc at roughly VP* = —40 mV
is indicated by a red circle. For electrolyte compositions with small salt
concentrations, the DC profiles exhibit three peaks. The peaks are not
arranged symmetrically, but rather exhibit different magnitudes and
relative potentials. With increasing salt amount, all peaks are shifted
towards the pzc. Also, the magnitudes of the peaks increase. Eventually,
when the salt amount gets large enough (here for ¢*"* > 100 mM), the
central peaks are absorbed into one peak.



C. Schwetlick et al.

We use these results for the validation of our theoretical approach.
For this purpose, we parametrised an electrolyte in accordance with
Ref. [25] (see section S-9 for details of the parameterisation) and
performed numerical simulations. In particular, we neglect solvation
of anions via neutral solvent molecules and set A™ = 0. This assump-
tion can be motivated by the observation that in common battery
electrolytes, the counter-ions PF,~ and TFSI™ are both only weakly
coordinating in carbonate solvents [61,62]. Fig. 10(b) shows our nu-
merical results for this system at the same salt amounts as in the
experimental results. As opposed to the experimental data, in our
simulation the pzc is set at VP* = (V. For salt concentrations up to
cbulk = 10 mM, the DC profiles show three different peaks, where two
peaks lie in the “negative” branch (VX' — VP*¢ < (), and only one peak
(with large magnitude) lies in the “positive” branch (VX' — ¥P* > ().
We emphasise that this is a consequence of our assumption that the
anions do not to participate in solvation effects. The inner peaks of
the negative branch (occurring at smaller negative potentials) can be
attributed to the effect of dilution, whereas the outer peaks at larger
potentials arise when the solvation shell is stripped at high enough
potentials (see Sections 4.2 and 4.3). The transition from bell to camel
shape at higher salt concentrations can still be observed.

Overall, the shape of the simulated curves fit well with the ex-
perimental results. The occurrence of three peaks in the experimental
results, as well as the location of these capacitance peaks is well
reproduced by the numerical data. However, the height of the DC
peaks differ by a factor of about 4 between the experimental results
(Cgeak < 20pFcm™2) and the numerical results (C('é’eak < 80pFcm™2).

The size of the central peak is quite sensitive to some of the
electrolyte parameters. For example, if the simulation would be done
with larger ion sizes, this would reduce the overall capacitance values.
Here, we parametrised our electrolytes based on literature data (see
section S-9). In particular, the values for the partial molar volumes
of the electrolyte species v, were obtained by a rough approximation
from the crystalline ionic radii of the ions. However, to accurately
model the size of the ions in solution, results obtained from molecular
dynamics or DFT considering solvation shells would be more suitable.
Unfortunately, these are difficult to obtain.

Furthermore, we neglect non-local correlations between the ions
and the solvent. Recently, we have shown that such interactions can
have a significant influence on the structure of the EDL, and may lead
to long-ranged charge oscillations [27,37]. By extending the free energy
density shown in Eq. (6), non-local species interactions can easily be
incorporated into our theory of solvation. We expect that this modified
theory would yield a more heterogeneous structure of the EDL, and
broaden the width of the EDL to several ion diameters. In our previous
work, we also show that the introduction of non-local interactions
can behave similarly to a modification of the dielectric constant [37].
This would reduce the magnitude of the differential capacitance, and
improve the quantitative comparison with experimental data. However,
including such non-local interactions into our description goes beyond
the scope of the present paper. Notably, the central peaks are not due
to solvation effects; these rather stem from the salt dilution affecting
the diffuse layer in the EDL. For this reason, the qualitative agreement
of our simulation with the experimental curves at larger negative
potentials indicates that solvation effects could describe the flat region
and smaller third peak found in the data.

