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Nanoconfined electrolytes exhibit distinct structural and transport properties critical for
emerging energy storage and nanofluidic technologies. Graphite nanochannels, with
their atomically smooth surfaces and ionophilicity, serve as ideal model systems to
explore ion-specific interactions under extreme confinement. To investigate the
ionophilicity of graphite, we performed molecular dynamics simulations on four
aqueous electrolytes—LiCl, LiTFSI, NaCl, and NaTFSI—confined within 0.89 nm graphite
slit pores. For LiCl and LiTFSI, additional simulations across a wide range of
concentrations up to the water-in-salt regime were conducted. In agreement with
experiments, at low concentrations, the channels show a clear anion selectivity: TFSI™ -
based electrolytes exhibit strong ion enrichment within the channel, whereas Cl™-based
systems display significantly weaker adsorption. This preference is, however, notably
reduced at higher concentrations, where ionic distributions become more uniform
regardless of anion type. These results are rationalized in terms of capillary pressure and
liquid viscosity, which ultimately govern the channel ions uptake. Our findings provide
molecular-level insights into how ion-specific interactions regulate transport dynamics
in narrow graphite channels, offering guidance for designing efficient nanoconfined
electrochemical systems.

Introduction

Ion selectivity—the affinity or repulsion of materials toward specific ions—plays
an important role in determining interfacial ion distributions and transport
behaviours. The distinct affinities of materials toward particular ions have stim-
ulated extensive research in diverse scientific and industrial fields. For example,
in separation and purification technologies, ion selectivity is essential for
processes such as seawater desalination and brackish water treatment, which
typically rely on reverse osmosis or nanofiltration to selectively remove target
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ions.’” And in electrochemical systems, the ability of solid interfaces to prefer-
entially adsorb or repel specific ions directly governs charge storage, energy
conversion, and ion-transport efficiency.®® Ion selectivity is not only essential in
bulk electrolytes, but also critical under nanoscale confinement.®** When elec-
trolytes are confined within nanoscale pores, their structural and dynamic
behaviors deviate significantly from the bulk."*™ The restricted space alters their
hydration and screening and magnifies specific ion-surface interactions.>'***
Recent studies have reported distinct interfacial phenomena such as ion layering,
charge inversion, and concentration-dependent selectivity, which further enable
potential applications in nanofluidics and advanced energy storage.'** These
findings highlight that ionophilicity is vital for understanding the molecular
structure and electrochemical properties of confined electrolytes.

In recent years, graphite and graphene-based nanochannels have emerged as
ideal platforms to investigate such confined ion phenomena.**? Graphite slit
pores with subnanometer spacing are particularly well suited for probing ion
selectivity because their geometry is comparable to the diameter of hydrated ions.
A range of experimental approaches has been developed to probe ion behaviour
under nanoconfinement: researchers use small-angle X-ray and neutron scat-
tering to capture changes in the concentration of electrolyte ions in micropores
during charging;**?° attenuated total reflection surface-enhanced infrared
absorption spectroscopy is used to observe ion electrosorption;
magnetic resonance spectroscopy is also used to observe the behavior of adsor-
bates within carbon micropores.***> However, due to the intrinsic structural
complexity of nanochannels and the limited spatial resolution at the nanoscale,
direct experimental observation of ion behavior within the pores remains
challenging.

Theoretical studies have also provided valuable insight into ion behaviour
under nanoconfinement, emphasizing the importance of factors such as ion size,
pore geometry, and solvation properties in governing adsorption and trans-
port.**133334 Molecular dynamics (MD) simulations offer an approach to observe
atomistic details of how specific ions approach and interact with solid surfaces,
capturing ion dehydration and local structural rearrangements that are difficult
to observe experimentally. Kondrat and collaborators®*® used mean-field molecular
dynamics simulations to study ion transport in nanochannels and introduced the
concept of ionophilicity and ionophobicity, which now have been shown to
strongly influence the charge-storage mechanism and kinetics of electrolyte-
nanochannel systems.***®* Anousheh et al.'” used classical molecular dynamic
simulation to investigate the ionic structure of different concentrate electrolytes
under confinement. Rajput et al.*® performed molecular-dynamics simulations of
the ionic liquid [EMIM][NTf,] confined inside charged graphitic slit nanopores,
revealing how surface charge governs interfacial ion layering and dynamical
asymmetry under confinement. However, many simulation studies have focused
on behaviours of ionic liquids or pure water,>»***** while the ion-specific
adsorption of hydrated anions and the concentration dependence of ion-
ophilicity within subnanometer graphite channels remain insufficiently explored,
especially at high concentrations.

