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Intercalation–deintercalation of water-in-salt
electrolytes in nanoscale hydrophobic
confinement†
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Intercalation–deintercalation of water-in-salt (WIS) electrolytes in nanoscale confinement is an important

phenomenon relevant to energy storage and self-assembly applications. In this article, we use molecular

simulations to investigate the effects of intersurface separation on the structure and free energy under-

lying the intercalation–deintercalation of the Li bis(trifluoromethane)sulfonimide ([Li][TFSI]) water-in-salt

(WIS) electrolyte confined between nanoscale hydrophobic surfaces. We employ enhanced sampling to

estimate the free energy profiles for the intercalation behaviour of WIS in confining sheets at several inter-

surface separations. We observe that the relative stability of the condensed and vapour phases of WIS in

the confinement depends on the separation between the confining surfaces and the WIS concentration.

We find that the critical separation at which the condensed and vapour phases are equally stable in

confinement depends on the concentration of WIS. The relative height of the free energy barrier also

strongly depends on the concentration of [Li][TFSI] inside the confined space, and we find that this con-

centration dependence can be attributed to changes in line tension. The process of deintercalation

passes through vapour tube formation inside the confined space, and this process is initiated by vapour

bubble formation. The size of the critical vapour tube required for spontaneous evaporation of WIS from

the confinement is also found to depend on the intersurface separation and WIS concentration.

1 Introduction

Despite many excellent properties exhibited by water,1 it is
often discarded as a potential solvent in electrochemical
energy devices because of its narrow electrochemical stability
window.1–3 Traditional liquid battery electrolytes contain salt
solutions with low to moderate ion concentrations.3 Water-in-
salt (WIS) electrolytes are a new class of electrolytes which
contain more salt than water by weight and volume.4 Recent
studies have shown that superconcentrated water-in-salt elec-
trolytes exhibit enhanced redox stability, low volatility, high
carrier density, a wide electrochemical window and efficient
cycling behaviour.1,4–8 Recently, WIS solutions have been
extensively studied in bulk as well in confinement.2,9–13

The intercalation–deintercalation behaviour of the ions of
liquid electrolytes plays an important role in tailoring the pro-

perties of electrochemical devices.14–16 It has been found that
in a Li-ion battery containing highly concentrated electrolytes,
reversible accommodation of Li+ ions in graphite can signifi-
cantly change the electrode behaviour and can lead to fast elec-
trode reactions.6 The interaction of the solution confined
between ionophobic nanoscale materials results in a capillary
force driving the deintercalation of the electrolyte from nano-
porous electrodes,17 self-assembly of nanomaterials,18–20 and
many other physical phenomena.16,21–26 Exfoliation of layered
compounds can also be tuned by intercalation of the solution
between hydrophobic surfaces.27–29 However, before studying
the intercalation behaviour in the presence of electric field it is
important to first understand the process at zero applied field.
Past theoretical studies show that the intercalation of water
and salt solutions in solvophobic confinements is enhanced
when local electric field is applied.30,31

The vapour phase of solvents in nanoscale solvophobic con-
finement becomes more stable when the confining surfaces
come in close proximity, below a critical separation.32–36

Strong electric fields stabilize the vapour phase in nanoscale
confinement.31 Many recent theoretical studies show that the
transition between the vapour phase and liquid phase of water
confined between parallel plates is separated by a barrier,
where the condensed phase is more stable at higher plate sep-
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arations and the vapour phase is more stable at lower plate
separations.35,37–39 It is found that the capillary evaporation of
water originates from the formation of isolated vapour cavities
on the plates, which grow to a gap-spanning vapour tube that
eventually fills the entire volume between the confining
sheets.37 Altabet et al. showed through forward flux sampling
that the formation of vapour bubbles and vapour tubes are
important milestones in the process of capillary evaporation of
water from hydrophobic sheets.39 They also showed that the
rate of capillary evaporation of water from hydrophobic flexible
confinement is increased by multiple folds with increased
flexibility of confining sheets. However, analogous theoretical
studies exploring the process of capillary evaporation in super-
concentrated aqueous solutions are scarce in the literature.
Herein, we have performed detailed enhanced molecular
dynamics simulations to examine the dewetting behaviour of
[Li][TFSI] WIS solution from nanoscale hydrophobic confine-
ment. We study the effect of interplate separation as well as
WIS concentration on the free energy underlying the intercala-
tion–deintercalation transition of WIS from confinement. We
also compare our results with available macroscopic theories
wherever possible.