5.4. Qualitative comparison with MD concentration profiles

Finally, we compare our results for the concentration profiles with
MD-simulations. Recently, Vatamanu and Borodin studied water-in-
salt electrolytes, consisting of highly concentrated salts with aqueous
solvent [17]. One of their key findings is that applying a strong pos-
itive potential to the electrode removes the water from the EDL. Fig.
11 shows their simulation for a range of electrode potentials. Water
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z(A)

z(A) z(A)

Fig. 11. Reproduced from Vatamanu and Borodin’s paper on Water-in-salt
electrolytes [17]. Shown are MD simulations of a WIS-electrolyte resolving
the EDL with the average number densities below. When applying a negative
potential to the electrode, a significant amount of water is present close to
the electrode surface. This enables electrode degradation reactions. However,
with a positive potential applied, the water is pushed further away from the
electrode, inhibiting degradation.

(shown in red) is depleted at 1.5V. In contrast, at neutral or negative
electrode potentials, water accumulates close to the electrode.

Fig. 12 shows simulation results based on our approach for the
same system as studied by Borodin et al. Note that our model does
not contain any non-local interactions, so layering effects cannot be
seen. Nevertheless, our approach reproduces the observation, that a
strong positive potential pushes the water away from the electrode,
see Fig. 12(a). When applying a negative potential, as in Fig. 12(b),
the Li-ions pull the solvent into the double layer, so a significant water
concentration is present even at the electrode. In the continuum model,
if we were to match the electrode potential with the potential in the
bulk electrolyte, we would not find any deviation of the concentrations
from the bulk values in the EDL. Therefore, we would still find a
significant water fraction.

In our simulations, we assumed that water strongly solvates Li-ions
(here a normalised binding energy £ = —20 was used) and does not
coordinate with the anions. As a consequence, the Li-ions drag the
water into the EDL, while in the case of a positive potential (Fig. 12(a)),
water is present only in small amounts at larger distances from the
electrode.

5.5. Potential of zero charge

Finally, we briefly comment on the relation of our description for
the differential capacitance and the potential of zero charge (pzc).
There exist different definitions for the pzc in the literature. Here,
we follow the convention used by Shatla and Landstorfer for highly
diluted electrolytes [25], where the pzc is characterised by the voltage
where the DC profile has its central capacitance minimum. The pzc of a
given system depends both on the properties of the electrolyte, as well
as on the properties of the electrode [63]. Our model focuses on the
electrolyte and does not yet include properties of the electrode (which
is considered inert). In our simulations, for dilute solutions, the central
minimum occurs always at VX' —P*¢ = 0V (see Section 4). Hence, the
minimum of the camel-shaped DC profile for highly diluted electrolytes
always coincides with the pzc, and, thus, our model reproduces the
definition for the pzc. However, if we stray away from infinite dilution
by increasing ¢, we observe that the ion asymmetry and solvent size has
an effect on the location of the minimum. In general, if the ions are of
equal size, the minimum always coincides with the pzc, even for higher
values of ¢ (see Figs. 3, 5 and 7). In contrast, for asymmetric ions, the
minimum of the DC shifts to higher (positive) potentials for a larger
anion, and in the negative direction for a larger cation (see Fig. 4). As
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Fig. 12. The double layer profiles of a LiTFSI/LiOTF in water electrolyte as described in the paper by Vatamanu from the Borodin group [17]. Fig. 12(a) shows
the concentration profiles at a positively charged surface. The anions have been combined into a single species, as they behave similarly here. Notably, the EDL
is mostly made up of the anions, with both the water and the Li-ions pushed away from the electrode surface. In contrast, Fig. 12(b) shows that at a negatively

charged surface, water is present right up to the electrode.

we show in the SI (see section S-10), this effect gets more pronounced
with increasing asymmetry between the ion species, with decreasing
solvent size and with increasing salt concentration (increasing ¢). Thus,
the capacitance minimum can deviate from the pzc depending on
electrolyte properties like dilution or ion-size-asymmetry.