In a recent experimental study, Bragg et al** reported that porous carbon
exhibits distinct anion selectivity at low electrolyte concentrations: hydrophobic
anions such as bis(trifluoromethanesulfonyl)imide (TFSI") show strong
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enrichment within the small pores, while halide anions like Cl™ display signifi-
cantly weaker adsorption. Such behaviour reflects the inherent ion-specific
affinity of graphite surfaces, yet it remains unclear how this preference evolves
when the electrolyte concentration increases, and electrostatic screening becomes
more pronounced. Concentration is a critical but often overlooked parameter
governing interfacial ion structure, solvation, and collective correlations. A
comprehensive understanding of its influence is essential for linking microscopic
ionophilicity to macroscopic transport properties in confined systems.

In this work, we employ molecular dynamics simulations to further investigate
the ionophilicity of graphite nanochannels for four aqueous electrolytes—LiCl,
NaCl, LiTFSI, and NaTFSI—with a particular focus on the concentration depen-
dence of LiCl and LiTFSI systems. We investigate how different anions at varying
concentrations affect ion adsorption, hydration structure, and interfacial density
distributions within 0.89 nm slit pores. Our simulations successfully reproduce
the clear anion selectivity of porous carbons under dilute conditions reported by
Bragg et al.,* where TFSI -based electrolytes exhibit strong enrichment near the
graphite surface, while Cl -based systems remain largely excluded. Here we show
that this selectivity gradually weakens with increasing electrolyte concentration,
eventually leading to nearly identical ionic distributions inside the channel and in
the bulk.

Methods

Nanochannel setup

The two-dimensional channel is simulated by two sets of four rigid graphite
sheets (each 5 nm x 10 nm), which form the upper and lower boundaries of the
channel. The effective channel height, H, is defined as the centre-of-mass distance
between the innermost graphene sheets that confine the channel, minus the
thickness of a single graphene sheet (~0.34 nm). In this study, H is fixed at
0.89 nm, consistent with the pore dimensions reported in the experimental work
by Bragg et al.** This specific sub-nanometer height is critical as it accommodates
distinct multi-layered water structures while maintaining strong confinement
effects.”” Two reservoirs of equal amounts of electrolyte are placed on both sides
of the channel to contain the bulk electrolyte. Adjacent to each reservoir,
a vacuum region with a volume three times larger than that of the reservoir is
added, ensuring that long-range electrostatic interactions between the two
reservoirs over periodic images are negligible.*” The entire simulation box is
treated with periodic boundary conditions in all directions. A schematic snapshot
of the simulation setup is illustrated in Fig. 1.

Graphite contacts with bulk electrolyte

A reference system representing the graphite-electrolyte interface in the bulk
state was also constructed to examine the structural properties of the unconfined
electrolyte. In this setup, a four-layer graphite plane was placed in direct contact
with a cubic electrolyte box measuring 6 nm x 6 nm x 6 nm. On the opposite side
of the electrolyte, an 8 nm thick vacuum region was added to prevent long-range
electrostatic interactions between periodic images along the surface-normal
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Fig. 1 Schematic representation of the simulation system for a 1 m LiTFSI electrolyte
confined within a graphite nanochannel.

direction.*”” Periodic boundary conditions were applied in the x and y directions,
but not in the z direction, which is perpendicular to the graphite surface.

Droplet simulation

To further examine the wetting behavior of different electrolytes, additional
droplet simulations were performed to determine the contact angle of each
electrolyte on graphite. A cylindrical droplet geometry was employed to minimize
the influence of line tension.***¢ In these simulations, an equilibrated electrolyte
box was initially placed above a four-layer graphite surface, allowing spontaneous
spreading and adsorption during the simulation. The contact angle was
measured after the system reached equilibrium.