Our results suggest that capillary evaporation of the WIS
from hydrophobic confinement proceeds similar to what is
observed for water confined between hydrophobic
surfaces.37,39 However, because of the complex structural
changes, the changes in the underlying free energy are not
well-described by a single macroscopic thermodynamic free
energy surface at larger separations. The relative stability of
WIS in the confinement significantly depends on WIS concen-
tration. It is observed that at a given interplate separation, low-
ering the WIS concentration enhances its propensity to leave
the confinement. It is also revealed that the change in the
barrier of the free energy is dictated by the line tension and not
by the contact angle and surface tension that are often
thought to be governing factors for better material design.

2 Simulation details

In the present investigation, we have performed classical ato-
mistic molecular dynamics (MD) simulations combined with
non-Boltzmann sampling techniques to investigate the dein-
tercalation of WIS from rigid nanoscale carbon surfaces. A pair
of carbon surfaces (having dimension of 3 nm × 3 nm) separ-
ated by a distance d nm in the y-direction were generated
using an in-house program and placed in the WIS solution
along the xz-plane in a 6.5 nm × 13 nm × 6.5 nm tetragonal
box. Each surface consists of three hexagonally packed parallel
sheets (lattice constant 0.142 nm). In order to maintain a
pressure equal to that of liquid–vapour coexistence, a similar
protocol was followed as reported in previous studies.35,37,38 A
snapshot depicting the simulation setup for two carbon sur-
faces separated by a distance, d = 1.3 nm inside the WIS elec-
trolyte, is shown in Fig. S1.† For the highest separations
studied here, d = 1.7 nm, different systems having varying con-

centration of aqueous salt (here [Li][TFSI]) solutions were pre-
pared. The details of the concentration of the WIS solutions
for all the systems investigated in the present study are pro-
vided in Table S1.†

All MD simulations were performed using the GROMACS
2019.40,41 The systems were first equilibrated for 5 ns in the
NVT ensemble at 310 K temperature. The temperature of all
the systems was maintained using a Nosé–Hoover42,43 thermo-
stat. Following equilibration, biased simulations were carried
out for 10 ns. The equations of motion were integrated using
the leap-frog algorithm with a time step of 1 fs. The last 5 ns
of each trajectory, saved every 100 fs, was used for the analysis.
The cutoff radius for the evaluation of short-ranged inter-
actions was set to 1.2 nm. Coulomb interactions were evalu-
ated using the particle mesh Ewald summation technique with
an interpolation order of 6 and a Fourier grid spacing of
0.08 nm.

The force field parameters for Li+ and [TFSI]− were taken
from OPLS-AA force-fields.44–46 The TIP3P model was
employed for the water molecules.47 The non-bonded inter-
action parameters for the carbon sheet atoms were taken as σ

= 0.355 nm (ref. 48) and ε = 0.022 kJ mol−1.38 The Lorentz–
Berthelot combination rules were used to compute cross inter-
action terms of LJ potentials. Standard 3D periodic boundary
conditions and minimum image convention were applied.

The indirect umbrella sampling (INDUS) approach was
used to sample the density fluctuations between the confining
surfaces, using a harmonic biasing potential, U(Ñ) = κ(Ñ −
Ñ*)2/2. Here, Ñ is a coarse-grained, continuous variant of the
order parameter N, which is the number of species confined
between the two surfaces for varying intersurface separation,
d.49,50 The INDUS potential was applied only on the Li+ ion,
the nitrogen atom of [TFSI]−, and the oxygen atom of water
molecules. N* is the target value of order parameter for each
biased simulation and we vary it over a range of −3 to 213 with
an interval of 3. The free energy, ΔG, underlying deintercala-
tion of the WIS was estimated from the INDUS simulations
using the weighted histogram analysis method (WHAM).51 Five
hundred thousand frames for each trajectory were used to
compute the free energy profiles.

