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ABSTRACT

Ionic liquids (ILs) are attractive electrolytes for next-generation electrochemical devices; however, their hy-
groscopic nature leads to water uptake, which can reorganize the electrical double layer (EDL), promote inter-
facial water electrosorption, and contribute to the narrowing of the electrochemical stability window (ESW). In
this work, we investigate lithium-salt engineering in humid 1-methyl-1-propylpyrrolidinium bis(tri-
fluoromethylsulfonyl)imide ([Pyr;4][TFSI]) using molecular dynamics (MD) simulations at fixed electrode sur-
face charge densities. Corrected potential differences relative to the potential of zero charge (PZC), interaction
energies, and number-density profiles of ions and water were systematically analyzed for dry, humid, and Li*-
containing ILs. The simulations show that interfacial H,O interacts strongly with polarized electrodes and plays a
central role in water-induced EDL restructuring. Upon Li" addition, water molecules are increasingly coordinated
by Li™, reducing the population of free water available for accumulation at electrified interfaces. At low surface
charge densities, Li* addition shifts the corrected potential differences toward those obtained for the dry IL,
indicating partial mitigation of water-induced electrostatic screening. At higher polarizations and elevated Li':
H,O ratios, particularly 2:1, the calculated A8® values exceed those of the dry IL, suggesting an apparent
overcompensation of water-screening effects within the classical MD framework. Importantly, the calculated
potential differences are interpreted as electrostatic descriptors of EDL polarization and water-screening effects,
rather than as direct measures of redox stability or absolute ESW. Overall, these results provide structural and
electrostatic evidence that Li™ ions can sequester water and reduce free-water accumulation at electrified in-
terfaces, suggesting that lithium-salt addition may help mitigate water-induced EDL perturbations in humid
[Pyr14] [TFSI]-based electrolytes.

1. Introduction

microscopy (AFM) measurements detail how water incorporation alters
layering and electrostatic screening near the surface [12]. Strategies to

Ionic liquids (ILs) are promising candidates for electrochemical ap-
plications owing to their low volatility, broad thermal stability, and high
conductivity, but the presence of water —inevitable under ambient
conditions—reorganizes the electrical double layer (EDL) [1-8], pro-
motes interfacial adsorption/condensation, and triggers electrolysis
pathways that narrow the electrochemical stability window (ESW) [9].
At the molecular level, water competes for solvation and adsorption
sites, redistributes ions at the interface, and forms hydrogen-bond net-
works that modulate capacitance and charge dynamics [10]. Direct
evidence shows potential-dependent condensation at the [Bmim]
[TFSA]/Au interface, confirming that positive electric fields intensify
H20 accumulation in the EDL of hydrophobic ILs [11]; atomic force
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minimize water electrosorption—through ion selection, operating po-
tential, and electrolyte formulation—have been demonstrated experi-
mentally and computationally, but they remain limited when ambient
humidity is high [13].

Simulation and experimental studies have shown that, even at trace
concentrations, water exhibits a strong propensity to accumulate at
polarized electrodes—a behavior that narrows the electrochemical sta-
bility window and accelerates degradation pathways, including pre-
mature electrolysis, reduced coulombic efficiency, and increased
leakage currents [13]. The anatomy of this phenomenon was detailed by
Feng et al. [10], who, via MD simulations, revealed that water electro-
sorption is selective and preferential at positively polarized electrodes,

Received 10 February 2026; Received in revised form 30 June 2026; Accepted 6 July 2026

Available online 9 July 2026

2352-152X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:gcolherinhas@ufg.br
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2026.123574
https://doi.org/10.1016/j.est.2026.123574
https://doi.org/10.1016/j.est.2026.123574
http://creativecommons.org/licenses/by/4.0/

L.B.A. Oliveira et al.

where anions serve as counterions. The mechanism is governed by
competition between electric-field—dipole interactions and water—ion
associations, leading to local enrichment of HyO within the EDL and
heightening the interface's vulnerability to electrolysis. This behavior
compromises not only the predictability of capacitive responses but also
the structural integrity of the interface over extended operation.

In situ experimental evidence has corroborated these theoretical
predictions: Motobayashi and Osawa showed that water condensation is
highly dependent on electrode polarization at Au/[Bmim][TFSA] in-
terfaces. They observed that interfacial structural reorganization is
particularly pronounced at positive potentials, providing direct proof
that water acts as a critical reorganizing agent of the EDL and a dynamic
modulator of ionic density [11]. Complementarily, force-curve studies
using AFM revealed that even small amounts of water— on the order of
tens of ppm —are sufficient to drastically alter the cohesion and stability
of the charged layers at the Auj;;/BMPTFSA interface. This effect
manifests as an increase in the thickness of the first interfacial layers, a
reduction in their mechanical stiffness, and a shift in the point of zero
charge, indicating that water destabilizes the interfacial architecture
under realistic operating conditions [12].