In this work, four different salts were investigated: LiCl, NaCl, LiTFSI, and
NaTFSI. The TIP4P_2005 model*” was employed to represent water, with the
SHAKE constraint algorithm*® applied to fix the lengths and angles of the O,~H
bonds in water. Following our previous study, the Madrid 2019 ion force field was
used to simulate LiCl and NaCl and describe their interactions with water,*->°
while LiTFSI and NaTFSI were modelled with the AMBER force field.”** The
choice of this combination of force field has been extensively validated for
aqueous LiCl and LiTFSI electrolytes across a wide concentration range, from
dilute solutions to the water-in-salt regime.*® In particular, this parameter set has
been shown to reproduce experimental densities, surface tensions, and key
structural properties. In the present work, we therefore employ this established
force field to investigate the effects of sub-nanometre graphite confinement. Non-
bonded interactions were described by the Lennard-Jones (12-6) potential and
Coulomb interaction. The real-space cutoff for Lennard-Jones and Coulomb
interactions was set to 1.2 nm. The Lennard-Jones (12-6) potential was applied
with a switching function from 1.0 to 1.2 nm to smooth the truncation. Long-
range electrostatics were treated by the Particle-Particle Particle-Mesh solver.>*
The Lorentz-Berthelot combining rule was applied for ion—-carbon cross param-
eters. The cross-interaction energy parameter ec_o, between carbon and water
oxygen was taken from Werder et al., in order to reproduce the experimental
contact angle between water and graphite.?>**** All simulations were carried out
in the NVT ensemble using the Nosé-Hoover thermostat®®® at 298.5 K, with
a relaxation time of 0.5 ps and a timestep of 2 fs. The equilibration time varied
depending on the specific setup. For the nanochannel system, simulations were
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continued until the electrolyte concentration inside the channel reached a steady
value. For the reference bulk and droplet systems, the simulations were per-
formed long enough to obtain statistically stable data. The graphite carbon atoms
were kept uncharged and fixed throughout all simulations. All simulations were
performed by the LAMMPS software package.”

Results and discussion
Ion selectivity under low concentration

In this study, the ion selectivity is quantified by the concentration ratio, «,
between the molality of the electrolyte inside the channel (c;,) and that in the
reservoir (Cres), i.€.,

c:
a=—. )]
CICS
3.5 3.5
(a) @ Simulation | (b) —A— 1 m LiTFSI
[ZZ]1 Experiment 3.0 —m— 1 m LiCl
1]
=
S
o
3
| ] ] ] ] ] ]
0.0 0.0 0 5 10 15 20 25 30
’ LiTFSI NaTFSI LiCl NacCl Time (ns)
(c) C]
2000 —e— Li* 90 [ 2000 - —o— Li*
" TFSI- o el "
° —e— H,0 60 ra g
= 1500 — 30l £ 1500
© ©
s ) SRR Y
S 1000 0 100 200 300 | S 190
[ [
o o
€ €
p=3 =3
= 500 = 500
0 s 0
0 50 100 150 200 250 300
Time (ns) Time (ns)

Fig. 2 lon selectivity and adsorption dynamics of 1 m electrolytes in graphite nano-
channels. (a) Equilibrium concentration ratio a at 30 ns for four electrolytes (LiTFSI, NaTFSI,
LiCl, NaCl). Simulation results (purple) are compared with available experimental data*
(hatched bars). TFSI™-based electrolytes exhibit strong ionophilic behaviour, whereas Cl™ -
based electrolytes show pronounced ionophobicity. (b) Time evolution of the concen-
tration ratio « for 1 m LITFSI and 1 m LiCl. LiTFSI displays continuous enrichment
throughout the simulation, while LiCl rapidly reaches a low « plateau. (c) Time evolution of
the number of ions and water molecules inside the channel for 1 m LiTFSI. Inset: sustained
accumulation of TFSI~ and the corresponding increase of Li*, accompanied by gradual
water expulsion. (d) Time evolution of species populations inside the channel for 1 m LiCL
Inset: both ions remain at low levels, consistent with the ionophobic character of the
channel toward LIiCL.
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Fig. 2(a) presents the concentration ratio « (specifically, azo ns) for 1 m LiCl,
LiTFSI, NaCl, and NaTFSI confined within the graphite nanochannel after
approximately 30 ns of molecular dynamics simulation. A clear anion-dependent
selectivity is observed: the graphite channel exhibits pronounced ionophobic
behavior toward Cl~, but shows strongly ionophilic behavior toward TFSI". This
observation is consistent with experimental results reported by Bragg et al.** for
1 M electrolytes. In their work, nuclear magnetic resonance (NMR) spectroscopy
was used to quantify the ion populations adsorbed in activated carbon cloth (ACC-
20). Crucially, the ACC-20 material possesses a mean pore size of 0.89 nm,
matching the geometry of our simulation. Furthermore, the experimental ratios
were measured under saturation loading conditions (electrolyte volume
exceeding pore volume), ensuring that the in-pore ions were in thermodynamic
equilibrium with the bulk reservoir. This enables a meaningful comparison
between the experimental cationic molar ratio (Xin-pore/Xnear) and our calculated
concentration ratio «. Results from experiments are also presented in Fig. 2(a) for
comparison.