3 Results and discussion
3.1 Thermodynamics of WIS intercalation

In order to understand the WIS intercalation in nanoscale
hydrophobic carbon sheets, we sampled the system at
different numbers of confined species between the surfaces, N,
for five different confinement separations, d. The free energy,
ΔG, is plotted as a function of N for all d-values in Fig. 1. Here,
in the region of both high and low N values, we observe
minima in free energy profiles. The minima in the region of
high N values correspond to the condensed phase of the WIS
in confinement. The local density of the WIS inside the con-
finement at these points is comparable to the WIS density
outside the confinement (see Fig. S2†). Note that all the pro-
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files are shifted to set the free energy of the condensed basin
equal to zero. As N lowers, the confined solution moves
towards the vapour phase. The minima in the region of low N
values correspond to the vapour phase of the WIS in confine-
ment. These condensed (high N) and vapour (low N) basins are
separated by a substantial free energy barrier. The height of
the barrier increases with an increase in the separation
between the confining surfaces. Note that the change from
condensed to vapour phase represents the process of deinter-
calation of the WIS from the confinement, whereas the change
from vapour to condensed phase depicts the intercalation of
the WIS, including Li+ ions, into the confinement.

At lower separations, e.g. d = 1.3 nm, the vapour phase of
the WIS is stable in confinement. Also, the free energy barrier
to the transition from condensed to vapour phase is minus-
cule, and spontaneous deintercalation can occur. The relative
free energy of the vapour phase increases with increasing d.
The critical distance, dc, is defined as the separation between
the confining sheets at which both the condensed and vapour
phases have the same free energy, which is located at a value
of d slightly less than 1.6 nm. Above dc, the condensed phase
becomes more stable with respect to the vapour phase. At
larger separations, the vapour phase is meta-stable in the
confinement.

The solution concentration can also affect the intercala-
tion–deintercalation free energy of the WIS in confinement.
We quantify this concentration dependence of ΔG(N) at d =
1.7 nm, which is shown in Fig. 2 for the WIS concentrations of
20 m, 10 m, and 5 m. For the concentration of 10 m, the rela-
tive free energy of the vapour phase of WIS is less than that of
the condensed phase. This suggests that for this concentration
the critical separation, dc, is now more than 1.7 nm. At even
lower concentration, 5 m, the free energy barrier between the
condensed and vapour phases decreases further. We anticipate
that at sufficiently lower concentration the deintercalation

process of the WIS from carbon surfaces separated by a dis-
tance, d = 1.7 nm, may be spontaneous. We note that similar
results have been found for denaturants in water, where an
increase in guanidinium chloride concentration is found to
weaken hydrophobic effects.52,53

The intersurface separation has a significant impact on the
free energy barrier separating the condensed and vapour
phases in confinement. For example, at fixed concentration
(20 m), the free energy barrier separating the condensed and
vapour phases increases with increasing d. To further quantify
the effect of intersurface separation on the height of the free
energy barrier, we plot the barrier height, ΔG*, as a function
of d in Fig. 3. The height of the free energy barrier is predicted
by macroscopic theory to scale quadratically with d, according
to:35,37

βΔG*ðdÞ ¼ � 2πβγvl
cos θ

d̃
2

4
þ d̃

λ

γvl

� �
þ λ

γvl

� �2
" #

; ð1Þ

where β−1 = kBT is Boltzmann’s constant multiplied by temp-
erature, γvl is the vapour liquid surface tension, θ is the contact
angle, λ is the line tension, and d̃ = d − ξ is the distance avail-
able between the sheets, which accounts for the effective size
of the sheet atoms. We approximate this size as the sum of the
van der Waals radii of a sheet atom and the smallest WIS par-
ticle, Li+, such that ξ = σC + σLi; σC and σLi are the LJ size para-
meters for the sheet carbon atom and the Li+ ion, respectively.
We estimated the contact angles (θ) formed by the WIS nano-
droplets at the carbon surface and the vapour–liquid inter-
facial surface tension (γvl) for different WIS concentrations
from independent simulations, and these are reported in the
ESI.† The line tension was treated as a fit parameter, and we
obtain a negative line tension, λ/γvl ≈ −0.325 nm, which is

Fig. 1 The simulated free energy profiles as a function of number of
molecules in the confinement at different separations, d, for 20 m WIS.