Different strategies have been explored to mitigate the adverse ef-
fects of humidity in ILs. Traditional methods —rigorous drying,
controlled atmospheres, and the design of hydrophobic ionic liquids—
are effective in the laboratory but face limitations in cost, scalability,
and performance in practical applications. In this context, a promising
approach was proposed by Chen et al., who showed that adding inor-
ganic salts, particularly lithium salts, can sequester water molecules in
the bulk of the ionic liquid, lowering their thermodynamic activity and
limiting their participation in interfacial electrolysis processes. This
sequestration occurs via the formation of stable hydration complexes,
shifting the interfacial equilibrium and expanding the electrochemical
stability window. In practical terms, this strategy yields gains such as
higher energy density, greater robustness to ambient humidity, and
more predictable performance in advanced electrochemical devices
[14]. Complementarily, electrolyte and interface design tactics (e.g.,
increasing medium hydrophobicity or incorporating polymer matrices)
can act synergistically with Li* salting to suppress water-dependent
electrolysis pathways [13,15,16].

In this manuscript, we investigate lithium-salt engineering as a mo-
lecular strategy to reduce free-water accumulation in humid [Pyr;4]
[TFSI] confined between charged graphene electrodes. The formation of
LiT—(H20), coordination complexes is expected to decrease the avail-
ability of free water near electrified interfaces, thereby mitigating water-
induced electrostatic screening within the EDL. This interfacial reorga-
nization is consistent with reduced water availability at the electrode
surface and may help mitigate ESW narrowing associated with free-
water accumulation [9,13,14,18-20]. From a formulation perspective,
we tested the hypothesis that Li* addition can be tuned to (i) modulate
water activity and number-density profiles at electrified interfaces, (ii)
reduce the population of free interfacial water associated with ESW
narrowing, and (iii) qualitatively assess possible transport- and
localization-related tradeoffs. In this framework, water is treated not
only as a limiting impurity but also as a molecular component whose
interfacial activity can be controlled through electrolyte formulation.
These questions were addressed via MD simulations at fixed electrode
surface charge densities to reveal how water, ions, and lithium compete
and reorganize near charged graphene surfaces. We emphasize that the
present classical MD simulations do not explicitly describe electron
transfer, bond breaking, or water redox reactions. Therefore, the elec-
trostatic potential differences reported here are used as descriptors of
EDL polarization and water screening, not as direct measurements of the
electrochemical stability window.

2. Methodology

The effect of adding lithium bis(trifluoromethylsulfonyl)imide ([Li]
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[TFSI]) to humid [Pyr;4][TFSI] in supercapacitors (SCs) with graphene
electrodes was evaluated by atomistic MD simulations. We considered
[Pyr14][TESI] with p = 1.44 g/cm3 [21]. Three compositions were
studied: (i) dry IL — Model-1; (ii) humid IL with addition of 34 H,0
molecules — Model-2; (iii) humid IL + [Li][TFSI] with 1:1 salt-to-water
ratio — Model-3; and (iv) humid IL + [Li][TFSI] with 2:1 salt-to-water
ratio — Model-4. The numbers of species (cations, anions, Hy0, and
Li") and the electrode separation (L) for each model are given in Table 1.

The initial configurations were constructed using PACKMOL soft-
ware [22], ensuring a random spatial distribution of the electrolyte
species confined between two parallel graphene electrodes. The simu-
lation boxes had fixed lateral dimensions of x = 3.708 nm and y = 3.853
nm, corresponding to an electrode area of 14.287 nm?. Fig. 1 shows the
initial configurations (with graphene electrodes) of four simulated
models, as well as the molecular structure of the components of the ionic
liquid, water and lithium ion. The intersheet separation along z was set
to z = 12 nm (Model-1), z = 12.03 nm (Model-2), z = 12.88 nm (Model-
3), and z = 13.24 nm (Model-4), yielding internal volumes of 171.396,
171.824, 183.965 and 189.107 nm?, respectively. To avoid interactions
with periodic images, a 48 nm vacuum region was included along z (24
nm before the positive electrode and 24 nm after the negative electrode).

Electrodes and electrolytes, [Pyri4][TFSI] and [Li][TFSI], were
described with the OPLS-AA force field [23,24], using the TIP3P model
for water [24]. These parameter sets have been widely used to capture
electrolyte—electrode interactions and electrostatic properties in super-
capacitors. A constant surface charge density (o) was applied to each
electrode to reproduce the imposed potential; the atomic partial charge
results from distributing ¢ uniformly over the carbon atoms. Five charge
densities were simulated (¢ = 0.00, 1.60, 3.20, 4.81, 7.20 and 9.62 pC/
cm?). This procedure, widely employed in graphene-based SCs [25-30],
is accurate for low charge densities—that is, when the potential differ-
ence does not exceed ~2 V. Therefore, the results obtained at 6 = +7.20
and + 9.62 pC/cm? should be interpreted with caution. These higher
charge densities are retained as qualitative high-polarization stress tests
to reveal limiting trends in water redistribution, Li™ localization, and
EDL screening. Quantitative conclusions regarding electrochemical
stability are based primarily on the low-to-moderate polarization
regime, whereas the highest-polarization cases are not intended to
represent directly accessible non-reactive electrochemical operation.