It has been discussed in the literature that ion hydration energy and ion-
channel interaction energy play an important role in governing the ion selectivity
when the channel is uncharged.**-* Highly charge-dense ions, such as Li", Na*,
and Cl7, generally possess large hydration energies and bind strongly to water
molecules. When such ions approach a subnanometer carbon pore, the interac-
tion with the graphite surface is insufficient to compensate for the energetic cost
of partial dehydration, resulting in ionophobic behaviour. In contrast, the
hydrophobic TFSI™ anion exhibits significantly weaker hydration and stronger
van der Waals interactions with the graphitic surface, facilitating its adsorption
and enrichment within the channel.

Our results indicate that this anion-driven mechanism determines whether
the channel's selectivity toward the electrolyte is ionophilic or ionophobic under
low-concentration conditions. Although the Li* cation exhibits a slightly stronger
channel affinity than Na', both species are significantly constrained by their high
hydration energies. Although Li" shows a slightly higher affinity than Na*, both
cations are hindered by their high hydration energies, resulting in an overall
ionophobic behaviour for both. Consequently, we focus more on LiCl and LiTFSI
in the remainder of this study to isolate and highlight the role of the anion.

To further investigate the adsorption process, we monitored the evolution of
the concentration ratio, «, in the simulations. As shown in Fig. 2(b), the « value
for LiCl reaches a plateau after 20 ns of simulation, indicating that the concen-
tration ratio between the channel and the bulk has reached equilibrium. In
contrast, the ratio for LiTFSI continued to increase. To thoroughly investigate this
dynamic, the simulation for 1 m LiTFSI was extended until a clear, stable equi-
librium in « was observed. As shown in Fig. 2(c), LiTFSI continuously exhibited
channel enrichment throughout the 250 ns simulation duration and then reached
equilibrium. A further analysis of the evolution of different species within the
channel reveals the mechanism: the channel's ionophilic nature towards TFSI™
drives a sustained influx of the anions. To maintain electro-neutrality within the
channel, the number of Li* ions consequently increases, effectively following the
TFSI™ influx. Concurrently, the number of water molecules is observed to
decrease after the initial channel filling is complete, reaching the equilibrium.
This suggests that the substantial increase in the ratio « for the LiTFSI solution is
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driven not only by the TFSI™ attraction to the channel but also by its hydrophobic
character, which facilitates the expulsion of water molecules from the channel.
After extending the simulation to 300 ns, it is observed that the concentration
ratio between the channel and the bulk, «, for LiTFSI eventually reaches equi-
librium at approximately 11.8. In contrast, this behaviour was not observed for the
1 m LiCl solution. As shown in Fig. 2(d), in this case, the number of water
molecules quickly reaches equilibrium after entering the channel, and neither Li*
nor Cl™ ions showed any significant disparity in their respective counts within the
channel.

Ion selectivity under high concentration

Having established the anion-governed selectivity at low concentrations, we next
examine how this behavior evolves with increasing electrolyte concentration. To
this end, we conducted four distinct concentration simulations for both LiTFSI
and LiCl solutions, specifically at 1 m, 3 m, 10 m, and 16 m. Fig. 3(a) shows the
equilibrium values of « for LiTFSI solutions at different concentrations. The
results demonstrate a clear trend: as the bulk concentration of LiTFSI increases,
the equilibrium concentration ratio progressively decreases. This indicates that
the ion selectivity of the graphite channel weakens with increasing electrolyte
concentration.