Fig. 2 The simulated free energy profiles as a function of number of
molecules in the confinement for different concentrations of the WIS
for separation d = 1.7 nm.
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roughly half of that for water in a similar environment, as esti-
mated in previous work.37

Water and simple liquids follow this classical macroscopic
expectation for most values of d.37 However, confinement-
induced changes in the microscopic water structure can lead
to deviations from macroscopic theory at small d.54 Substantial
deviations from macroscopic theory have also been observed
for ionic liquids, which were also attributed to d-dependent
structural changes of the confined liquid.35 Here, we find that
the free energy barriers follow eqn (1) to a good approximation
for smaller d-values, where the solution structure is similar
(discussed below). However, the barrier height deviates from
the classical predictions at higher separations. These devi-
ations can be attributed to changes in the relative concen-
tration and distribution of the species in confinement at
different separations, consistent with previous work.35,54

We also include the predictions of eqn (1) for the 10 m and
5 m systems in Fig. 3, obtained by fitting the line tension to
the simulation results, assuming that d = 1.7 nm agrees with
the theory for these two concentrations. Decreasing the WIS
concentration lowers the barrier height, as discussed above,
and the use of eqn (1) enables a macroscopic interpretation of
this dependence. Upon decreasing the WIS concentration,
both the surface tension and 1/cos θ increase in magnitude,
further increasing ΔG*(d ), in stark contrast to what we
observe. However, the line tension increases in magnitude
from λ/γvl ≈ −0.325 nm to λ/γvl ≈ −0.405 nm to λ/γvl ≈
−0.549 nm upon decreasing the concentration from 20 m to
10 m to 5 m, respectively. Thus, the line tension becomes
increasingly negative as concentration is decreased, approach-
ing that of pure water (λ/γvl ≈ −0.65 nm to −0.75 nm),37 as

shown in Fig. 3(b). Assuming that adsorption at the three-
phase contact line follows a Langmuir isotherm, the concen-
tration-dependence can be described well by the Szyszkowski
equation:55–57

λðcÞ ¼ λ0 � kBTΓ1 lnð1þ KcÞ; ð2Þ
where c is the concentration, λ0 is the line tension for pure
water as obtained previously,37 and Γ∞ ≈ −16.3 nm−1 and K ≈
1.00093 m−1 (inverse molal) are fit parameters; the fit is shown
in Fig. 3(b). This concentration-dependence of the line tension
compensates for and overcomes the changes in surface
tension and contact angle that tend to increase the barrier
height, resulting in lower free energy barriers at lower concen-
trations. Therefore, from the perspective of macroscopic inter-
facial thermodynamics, the lowering of free energy barriers
with decreasing WIS concentration can be attributed, at least
in part, to the concentration-dependence of the line tension.

3.2 Structure of WIS inside confinement

Recent studies show that structural changes influence the
kinetics of capillary evaporation of water and ionic liquids
from the nanoscale hydrophobic confinement.35,39 Moreover,
the local density distribution plays an important role in gov-
erning the relative stability of species between the hydrophobic
carbon surfaces. Number density profiles of constituent
species of WIS between the carbon surfaces are depicted in
Fig. 4(a). The number density distributions are evaluated for
systems with N corresponding to the condensed phase of WIS
in confinement.