We note that OPLS-AA/TIP3P is a non-polarizable force-field com-
bination. Although this approach has been widely used for comparative
simulations of ionic liquids, aqueous mixtures, and supercapacitor in-
terfaces [28,31-35], it does not explicitly account for electronic polar-
ization. This limitation may affect the quantitative strength of Li™
coordination, ion pairing, and interfacial interactions, particularly at
high electrode polarization. Accordingly, the present results are inter-
preted mainly in terms of relative structural and electrostatic trends
among the four models, rather than as absolute electrochemical
energetics.

All simulations were carried out in the NVT ensemble, keeping the
number of particles, volume, and temperature constants (at 450 K),
using a v-rescale thermostat (coupling constant © = 0.1 ps) [36]. A
temperature of 450 K was chosen to increase molecular mobility and
improve sampling in the highly viscous ionic liquid environment, within

Table 1

Configuration parameters of the molecular dynamics simulation systems,
including the number of cations, anions, water molecules, and Li* ions, as well
as the salt-water molar ratio and the electrode separation distance (L, in nm).

MD cation anion  water Li' salt: L
system water
Dry IL Model 1 336 336 0 0 0 12.00
Humid IL Model 2 336 336 34 0 0 12.03
Salt-in- Model 3 336 370 34 34 1:1 12.88
humid IL Model 4 336 404 34 68 2:1 13.24
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(a) Model-1

(b) Model-2

(c) Model-3

(d) Model-4

Fig. 1. An initial configuration of the supercapacitors for molecular dynamics simulation. Snapshots of (a) Model-1: dry IL; (b) Model-2: humid IL; (c) Model-3:
humid IL + 1:1 added salt-water ratio; (d) Model-4: humid IL + 2:1 added salt-water ratio; confined between two planar graphenes electrodes. [Pyr;4]* = Gray
molecules; [TFSI]~ = Green molecules; water = red and white molecules; [Li]™ = yellow sphere; Positive Electrode = red sphere; Negative Electrode = blue sphere.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the available simulation time, thus creating more statistically uncorre-
lated configurations. Previous work [25] has shown the low dependence
of the device's electrical properties on the simulation temperature at
various densities of the confined liquid using the same methodology.
Lennard-Jones (LJ) interactions were truncated at 1.2 nm with the
Potential-shift-Verlet modifier. Long-range electrostatics were treated
with Particle Mesh Ewald (PME) [37], employing 1.2 nm as the real-
space cutoff. Periodic boundary conditions were applied in all di-
rections. The simulations were conducted in two stages: (i) equilibration
(~15 ns), until thermodynamic quantities stabilized; and (ii) production
(100 ns), for sampling. All simulations were performed considering a
time step of 0.001 ps for each classical MD step. During production,
50000 configurations were collected, corresponding to a 1 ps sampling
interval per frame. The monitored thermodynamic quantities reached
stationary behavior over the sampled window, supporting the use of
these trajectories for comparative, rather than absolute, analyses of EDL
structure, as illustrated in Fig. S1. These configurations were used for
statistical analysis. Electrostatic potential profiles were obtained by
integration of the charge density using GROMACS ‘gmx potential’ utility
[38,39]. All simulations were performed with the GROMACS 2023
software package [38,39], with bond lengths constrained using the
LINCS algorithm [40]. System visualization was carried out with VMD
[41].

3. Results and discussion

3.1. Effects of initially random Li* distribution on water redistribution,
interaction energies, and electrostatic potential differences

We begin our analysis of EDL structure at the electrolyte/electrode
interface by comparing four systems (Models 1-4). Fig. 2 illustrates the
number density profiles of ions [Pyr14]Jr and [TFSI]™ along the z-axis —
perpendicular to the electrode planes — highlighting how the distribu-
tion of electrolyte components varies across the supercapacitor at a
surface charge density of 6 = 4.81 pC/cm?. Upon electrode polarization,
the counterions—[Pyry4]" at the negative electrode and [TFSI]~ at the
positive—migrate toward the charged surfaces, in agreement with pre-
vious study [14]. This behavior reflects the expected Coulombic in-
teractions between electrolyte species and the polarized interfaces.
Prominent number density peaks for [Pyr; 417 and [TFSI]™ are observed
near the negative and positive electrodes, indicating layered ion orga-
nization within the EDL. A comparison between humid ionic liquids
with Li* and without Li™ shows that cations and anions largely retain the
structural characteristics of the dry IL at the electrode. The salt-to-water
ratio exerts little influence on the IL number-density profiles, particu-
larly within the interfacial contact-adsorption region (0.0-0.60 nm). Bi
et al. [13] have shown that the hydrophobicity of ionic liquids (ILs)
plays a decisive role in determining the behavior of water at electrified
interfaces. In hydrophobic ILs, exemplified by [Pyri4][TFSI], water ex-
hibits a strong tendency to accumulate near the electrode surfaces,
regardless of whether the polarization is positive or negative. This
interfacial accumulation of H20 is stronger near positively charged
electrodes than near negatively charged electrodes under a wide range
of the electrode potential.