Specifically, as the LiTFSI concentration increases from 1 m to 3 m, the
equilibrium channel-to-bulk concentration ratio « is observed to decrease to
approximately 3.3. By comparing the in-channel TFSI™ concentration (Cj,) at
equilibrium, ¢f1", we confirm that increasing the initial electrolyte concentration
does not significantly enhance the channel's enrichment of TFSI . In contrast,
when the LiTFSI concentration of the reservoir is raised to 10 m or 16 m, the
channel's ion selectivity significantly declines, and the internal and external
solution concentrations become nearly identical (i.e., « = 1). Furthermore, the
phenomenon of water expulsion, which was prominent at low concentrations,
also ceases to occur, as shown in Fig. 3(b). These results indicate that the ion-
ophilicity of the graphite channel for TFSI™ ions has an upper limit. The channel's
enrichment effect is more pronounced for low-concentration LiTFSI solutions,
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Fig.3 (a) Equilibrium concentration ratio a.q (purple bars, left axis) and the corresponding
in-channel equilibrium molality Cii! (pink bars, right axis) for TFSI™ at different bulk
concentrations (1 m, 3 m, 10 m, and 16 m). (b) Time evolution of the number of Li*, TFSI™,
and H,O molecules inside the channel for the 16 m LiTFSI system.
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while this ion selectivity virtually disappears when the LiTFSI concentration is
raised above a certain threshold.

For the LiCl solutions, a similar concentration-dependent weakening of ion
selectivity is also observed. As shown in Fig. 4(a), increasing the initial LiCl
concentration in the reservoir leads to a gradual rise in the equilibrium concen-
tration ratio «. This indicates that the channel becomes progressively less ion-
ophobic toward LiCl at higher concentrations. Consistent with the behaviour seen
in the LiTFSI systems, when the bulk LiCl concentration in the reservoir is
increased to 10 m or 16 m, the channel-to-bulk concentration ratio approaches
unity (¢ = 1), demonstrating that the inherent ionophobic character of the
graphite channel toward LiCl effectively disappears under these highly concen-
trated conditions.

Structure analysis

To better understand the electrolyte structure within the nanochannel and the
concentration-dependent changes in the « ratio, we performed a detailed struc-
tural analysis of the confined solution. Our investigation focuses on the
normalized density profiles (7i(z)) and the local solvation environments derived
from the radial distribution function (RDF) and coordination number (CN).

LiCl solutions. The normalized number density profile, 7i(z), for each species
(ions and water) was calculated as the ratio of the local number density in channel
pin(2) to its bulk reservoir density, resolving the distribution of species along the
channel's z-axis, defined normal to the graphite surfaces,

i) = ol @)

pres

Here, the z-coordinate is defined along the direction normal to the graphite
surfaces. The full z-range shown in Fig. 5 and 6 includes both the confined
electrolyte region and the thickness of the graphite sheets on either side of the
pore. The channel region is defined by the distance between the two innermost
graphite layers, which are explicitly marked by vertical dashed lines in the figures.
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Fig. 4 (a) Equilibrium concentration ratio aeq (purple bars) for LiCl at different bulk
concentrations (1 m, 3m, 10 m, and 16 m). (b) Time evolution of the number of Li*, Cl~, and
H,O molecules inside the channel for the 16 m LiCl system.
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Fig.5 (aand b) Normalized density profiles of H,O, Li*, and Cl™ along the surface-normal
(z) direction across the graphite nanochannel for (a) 1 m and (b) 16 m LiCl solutions,
showing layered structuring near the graphene walls. The vertical dashed lines indicate the
positions of the centre of mass of the two innermost graphite layers, which define the
0.89 nm fluid-accessible channel region. (c) Radial distribution functions g(r) between Li*
and O atoms in the confined (channel) and bulk environments at 1 m, indicating similar
short-range hydration structures. (d) Li-O,, coordination number as a function of elec-
trolyte concentration for both confined and bulk systems, demonstrating only a slight
reduction in hydration with increasing concentration.

For the 1 m LiCl solution (Fig. 5(a)), we observe a clear stratification of the
confined fluid: water molecules form three distinct layers across the channel, Li"
cations predominantly distribute within two layers adjacent to the walls, while
Cl™ anions are primarily concentrated in the central layer. This pronounced
layering is typical of confined aqueous electrolytes at low concentrations.