Fig. 3 (a) The free energy barrier of transition from condensed to vapour phase as a function of confining sheet separation, d, as well as the predic-
tions of eqn (1). Predictions for 5 m and 10 m WIS solutions are obtained by matching the simulated barrier at d = 1.7 nm. (b) The line tension, λ,
obtained from macroscopic theory at d = 1.7 nm is plotted for different concentrations, assuming that the simulated free energy agrees with the
macroscopic theory for 5 m and 10 m WIS solutions.
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For d = 1.3 nm, the density profiles show that the Li+

cations preferentially reside away from the confining surface.
However, the water molecules are distributed throughout the

confined space, as is the case for the anions. The simulation
snapshots in Fig. 5 show that the anions are oriented perpen-
dicular to the confining sheets at this interplate spacing. The

Fig. 4 Number density distribution of (a) water, Li+, and [TFSI]− and (b) atomic species of [TFSI]− for 20 m WIS, computed for configurations with N
corresponding to the condensed phase between hydrophobic nanoscale confinement.

Fig. 5 Simulation snapshots of WIS species inside the hydrophobic sheets separated by a distance d corresponding to 20 m concentration of WIS.
Blue, red, yellow, grey, and green colours represent the N, O, S, C, and F atoms, respectively.
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nitrogen atoms lie around the center of the confinement, and
the fluorine atoms are nearest to the opposite surfaces. The
orientation of the anions is also confirmed by plotting atomic
number density profiles for [TFSI]− anions, shown in Fig. 4(b).
Here, a peak for the number density distribution at y = 0
affirms that the nitrogen atoms align at the confinement
center.

The structural arrangement of [TFSI]− ions for d = 1.4 nm is
almost similar to d = 1.3 nm, but the increased space allows
some of the anions to tilt (shown in Fig. 5). This tilting smears
out the density distributions, especially for the nitrogen atom.
This starts to signal that the structure is changing from a
single layer of plate-bridging anions to two layers. There are
three peaks for nitrogen atoms that are merged, where the
central peak corresponds to the perpendicular orientation of
[TFSI]−, and the two side peaks to the tilted orientations.

At higher separation, d = 1.5 nm, the number density pro-
files show that the Li+ ions and water molecules are shifted
towards the center of the confinement. The [TFSI]− ions show
two peaks close to both carbon surfaces. The atomic number
density profile of [TFSI]− ions depicted in 4(b) shows sharp
peaks for all atoms, indicating highly ordered distributions of
anions in confinement. Two peaks for nitrogen atoms show
that the anions form a bilayer distribution. The CF3 groups are
closest to the carbon surfaces and the SO2 groups are oriented
towards the center of the confinement. The space between the
two layers of [TFSI]− ions is occupied by the Li+ ions and water
molecules. The simulation snapshots for d = 1.5 nm (see
Fig. 5) illustrate the presence of empty space around the
central line passing through the [TFSI]− ions. The Li+ ions and
water molecules reside around this central line.

The species exhibit similar distributions at higher separ-
ations, d = 1.6 nm and 1.7 nm. However, the space between
the two layers of [TFSI]− ions increases with increasing inter-
plate separation. This results in an increased number of water
molecules inside the confinement (see Table 1). We suggest
that these structural changes underlie the deviations of the
free energy barriers from macroscopic theory discussed in the
previous section.

The fraction of [Li][TFSI] ion pairs relative to water mole-
cules as a function of N, xIP:Wat(N), quantifies any preference
for one component of the solution to intercalate over the
other. As shown in Fig. S7 of the ESI,† xIP:Wat(N) shows a pre-
ferential deintercalation of ion pairs once a vapour tube is
formed, evidenced by xIP:Wat(N) decreasing with decreasing N.

For small d (1.4 nm), xIP:Wat decreases slightly as N decreases
(deintercalation) for all N, indicating that [Li][TFSI] has a
higher tendency to come out of the confinement when the
energy barrier is smaller. At larger d values (1.5–1.7 nm), xIP:
Wat initially increases as N is lowered from the value in the con-
densed phase. Then, xIP:Wat starts decreasing once the barrier
separating condensed and vapour phases is crossed.