Fig. S2 (see Support Information) shows the H-O and Li* number-
density profiles as a function of electrode polarization at the humid
[Pyr14][TFSI]/electrode interface and the salt-in-humid [Pyr;4][TFSI]/
electrode interface (Model-3, salt:water = 1:1), respectively. The results
show that water molecules preferentially accumulate at the charged
electrode surface, consistent with prior reports on IL-water mixtures
[10,13]. Even with the addition of [Li][TFSI], in this case, a certain
fraction of free water is still maintained at the interfaces. Our results
contrast with Chen's results [14], which revealed that most water mol-
ecules are pushed away from the cathode and anode by the addition of
saltin a 1:1 salt to water ratio (Model-3). Here, Li" addition at a 1:1 salt-
to-water ratio (Model-3) appears insufficient to fully suppress free-water
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accumulation at the electrified interface. Within the classical MD
framework, this suggests only partial mitigation of water-induced EDL
perturbations and electrostatic screening, rather than complete protec-
tion against water-related interfacial effects. Importantly, complemen-
tary studies show that Li™ ions generally have difficulty penetrating the
first layer of ions directly adsorbed on the electrode, tending instead to
remain confined to the second molecular layer; this behavior arises from
strong complexation with anions ([TFSI]™), which creates significant
energetic barriers to direct approach. Free energy profiles confirm the
formation of stable solvation wells in regions away from the electrode,
whose depth increases with polarization, reinforcing the unfavorable
nature of Li* migration to the innermost interfacial layer [42].

By contrast, in salt-in-humid [Pyr;4][TFSI] with a 2:1 salt-to-water
ratio (Model-4), water is strongly excluded from the electrode inter-
face: under certain negative polarizations the contact layer is completely
depleted of H20, and at high polarization interfacial free water is largely
removed. Fig. 3 shows the evolution of water and water and Li™ number
density profiles at the humid [Pyr;4][TFSI]/electrode interface and at
the salt-in-humid [Pyr;4][TFSI]/electrode interface (Model-4, salt:
water = 2:1) for two surface charge densities (c = 4.81 and 9.62 uC/
cm?). Driven by stronger electrostatic attraction to the negatively
polarized electrode, Li* ions overcome the interfacial IL ion-layer bar-
rier and subsequently adsorb at the surface (Fig. 3d). Interfacial HyO
then coordinates to Li*, and the fraction of Li*-bound water increases at
2:1 ratio, thereby depleting free water near the negative electrode. At
the negative electrode, water depletion is associated with direct elec-
trostatic attraction of Lit toward the negatively charged surface, fol-
lowed by Li"—H,0 coordination. At the positive electrode, however, the
mechanism is different: Li* is electrostatically disfavored near the
positively charged surface and therefore does not dehydrate the inter-
face by direct adsorption. Instead, Li* coordinates water in the bulk and
outer EDL region, lowering the population of free water available to
enter the anion-rich interfacial layer. Thus, the apparent reduction of
water near the positive electrode is mainly an indirect consequence of
bulk/outer-layer water sequestration rather than direct Li* adsorption
at the positive surface. Fig. 4 presents representative snapshots of the
H-0 and Li" distributions between two planar carbon electrodes at 6 =
+ 4.81 pC/cmz.

We emphasize that the term “water depletion” refers primarily to the
reduction of free, uncoordinated water in the interfacial contact region.
Residual water molecules may still appear near the electrode, especially
when coordinated to Li*. Therefore, water density profiles alone do not
distinguish free water from Li*-bound water, and this distinction is
addressed below using Li—O coordination analysis.

To verify whether the residual interfacial water is free or Li*-bound,
we calculated the LiT—Oyqter radial distribution function (RDF) and the
corresponding Li"—Oyyater coordination number (Fig. S3). The Li™—Oyyater
RDF displays a well-defined first maximum at approximately 0.21 nm
and a first minimum at approximately 0.30 nm, indicating the formation
of a clear first Li"—Oyater coordination shell. Therefore, water molecules
were classified as Li*-bound when the Li"—Oyter distance was shorter
than 0.30 nm. Integration of Lit—Oyater RDF up to this first minimum
gives an average coordination number of approximately 1.79 water
molecules per Li" for Model 3 and 1.72 for Model 4. This result indicates
that increasing the number of Li" ions from 34 to 68 does not substan-
tially change the local Li™ hydration environment. Instead, the higher
Li* concentration increases the number of available Li* coordination
centers, favoring water sequestration and reducing the population of
free water molecules able to accumulate at the electrified interface. This
analysis suggests that a significant fraction of the residual water near the
negative electrode is associated with Li™.