For the highly concentrated 16 m solution (Fig. 5(b)), a significant structural
transition is observed. While the layered structure of the water molecules remains
largely unchanged, the density profiles of Li* and Cl~ exhibit a pronounced
overlap within the channel. This overlapping phenomenon aligns with the ion
overlap previously reported at the high-concentration LiCl-graphite interface in
our previous work.*® This occurs because the high concentration leads to severe
solvent scarcity, which compels the strongly hydrated Li* cations to attract and co-
adsorb with CI™ anions via solvent-separated ion pairs, effectively forcing a near
1:1 Li:Cl ratio at the interface. Note that although Fig. 5(b) shows a slight
difference in the peak heights of Li" (red) and CI~ (light green), the total number
of the two ions inside the channel remains equal, with this minor difference in
normalized peak height resulting from the specific bin size used for density
calculation.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Furthermore, we assessed the local solvation environment of Li* by calculating
the radial distribution function g(r) and coordination number (CN) between the
Li" cation and the oxygen atom of water (O,,). This analysis evaluates the stability
of the Li* hydration shell under nano-confinement. As depicted in Fig. 5(c), the
nanoconfinement effect leads to tighter packing of the Li*-0,, correlation in the 1
m case, evidenced by a higher first-peak value in the channel's RDF compared to
the bulk solution. Crucially, however, a comparison of the coordination numbers
in Fig. 5(d) shows that Li* maintains its bulk hydration shell structure, indicating
that the channel's confinement effect does not significantly perturb the primary
solvation layer of the cation.

LiTFSI solutions. For LiTFSI solutions, we first examined the water and Li*
density profiles at the equilibrium state for all concentrations. As shown in
Fig. 6(a), water molecules consistently maintain their distinct three-layer struc-
ture within the channel across all concentrations investigated, with the layering
pattern remaining largely unperturbed. Notably, as the reservoir concentration
increases, the normalized density peaks of water approach a value of approxi-
mately 3.5. This value is close to that previously reported for pure water confined
under a graphite nanochannel,” which suggests that the influence of the
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Fig. 6 (a and b) Normalized density profiles of H,O and Li* along the surface-normal (z)
direction across the graphite nanochannel for LiTFSI solutions at different concentrations,
showing persistent layered structuring near the graphite walls. The vertical dashed lines
mark the positions of the two innermost graphite layers, which define the 0.89 nm fluid-
accessible channel region. (c) Radial distribution functions g(r) between Li* and O atoms in
the confined (channel) and bulk environments at 1 m, indicating similar short-range
hydration structures. (d) Li-O,, coordination number as a function of electrolyte
concentration for both confined and bulk systems, demonstrating only a slight reduction
in hydration with increasing concentration.
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channel's intrinsic ion selectivity on the water structure is significantly reduced at
high electrolyte concentrations.

A similar trend is observed for the Li" cation distribution (Fig. 6(b)). As the
LiTFSI concentration in the reservoir increases, the enrichment effect on Li*
weakens, evidenced by a progressive decrease in the normalized density peak
heights. Despite this concentration-dependent decrease in accumulation, Li"
maintains a similar layered structure within the channel at all concentrations.

Similarly, we calculated the Li*-O,, RDF (Fig. 6(c)) and coordination number
for LiTFSI solutions at the four equilibrium concentrations (Fig. 6(d)) to evaluate
the stability of the Li" hydration shell. A higher first-peak value in the channel's
RDF compared to the bulk solution is also observed for the 1 m case, and the
results of coordination number consistently show that the Li*-0,, coordination
number inside the confined channel is identical to that in the bulk solution for all
four concentrations. These findings—particularly the layered water structure and
the stable Li* solvation shell—underscore the critical role of solvent in governing
the ion selectivity of the channel.

While radial distribution functions are often used to identify structural
changes, an equally important observation here is the absence of any significant
modification to the primary hydration shell of Li" under confinement. As shown
in Fig. 5(c) and 6(c), the first Li'-O,, peak position and overall short-range
structure of g(r) inside the nanochannel closely match those in the bulk solu-
tion. A higher first peak is observed in both electrolytes, indicating that nano-
confinement does not disrupt the Li" solvation structure but instead renders
the hydration shell more compact. This is further confirmed by the coordination
number analysis (Fig. 5(d) and 6(d)), which shows that Li* retains a bulk-like
hydration number across all concentrations investigated.

This structural integrity of the solvation shell has important physical impli-
cations. It demonstrates that Li" does not undergo partial dehydration upon
entering the sub-nanometre graphite channel. Consequently, the energetic
barrier associated with ion entry at low concentrations originates from the
necessity of accommodating a fully hydrated cation within a hydrophobic
confinement, rather than from dehydration-induced restructuring. This
constraint places a strict upper limit on ion enrichment and directly explains why
the channel's selectivity weakens at high concentrations, where solvent avail-
ability becomes insufficient to sustain additional hydrated ions.