3.3 Shapes of free energy profiles

In order to further understand the shape of the free energy
profiles, we examined the nature of the vapour regions that
form in the confined space, following previous work.37 We pro-
vided instantaneous liquid–vapour interface representations58

(see Fig. 6) to illustrate how the shape of the vapour-like region
changes as the WIS deintercalates from the hydrophobic con-
finement of interplate separation d = 1.5 nm. For N = 135,
corresponding to the condensed phase, the WIS fills the space
between the confining plates. However, for N = 117, uphill
from the condensed phase, vapour bubbles start to appear on
the carbon surfaces. The solvophobic carbon sheets enhance
nearby WIS density fluctuations, and these enhanced fluctu-
ations facilitate the preferential nucleation of surface vapour
bubbles. These bubbles then grow to form a vapour tube that
spans across the confinement. At N = 105, near the energy
barrier, the size of the gap-spanning vapour tube is subcritical.
The vapour tube has to grow further to become supercritical.
Once the gap-spanning vapour tube becomes supercritical, the
dewetting of WIS from the surface is spontaneous. However,
for d = 1.5 nm, the size difference between subcritical and
supercritical vapour tubes is small. Furthermore, the vapour
tube grows between the confinement (N = 54) and eventually
covers the volume between two surfaces (N = 3).

Our findings can be compared to macroscopic interfacial
thermodynamics, where the free energy for the formation of a
cylindrical vapour tube with radius r, which spans between
two surfaces separated by a distance d, is given by:37

ΔGthðr; dÞ ¼ π½r 2d̃ΔP þ 2rd̃γvl þ 2r 2γvl cos θ þ 4rλ�; ð3Þ
where ΔP is the difference between the system pressure and
the saturation pressure, here equal to zero. Classical interfacial
thermodynamics shows that the condensed/liquid phase (r =
0) and the vapour phase (high r values) are separated by a
barrier that corresponds to vapour tube formation.

Significant changes appear in the free energy profiles as the
number of species in confinement is decreased. The slope of
the profiles has an abrupt discontinuity at or in the vicinity of
the barrier. In the free energy profiles for water evaporation
from rigid hydrophobic carbon plates, there exists a “kink”
corresponding to the transition of surface bubbles to gap-span-
ning vapour tubes. It manifests the intersection of distinct free
energy profiles for surface bubble formation and vapour tube
expansion.37 Altabet et al. show in their study of water evapor-
ation from flexible hydrophobic confinement using the
forward flux sampling technique that this transition from the
liquid to vapour phase passes through the milestone of gap-

Table 1 The number of [Li][TFSI] ion pairs and water molecules in the
condensed phase of WIS inside the confinement at different interplate
separations

d (nm) NIP NWat xIP:Wat

1.3 22 67 0.33
1.4 24 68 0.35
1.5 30 73 0.41
1.6 33 83 0.40
1.7 34 92 0.37
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spanning vapour bridge formation between the opposite
sheets.39

For the 20 m WIS electrolyte, we find that eqn (3), with an
additional entropic term37 as discussed in the ESI,† provides a
reasonable fit to the vapour tube growth portion of the free
energies, for N less than the kink, when d ≤ 1.5 nm, as shown
in Fig. 7. For larger d-values, significant structural changes can
occur as N is decreased, modifying interfacial thermodynamic
properties. We find that ΔG(N) for large d is better fit by two
vapour tube free energies that intersect at N ≈ Nsuper, unlike
what is observed for water over a large range of d values.37 This
piecewise fit is given by ΔGp(r;d ) = ΔGð1Þ

th (r;d ) − 2kBT ln(1–2r/L)
for N < Nsuper and ΔGp(r;d ) = ΔGð2Þ

th (r;d ) − 2kBT ln(1–2r/L) for
Nsuper < N < Nsub, where L = 3 nm is the side length of the
square confining plates,

ΔGðiÞ
th ðr; dÞ ¼ 2πγðiÞvl r2 cos θ þ r d̃ þ 2λðiÞ

γðiÞvl

 !" #
; ð4Þ

γðiÞvl and λ(i) indicate that the fits yield different values of the
surface and line tensions in the two ranges of N, and the logar-
ithmic terms capture the translational entropy of the tube. The
fit parameters are listed in Table S3 of the ESI.†

The free energy profiles show that the process of deinterca-
lation of WIS from nanoscale hydrophobic confinement has
two major processes at small d, but three at large d. Firstly, the
transition from vapour bubble formation at the hydrophobic
surfaces to gap-spanning vapour tube is a steep uphill process.