The selection of the 1:1 and 2:1 [Li][TFSI]:H20 ratios follows the
experimental and computational framework established by Chen et al.
[14], who investigated lithium-salt engineering in humid ionic liquids
and demonstrated that these compositions are both experimentally
accessible and electrochemically functional. Their results showed that
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Fig. 2. Number density [nm~3] profiles along the z-axis [nm] for the surface charge density of +4.81 pC/cm?. The panels show [Pyr;4]* and [TFSI]~ distributions in
(a) Model-1: dry IL, (b) Model-2: humid IL, (c) Model-3: humid IL with [Li][TFSI] (1:1 salt-to-water ratio) and (d) Model-4: humid IL with [Li][TFSI] (2:1 salt-to-

water ratio).
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Fig. 3. Number density profiles along the z-axis for H20 (blue line) and Li*
(green line) at the humid [Pyr,4][TFSI]/graphene interface. Panels (a) and (b)
correspond to 6 = +4.81 pC/cmz, while panels (c¢) and (d) correspond to 6 =
49.62 pC/cm2. Panels (a) and (c) show the humid IL without added Li salt,
whereas panels (b) and (d) show Model 4, corresponding to humid [Pyr;4]
[TFSI] with [Li][TFSI] at a 2:1 Li":H20 ratio. The positive and negative elec-
trodes are indicated by black and red bars, respectively. Identical vertical-axis
scales are used for directly comparable Hz20 profiles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

mixtures of [Li][TFSI] with imidazolium- and pyrrolidinium-based ILs
remain fully miscible at molar ratios of 1:1, 2:1, and even 4:1, con-
firming that solubility does not impose restrictions within this concen-
tration range. Thus, the salt concentrations explored here lie well within
the experimentally validated domain for humid ionic liquids. The 1:1
ratio was chosen because it represents the standard condition commonly
employed to assess whether Li™ complexation is sufficient to suppress
interfacial water activity. Previous studies reported that a 1:1 ratio can
partially mitigate water-driven narrowing of the electrochemical sta-
bility window; however, our simulations indicate that this concentration
is insufficient for [Pyri.][TFSI], as a fraction of free water remains
available to screen the electrode potential. In contrast, the 2:1 ratio
produces a qualitatively distinct regime: Li" complexation becomes
strong enough to sequester nearly all interfacial water, leading to
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Fig. 4. Snapshots showing the distribution of (a) water molecules in humid
ionic liquid and the distribution of (b) Li* ions and water molecules in salt-in-
humid ionic liquid (Model-3, 1:1 salt-to-water ratio) and (c) Li" ions and water
molecules in salt-in-humid ionic liquid (Model-4, 2:1 salt-to-water ratio) be-
tween two planar carbon electrodes at 6 = +4.81 uC/cm?. Positive Electrode =
red sphere; Negative Electrode = blue sphere. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

pronounced depletion of H-O in the contact layer and full
restoration—or even overcompensation—of the potential difference
relative to the dry ionic liquid.

In addition, elevated concentrations of lithium salts are known to
increase the viscosity of ionic liquid electrolytes, which may hinder ion
mobility. Nonetheless, the experimental study [14] has shown that 1:1,
2:1, and 4:1 mixtures remain processable and electrochemically stable,
despite the expected rise in viscosity at higher salt fractions. Therefore,
the viscosity increases associated with the salt concentrations examined
here do not compromise the validity of the structural and electrostatic
insights reported in this work. Overall, the chosen salt-to-water ratios
allow us to probe the transition between partial and complete interfacial
dehydration and to identify a composition, among those tested, that
most effectively restores the electrostatic response toward the dry-IL
limit.

We stress that the present classical MD simulations cannot directly
determine whether Li"-bound water has a lower oxidation or reduction
rate than free water, because electron transfer, bond breaking, and
chemical reactions are not included in the force field. Our conclusion is
therefore structural and electrostatic: Li™ addition reduces the popula-
tion of free water molecules at the electrified interface and converts part
of the residual water into Lit-coordinated species. This reduced free-
water availability is consistent with mitigation of water-driven ESW
narrowing, but it should not be interpreted as a direct calculation of
redox kinetics or reaction barriers. In summary, our results show that
increasing the salt:water ratio to 2:1 (Model-4) strongly excludes H-0
from the electrode interface—up to complete depletion at certain
negative polarizations and substantial removal under strong
fields—consistent with Li*-(Hz0), complexation and mitigated ESW
narrowing.