6. Conclusion

In this work, we present and discuss a continuum model for liquid
electrolytes which incorporates solvation effects. This model is based
on our framework for highly concentrated liquid electrolytes [28].
The solvation of ions by solvent molecules is captured via including
two additional terms to the free energy of the system, which describe
entropy reduction due to solvent immobilisation and the binding en-
ergy between the ions and the solvent. In particular, our model for
solvation needs only two additional parameters. We are able to account
for special effects occurring in highly concentrated electrolytes. Here,
we apply our general theory to electrolytes composed of a salt mixed
with a neutral solvent, and focus on the equilibrium structure of the
EDL. This is conveniently analysed using stationary solutions of our
transport model. Balancing the electrochemical forces in the EDL makes
it possible to directly obtain the local structure from the bulk electrolyte
properties. These calculations require only minimal calculation time —
for each electrolyte composition, an EDL profile for the complete range
of electrode—electrolyte-voltages can be calculated in much less than a
second.

We discuss the influence of solvation and dilution on the differential
capacitance, and validate our model predictions in comparison with
experimental results for KPF, in DMSO electrolytes. Our model repro-
duces well-known dilution effects discussed in the literature, e.g. the
transition from a camel-shaped profile of the differential capacitance
(DC) to a bell-shaped profile with increasing salt concentration. How-
ever, our model goes beyond current theories from the literature and
draws a richer picture, as it predicts the emergence of additional peaks
in the DC profile occurring at higher potentials. These peaks are due
to solvation effects, and can be attributed to the complete stripping of
the solvent molecules from the solvation shell of the ions in the EDL.
Thus, our description rationalises the DC profile, and separates effects
of dilution from effects of solvation.

Our model also enables examination of a charged “solvent”-species.
For example, novel electrolyte mixtures composed of two salts with
a common anion have recently been discussed in the literature as
promising candidates for next generation batteries [64].
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In addition, we present a detailed discussion how the parameters
influence the EDL solvation. Our analysis reveals that the EDL structure
of the electrolyte depends on the size-asymmetry of the ions and the
solvent molecules, the dilution of the electrolyte, and on the binding
energy between the ions and the solvent molecules.

If a suitable parameterisation is used, our model is not fine-tuned
to a pre-selected system and thus constitutes a promising starting point
for future research. Because it is based on modelling the free energy, it
can easily be supplemented by additional effects and interactions.

This paper introduces our approach to include solvation interactions
in a more widely applicable high concentration electrolyte transport
model. Therefore, we have made a few simplifying assumptions, which
make it possible to examine solvation effects within an idealised setting.

The first simplification is to assume a fixed dielectric constant
throughout the electrolyte. In real systems, the dielectric constant of
course depends on the local solvent concentration, with a reduced
dielectric constant in regions with low solvent concentration. Therefore
our model overestimates the thickness of the double layer, as the
electric field should be stronger in the saturation layer, reducing its
volume. This effect could be considered in further work.

The second simplification made in this paper concerns the imple-
mentation of our static solution, which assumes an inert electrode. We
ignored interactions between delocalised electrons in the electrode and
the ions in solution, which would usually lead to surface effects at the
electrode. There is previous work indicating how these interactions can
be included in continuum models via a modified free energy [63], but
this introduces a range of additional parameters to tune the electrode
interaction. For this reason, we avoided a more realistic electrode to
analyse the specific effect of solvation on the EDL structure.

Lastly, we have avoided the inclusion of any terms that go beyond
mean-field theory. The authors have shown, how non-local interaction
terms can be integrated into the theoretical framework used here [37].
This mean-field approach, however, does not enable us to capture
larger scale structure formation, like that of bound clusters, which are
reflected in the model of Goodwin et al. [47]

Our approach describes the electrolyte evolution via time-dependent
transport equations, so dynamic transport can also be accurately de-
scribed within the framework described in this manuscript. To the
best knowledge of the authors, our approach therefore constitutes the
first non-equilibrium solvation theory on the continuum scale. This
allows for studying the influence of currents on the evolution of non-
equilibrium EDL structures including solvation effects. However, this
goes beyond the scope of this manuscript.
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