Subsequently, the vapour tube grows, resulting in capillary
evaporation of WIS from the confinement. The vapour tube
formed may have to first grow for the process of capillary evap-
oration to become spontaneous. Whether the vapour tube
formed at the kink in the free energy is supercritical depends
on the interplate separation as well as the WIS concentration.
The vapour tube formed between the surfaces separated by
1.4 nm (Fig. 7(a)) is sufficient for further dewetting of WIS
from the surfaces; the deintercalation process is spontaneous.
For d = 1.6 nm (Fig. 7(b)), the vapour tube formed is subcritical
and must grow in size before spontaneous capillary evapor-
ation occurs. Moreover, for the highest separation and concen-
tration studied here, d = 1.7 nm (20 m), the gap between the
subcritical and supercritical vapour tube sizes increases
further (see Fig. 7(c)). For this system, and d = 1.6 nm, the gap
region and the supercritical growth region are described well
by two intersecting vapour tube macroscopic free energies,
ΔGp, and we suggest that the transition between the two sur-
faces arises from structural changes in the confined solution
as N decreased, consistent with previous observations for ionic
liquids.35,38 However, if the concentration of the WIS is
lowered to 5 m, the vapour tube formed at the kink is super-
critical (see Fig. 7(d)).

In the case of hydrophilic surfaces, the vapour state
becomes unstable even at lower d values; thus the deintercala-
tion of WIS from the hydrophilic confinement is not spon-
taneous. For a hydrophobic surface, cos θ < 0, while for a
hydrophilic surface, cos θ > 0. In eqn (3) with ΔP = 0, cos θ < 0

Fig. 6 The instantaneous liquid–vapour interface at different points along the free energy profile for d = 1.5 nm.
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yields a ΔGth(r) consistent with a barrier like those shown in
Fig. 7. In contrast, a hydrophilic surface with cos θ > 0 flips the
parabola such that there is no barrier and no competition with
the linear surface tension term; the condensed phase, r = 0, is
favoured and the vapour is unstable.

The number of species present inside the confinement at
the point of subcritical and supercritical vapour tube for-
mation is plotted for different interplate separations in Fig. 8,
for separations where Nsub ≠ Nsuper. We observe that the point
of subcritical vapour tube formation increases linearly with d

Fig. 7 The simulated free energy profile for (a) d = 1.4 nm (solid red line), (b) d = 1.6 nm (solid pink line), (c) d = 1.7 nm and 20 m WIS concentration
(solid green line), and (d) d = 1.7 nm and 5m WIS concentration (solid orange line). The free energy for vapour bubble formation (grey dashed line)
which is linear at lower N values of liquid basin (ΔG(N;d ) = aN + b), growth of subcritical (red dashed line) and supercritical vapour tube (black
dashed line) predicted from macroscopic theory. The fit parameters are listed in Table S3 of the ESI.†

Fig. 8 The number of molecules inside the confinement at the points
when the size of the gap-spanning vapour tube is of subcritical and
supercritical size for different interplate separations.

Table 2 The number of species confined between hydrophobic sheets,
and free energy values when the vapour tube is subcritical and
supercritical

d (nm) NCP Nsub βΔGsub Nsuper βΔGsuper

1.4 117 99 2.5 99 2.5
1.5 135 108 8.78 105 9.4
1.6 150 117 12.61 96 15.53
1.7 165 123 15.86 87 17.68

Paper Nanoscale

4202 | Nanoscale, 2021, 13, 4195–4205 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
9 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 R

U
T

G
E

R
S 

ST
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

3/
16

/2
02

1 
2:

47
:3

1 
PM

. 
View Article Online

https://doi.org/10.1039/d0nr08163a


for nanoscale confinements, whereas the point of supercritical
tube formation decreases linearly with d, i.e., the gap-spanning
vapour tube needs to grow bigger as the interplate separation
increases before spontaneous evaporation can occur. If we
extrapolate both fittings, the intersection point (slightly less
than 1.5 nm) represents the separation below which the
process of capillary evaporation is spontaneous when the gap-
spanning vapour tube forms inside the confinement.