To quantitatively evaluate the interaction energy of interfacial water
molecules with Li* ions in polarized electrodes as a function of the EDL
potential—and, crucially, to separate the effects of water-electrode and
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LiT-electrode interactions—the total interaction energy was decom-
posed into four components: (1) LJ water-electrode interactions, (2)
Coulombic water-electrode interactions, (3) LJ ion-electrode in-
teractions, and (4) Coulombic ion-electrode interactions. Table 2 reports
the normalized electrostatic (Coulomb) and LJ energies, calculated per
interaction pair. This decomposition clarifies the relative magnitude and
character of the interactions that govern electric double-layer formation.

The results for the interaction energy between Li* and the positive
graphene electrode (GRP) indicate that the LJ contributions are small
(£0.1-0.6 kcal/N.mol) and even change sign, while the Coulomb term
increases strongly with o, shifting from —0.41 at 1.6 to +4.70 kcal/N.
mol at £7.2 pC/cm? This trend reveals an increasing electrostatic
repulsion of Li* as the positive electrode becomes more polarized. In
contrast, H-0 exhibits large and negative LJ contributions (= —2.3 to
—4.1 kcal/N.mol), reflecting strong dispersion-driven binding. The
Coulombic term remains weak and close to zero, but shifts slightly
negative at higher o, suggesting mild stabilization. Overall, water
adsorption strengthens with increasing surface charge, primarily due to
LJ interactions.

For the negative graphene electrode (GRN), the LJ contributions for
Li* remain small (= —0.2 to —0.4 kcal/N.mol) up to ¢ = £7.2 pC/cmz,
while Coulomb energy interactions are consistently negative (~ —0.36
to —0.89 kcal/N.mol), pointing to a progressively stronger electrostatic
attraction of Li* to the cathode. At 6 = +£9.6 uC/cm?, a sharp transition
is observed, with Coulomb energy interaction reaching —42.7 kcal/N.
mol (LJ = +1.14 kcal/N.mol), indicating a very strong Coulombic sta-
bilization of Li™ under this high-polarization condition. For Hz0, LJ
contributions become increasingly negative (—3.5 to —7.1 kcal/N.mol),
evidencing stronger physical adsorption, while Coulombic terms also
grow more negative, particularly at ¢ > 7.2 pG/cm?, showing electro-
static stabilization of interfacial water.

Taken together, these results demonstrate distinct behaviors: in GRP,
Lit is repelled electrostatically as ¢ increases, whereas water is stabi-
lized mainly through LJ forces—consistent with the tendency of hy-
drophobic ILs to allow water accumulation even under positive bias. In
GRN, both Li" and H:O are stabilized electrostatically; under high
charge density (6 = —9.62 pC/cm?), Li* undergoes dramatic Coulomb
attraction, suggesting strong interfacial trapping. Except for the extreme
high-polarization case at the negative electrode, H20 generally shows
stronger overall electrode association dominated by LJ interactions,
whereas Li" binding is mainly governed by Coulombic attraction and

Table 2

Interaction energy (in kcal/N.mol), normalized per interaction pair, between
electrolyte species and the positive graphene electrode, GRP, or negative gra-
phene electrode, GRN. Electrostatic (Coulomb) and Lennard-Jones (LJ) contri-
butions are reported for all surface charge densities o, in pC/cm?.
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becomes dominant only under the highest negative polarization.

The potential difference between the electrodes was obtained as
5@ =@, — ®_, where ®, and ®_ are the electrostatic potentials for the
positive and negative electrodes, respectively. The EDL potential is
defined relative to its value at the potential of zero charge (PZC), which
in MD simulations is well determined from the Poisson potential drop
across the EDL when the electrode surface charge is zero. The corrected
potential difference is then expressed as AsD = sPpcheged _ sqdischarged
(Table 3). The corrected potential difference Ad® is used here as an
electrostatic descriptor of EDL polarization relative to the PZC. It should
not be interpreted as a direct electrochemical stability window. This
distinction is particularly important for 6 = + 7.20 and + 9.62 pC/cmz,
for which A8® exceeds the approximate low-potential regime where
fixed-charge graphene models are most reliable. Thus, the high-c data
are discussed qualitatively as polarization trends, whereas the low-c
data provide the most reliable quantitative comparison among the
electrolyte compositions.

AS® increases steadily with ¢ in all systems, consistent with stronger
polarization of EDL. The presence of water and Li* modifies this
behavior in distinct ways, depending on charge density and salt/water
ratio. Effect of water (Model-2: humid IL): at low ¢ (+1.6 and +3.2 uC/
cmz), humid ILs show reduced A6® compared to Model-1: dry IL (0.72 V
vs. 0.80 V at £1.6 pC/cm?; 1.29 V vs. 1.62 V at +3.2 pC/cm?). This
reduction reflects water's dielectric screening, which lowers the poten-
tial drop by solvating ions and disrupting ionic layering. At higher ¢
(+4.81 and +£9.62 uC/cmz), the difference narrows (2.24 V vs. 2.16 V;
4.58 V vs. 4.35 V), as strong electrode polarization dominates over
water's moderating effect. Effect of Li™ addition: at low o, introducing
LiT increases AS® relative to humid IL without salt (Model-2), partially
recovering the values toward those of dry IL (Model-1). This indicates
Li"—water complexation, which sequesters water molecules and reduces
their screening effect. At higher o, the outcome depends on concentra-
tion: with Model-3 (1:1 salt:water), A5® is slightly lower than Model-2
(humid IL) at +4.81 uC/cm2 (2.07 V vs. 2.16 V) but nearly identical
at £9.62 pC/cm2 (4.40 V vs. 4.35 V). With Model-4 (2:1 salt:water), A5®
surpasses both Model-1 and Model-2 (dry IL and humid IL) values (2.45
V at 4.81 pC/cm? 4.62 V at 9.62 pC/cm?), suggesting that high Li*
concentration reduces water-induced screening and increases the elec-
trostatic potential drop within the limits of the fixed-charge model.