For LiTFSI solutions, the behaviour observed at low concentrations can be
rationalised by considering the balance between ion-surface interactions,
hydration constraints, and the availability of water molecules within the nano-
channel. At dilute concentrations, the strong attraction of the graphite channel
toward TFSI, together with the hydrophobic character of the anion, drives the
sequence of events observed in our simulations: (i) the solution initially enters the
channel, (ii) water molecules are partially expelled, and (iii) TFSI_ continues to
accumulate inside the channel. However, this process cannot proceed indefi-
nitely. Once the number of confined water molecules decreases below a certain
threshold, the enrichment ceases. This is because the accompanying Li" ions
possess high hydration energies and require a sufficient number of water mole-
cules to maintain their solvation shells. The repulsion of water by TFSI™ is
therefore insufficient to disrupt the hydration structure of Li".
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Moreover, although the number of water molecules inside the channel
decreases during the enrichment process, the layered water structure within the
channel remains largely preserved. As a result, the molality of TFSI"™ within the
channel does not increase indefinitely. Importantly, these structural and solva-
tion constraints do not scale with increasing bulk concentration in the reservoir,
which explains why the equilibrium in-channel concentration for the 3 m LiTFSI
solution is not significantly higher than that of the 1 m system. When the
reservoir concentration is further increased to 10 m, the electrolyte transitions
from a dilute solution to a water-in-salt regime. Under these conditions, modi-
fying the concentration inside the channel becomes increasingly difficult: the
reduced solvent availability and the strengthened ion-ion correlations prevent the
channel from perturbing the bulk-like structure of the solution. Correspondingly,
analysis of the confined water population shows that the water-expulsion effect
observed at low concentrations is substantially weakened, leading to an equilib-
rium value of « close to unity. At an even higher reservoir concentration of 16 m,
the channel loses its ability to alter the solution structure altogether. In this case,
the concentration ratio remains essentially unity throughout the entire filling
process, and the water-expulsion mechanism no longer occurs. These observa-
tions demonstrate that at extremely high concentrations, the channel no longer
exhibits a measurable selectivity toward TFSI ™.

For LiCl solutions, a similar concentration-dependent behaviour is observed,
yet the underlying mechanism differs from that of LiTFSI due to the strong
hydration of both Li* and CI™. In dilute solutions, the high hydration energies of
these small, highly charge-dense ions prevent them from shedding water mole-
cules when approaching the hydrophobic graphite surface. As a result, the
graphite nanochannel exhibits pronounced ionophobic behaviour toward LiCl,
reflected by a low equilibrium « value. However, as the bulk concentration
increases, the degree of ionophobicity diminishes. In 3 m solution, the number of
water molecules per ion decreases, weakening the hydration shells of both Li* and
Cl™. This reduction in hydration strength lowers the energetic penalty associated
with partial dehydration, making LiCl less strongly excluded from the channel.
Consequently, « increases with concentration. When the LiCl concentration
reaches 10 m and 16 m, the system approaches a water-in-salt-like regime in
which ion-ion correlations dominate the solution structure. Under these condi-
tions, the graphite channel can no longer significantly perturb the internal
organization of the electrolyte. Meanwhile, the high chemical potential of the
reservoir drives LiCl into the channel, resulting in nearly identical internal and
external concentrations (« = 1). Thus, at sufficiently high concentrations, the
intrinsic ionophobicity of the channel toward LiCl effectively disappears.

Channel filling dynamics: wetting properties, capillary pressure and viscosity

Another notable observation in our simulations is the significant variation in the
channel filling time (¢) among electrolyte solutions of different compositions and
concentrations, as summarized in Tables 1 and 2. To understand the origin of this
observation, we analyse two key factors that govern the liquid transport in the
nanochannel: the capillary pressure (Pc,p), which provides the driving force
determined by the wetting properties of the electrolyte, and the viscosity (n),
which acts as the primary resistive force opposing the transport.
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Table 1 Comparison of contact angle (), liquid—vapour surface tension (y,,), capillary
pressure (P.), and time (t) for LiTFSI to fill the channel at different concentrations

Molality [m] 61°] Y [MN m™] P. [MPa] t [ns]