The values of N for the condensed phase (CP), the subcriti-
cal and supercritical vapour tubes, and the corresponding free
energies are provided in Table 2. We have plotted the simu-
lated free energy for the N value corresponding to the for-
mation of confinement spanning supercritical vapour tube
and the number of [Li][TFSI] ion pairs between the confine-
ment in the condensed phase between corresponding confine-
ment for different interplate separations (for c = 20 m), and for
different concentrations (d = 1.7 nm) in Fig. 9. These plots
reveal that the free energy required for the formation of the
supercritical vapour tube depends on the amount of salt
inside the confinement in the condensed phase at a given
interplate separation and WIS concentration.

4 Conclusions

The intercalation extent of [Li][TFSI] WIS in nanoscale hydro-
phobic confinement depends on the separation of the confin-
ing surfaces. At larger interplate separations, d = 1.7 nm, the
condensed phase is more stable than vapour phase in confine-
ment, and intercalation is favoured. At lower separations, d =
1.3–1.4 nm, the vapour phase of the WIS is more stable and

deintercalation of WIS is favoured. Our results also show that
the concentration of the WIS also affects the relative stability
of the WIS between the sheets. We find that lowering the WIS
concentration at fixed interplate separation reduces the stabi-
lity of the condensed phase, enhancing the propensity for
deintercalation or evaporation. Moreover, decreasing the WIS
concentration lowers the free energy barrier for deintercala-
tion. This barrier lowering is dictated by the line tension, not
the contact angle and surface tension that are usually at the
focus of material design; these tend to increase the barriers in
the WIS system and are opposed by the line tension. These
findings strongly suggest that both confinement length scale
and solution concentration can be used to controllably tune
the intercalation–deintercalation behaviour of WIS-based
electrochemical devices.

We also showed that the confined WIS is highly structured.
At a separation of d = 1.3 nm, the [TFSI]− anions align them-
selves perpendicular to the confining sheets. As the interplate
separation is increased (d = 1.5 nm) the [TFSI]− anions prefer-
entially align parallel to the sheets and the Li+ cations, and
water molecules occupy the space between the parallel [TFSI]−

layers. With a further increase in interplate separation, the
space between the [TFSI]− layers increases and the relative
amount of water inside the confinement also increases.

Through examination of liquid–vapour instantaneous inter-
faces, we suggest that capillary evaporation in the WIS pro-
ceeds in a manner similar to that observed for water confined
between hydrophobic surfaces,37,39 except that structural
changes as N is lowered may lead to significant changes in the
form of ΔG(N) that are not well-described by a single macro-
scopic thermodynamic free energy surface at larger d. We

Fig. 9 The simulated free energy corresponding to the N value for the formation of a gap-spanning vapour tube, and the corresponding number of
[Li][TFSI] ion pairs in confinement plotted for (a) different interplate separations for 20 m WIS solution, and (b) different concentration of the WIS
between sheets separated by 1.7 nm. The ΔGsuper is plotted against the NIP of the condensed phase in Fig. S8 of the ESI.†
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found that vapour bubbles begin to appear on the carbon sur-
faces as N is decreased from the condensed phase. These
bubbles then grow and merge to form a gap-spanning vapour
tube, resulting in a kink in the free energy profile. At lower d,
the vapour tube formed at the kink is of supercritical size and
results in spontaneous evaporation of the WIS in the confined
space. At higher d, the size of the vapour tube is subcritical
and must grow further before spontaneous evaporation can
occur. The difference in the subcritical and supercritical
vapour tube sizes increases with increasing interplate separ-
ation. Also, the free energy barrier for supercritical vapour
tube formation is correlated with the amount of salt in con-
finement. Our analysis shows that the intercalation of the elec-
trolyte in hydrophobic electrode pores can be controlled by
tuning the salt concentration in the electrolyte.
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