3.2. Strategy of selective Lit placement on the water redistribution at
electrified interfaces and electrostatic potential difference

To assess the sensitivity of interfacial water organization to the initial
Lit distribution, additional simulations were performed in which Li™
ions were selectively placed either in the bulk region or near the
polarized electrode interfaces. These simulations are not used as the

GRP primary basis for the main conclusions, but rather as sensitivity tests to
c Li* H,0 evaluate how local Li" enrichment can influence water redistribution
L Coulomb Iy Coulomb within the EDL. We next examined how selectively adding (and posi-
tioning) Li" in the humid ionic liquid evolves under different electrode
Lo 0.0663 ~0-4105 23862 0.0442 olarizations after thermalization, considering the same proportion used
3.2 ~0.1717 0.4293 ~2.3238 0.0630 polariz zation, cor 8 1 Prop ¢
48 _0.6472 3.6591 _3.4861 _0.0151 in Model-4 (2:1 salt-to-water ratio). Fig. 5 shows the Li” number-density
7.2 ~0.5295 4.7037 —4.0222 —-0.3523 profiles when ions are initialized either in the bulk center of the elec-
9.6 —0.1716 1.2982 —4.1121 —0.5263 trolyte or at the polarized interfaces. The production simulations were
carried out for 100 ns at 450 K. For 6 = +4.81 pC/cm?, a Lit layer
GRN Table 3
c Li* H,0 Reported values (in V) for the potential difference corrected by the PZC, A5®.
LJ Coulomb LJ Coulomb o(pC/cm?) Model-1 Model-2 Model-3 Model-4
1.6 —0.4106 —0.5829 —3.5046 —0.1695 +1.6 0.8043 0.7200 0.7762 0.8386
3.2 ~0.1643 —0.3620 —3.0241 -0.3113 +3.2 1.6222 1.2930 1.4876 1.5758
4.8 -0.2938 —0.8906 -1.3854 —0.2559 +4.81 2.2401 2.1685 2.0744 2.4492
7.2 -0.1883 —0.7594 ~2.9072 ~1.2856 +7.20 3.3170 3.2118 3.1431 3.4618
9.6 1.1356 —42.7136 ~7.0889 ~4.6512 +9.62 4.5786 4.3551 4.4021 4.6251
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Fig. 5. Number density profiles along the z-axis at a surface charge density of +4.81 pC/cm?. The left panel (a and c) shows water and Li* distributions in humid
[Pyr14][TFSI] with Li* initialized in the bulk center, while the right panel (b and d) shows the corresponding distributions with Li* initialized at the polarized
interfaces (2:1 salt-to-water ratio). The positive electrode is indicated by a black bar and the negative electrode by a red bar. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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persists in its initial basin—either remaining in the central region or
residing near the polarized interfaces. This behavior suggests that the
viscosity and solvation structure of the humid IL impose energetic bar-
riers that localize Lit. When initialized in the bulk, ions feel an elec-
trostatic drive toward the charged electrode but must first overcome the
viscous/solvation barriers to traverse the liquid and reach the surface,
where they can mitigate water's impact on the ESW. Conversely, when
Li* is placed directly at the polarized interfaces, viscous/solvation
barriers hinder its redistribution, confining the salt near both electrodes,
expelling H20 from the surfaces, and complexing residual interfacial
water as LiT-(H20),. Therefore, we use these simulations only to show
that local Li* enrichment near the interface can reduce free-water
accumulation, not to claim that such a distribution is the unique equi-
librium state. Again, the selective distribution of Li exerts little influence
on the IL number density profiles, particularly in the interfacial contact
adsorption region (Fig. 5a and b). Snapshots of the two simulated con-
figurations showing Li* and water molecules from the selective addition
of Li* atoms can be seen in Fig. 6.

In the configuration where Li" ions were initially positioned in
proximity to the electrodes, no variation in potential was detected. The
results reveal a A5® value of 2.43 V at a 2:1 salt-to-water ratio, which is
essentially consistent with the 2.45 V reported in Table 3 (Model 4).
Although the simulation based on the selective addition of Li* ions did
not induce significant electrical modifications in the device, this
approach proved to be highly effective in mitigating the impact of water
adsorption on the electrodes. The mechanism is straightforward: Li*
positioned near the interfaces binds strongly to nearby water molecules,
suggesting the formation of stable Li"—(Hz0), coordination complexes
that cannot penetrate the dense ionic layer adjacent to the surface. As
illustrated in Fig. 6b, this favors the confinement of water in the bulk
region, preventing its migration toward the charged interfaces. This
selective interfacial dehydration reduces the availability of free water at
electrified interfaces, which is consistent with mitigation of water-
related degradation pathways in real systems. However, because redox
kinetics and bond-breaking events are not included in the present clas-
sical MD framework, this effect should be interpreted as structural and
electrostatic rather than as direct evidence of suppressed electro-
chemical decomposition. The absence of significant variations in the
interfacial potential further indicates that this local restructuring of the
EDL does not perturb the overall electrostatic regime of the capacitor.

(a)

~ ~265nm  ~2.65nm  ~2.65nm  ~2.65nm  ~2.65nm

(b)

~4.45 nm

~4.45 nm ~4.45 nm

Fig. 6. Snapshots showing the distribution of Li* ions and water molecules in
humid [Pyr;4][TFSI] ionic liquid with (a) Li* ions initially positioned in the
bulk center and (b) Li* ions initially positioned near the polarized electrodes.
For both cases shown, the salt-to-water ratio is 2:1 and ¢ = +4.81 pC/cmz.
Positive Electrode = red sphere; Negative Electrode = blue sphere. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Together, these results identify selective Li* addition as a promising and
controllable route for engineering more stable, humidity-tolerant elec-
trolytes, as well as for mitigating water-induced narrowing of the elec-
trochemical stability window in humid ionic liquids. In summary, water
alone lowers A5®, especially at low-to-moderate o, by screening the
electrode potential. Li* addition counterbalances this effect: at low o, it
restores A5® toward dry IL values; at high ¢ and higher salt ratios, it can
even overcompensate, leading to stronger electrode polarization than in
dry ILs. Although the present study is restricted to the [Pyrj4][TFSI]
ionic liquid and the conclusions are more directly applicable to it, they
may be relevant to closely related pyrrolidinium-TFSI-based electro-
lytes. Other ionic-liquid families, especially more hydrophilic
imidazolium-based ILs, may display different water affinities, Li* sol-
vation structures, viscosities, and optimal Li*:H-O ratios.

4. Conclusion

This study addressed three central questions concerning the role of
lithium-salt engineering in humid [Pyr:][TFSI]: (i) whether LiT can
modulate free-water availability and interfacial density profiles; (ii)
whether this modulation can reduce the population of free interfacial
water associated with water-induced ESW narrowing; and (iii) how
these effects are related to Li* localization and mobility-related limita-
tions within the confined environment of supercapacitor-like systems.
Classical MD simulations revealed that water alone reorganizes the
electrical double layer, accumulating near the electrode interfaces and
reducing the corrected electrostatic potential difference due to dielectric
screening. The introduction of lithium salt promotes Lit—(H20)~ coor-
dination, which decreases the population of free interfacial water,
especially at the 2:1 Li":H20 ratio. This behavior modifies interfacial
water availability and redistributes number-density profiles across the
EDL, supporting point (i).

At low surface charge densities, Li™ addition partially restores A5®
toward dry IL values, while at higher polarizations — and particularly at
a 2:1 salt-to-water ratio — displays larger A5® values than those of the
dry IL. These findings indicate that lithium-salt engineering reduces
water-induced electrostatic screening and modifies the EDL polarization
response, supporting point (ii). However, because the present simula-
tions are classical and non-reactive, A8® should be interpreted as an
electrostatic descriptor of EDL polarization, not as a direct measure of
the electrochemical stability window, redox stability or degradation
kinetics.

Finally, sensitivity tests in which Li* ions were initially enriched near
the interfaces showed reduced free-water accumulation and favored
Lit—(H-0)n coordination, highlighting a possible route to mitigate water
accumulation on electrified surfaces. Mechanistically, Li* addition de-
creases the availability of free water near the electrode surface and re-
duces dielectric screening within the EDL, thereby addressing point (iii).

Overall, this work supports a structural and electrostatic mechanism
in which lithium-salt addition reduces the availability of free interfacial
water and mitigates water-induced screening in humid [Pyr.][TFSI].
This mechanism is consistent with reduced water-driven ESW narrow-
ing, but it does not constitute a direct calculation of water redox re-
actions or absolute voltage limits. Because only [Pyr:][TFSI] was
simulated, the optimal Li":H:0 ratio identified here should not be
assumed to be universal. Future studies involving other ionic-liquid
families, lower-temperature control simulations, and longer sampling
times will be important to establish the broader transferability of this
lithium-salt engineering strategy.
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