1 43.3 + 1.7 60.6 + 0.3 93.4 + 3.6 0.28 + 0.02
3 239+ 25 50.4 + 0.5 103.1 £ 4.2 0.43 £ 0.03
10 0.0 48.4 + 1.3 108.8 £ 2.9 2.30 = 0.07
16 0.0 45.5 £ 2.1 100.3 £ 4.7 78.0 = 0.05

To elucidate the underlying mechanism, we first formalize the capillary pres-
sure (P.ap) for our system. In a quasi-static intrusion process, the pressure
difference across a curved liquid-vapour interface is governed by the Young-
Laplace equation. The general formal of the Young-Laplace equation is usually
written as,

Ap = (RLI + R%) 3)
where v, is the liquid-vapour surface tension and R; and R, are the principal
radii of curvature of the meniscus. For our slit-like channel, the meniscus can be
approximated as a cylindrical surface spanning between two parallel graphite
walls. In this case one of the principal curvatures vanishes (R, — ), and eqn (3)
reduces to,

Vv
Ap = V. 4
P= 7 (4)

The radius of curvature R is related to the effective channel height H and the
static contact angle § (measured through the liquid) via simple geometry of
a circular arc,

2 cos O (5)

Substituting eqn (5) into eqn (4) yields an explicit expression for the capillary
pressure driving liquid intrusion into the two-dimensional graphite slit,

2v,, cos
Py = bp = 20880 ©

Table 2 Comparison of contact angle (6), liquid—vapour surface tension (y,,), capillary
pressure (P.), and time (t) for LiCl to fill the channel at different concentrations

Molality [m] 0 [°] Yiv [MN m ] P, [MPa] t [ns]

1 65.4 + 0.5 65.1 + 0.6 60.90 £ 1.9 0.56 4+ 0.03
3 68.4 + 0.6 67.6 £ 0.4 55.91 £ 2.1 0.84 £+ 0.08
10 78.2 £ 0.3 76.6 = 0.8 35.21 £ 1.8 35.0 = 0.15
16 81.3 £ 04 79.4 £ 1.6 27.00 £ 2.9 128.0 £ 0.25
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For a given channel height H, the magnitude of P.,;, is therefore controlled by
the liquid-vapour surface tension and the liquid-graphite contact angle. Both the
contact angle (f) and the liquid-vapour surface tension (y),) were obtained
directly from molecular simulations. The contact angle was determined from
separate droplet simulations for each electrolyte and concentration. An equili-
brated cylindrical droplet was initially placed above a four-layer graphite slab and
allowed to spread spontaneously on the surface. After equilibration, the droplet
profile was averaged over time and fitted to a circular arc, from which the
macroscopic contact angle § was extracted and reported in Tables 1 and 2.
Specifically, the 10 m and 16 m LiTFSI solutions both exhibited complete wetting
on the graphite surface, which is recorded as § = 0.0° in Table 1. The liquid-
vapour surface tension v;, was calculated using the Kirkwood-Buff mechanical
route from planar liquid-vapour interface simulations.?***”-”* For each electro-
lyte and concentration, a slab of liquid was placed in equilibrium with its vapour
under periodic boundary conditions, and the surface tension v}, is calculated by
the equation:

L.
v = |, [P — e %)
where L, indicates the thickness of the interface, Py(z) and Pr(z) are the normal
and tangential components of the local stress tensor, respectively. The surface
tension is then summarised in Tables 1 and 2 as well.

The resistive factor, the electrolyte viscosity (n), is equally important. High
viscosity fundamentally slows down mass transport, acting in opposition to the
capillary driving force. The experimental viscosity values for LiTFSI and LiCl
solutions across different molalities, measured at 25 °C and 1 bar, were sourced
from literature and are presented in Table 3. We now analyse the transport
dynamics by considering both P.,, and 7.

LiCl solutions. For LiCl solutions, the effect of increasing concentration is
straightforward, resulting in a monotonic increase in the channel filling time (¢).
This trend is due to the synergistic action of unfavorable wetting properties and
high viscosity. As the concentration increases from 1 m to 16 m, the contact angle
(#) increases (from 65.4° to 81.3°), which means the channel surface becomes
progressively less wettable by the solution. Concurrently, the liquid-vapour
surface tension (vj,) also increases. The net result is a significant decrease in the
calculated capillary pressure (Pc,p), falling from 60.90 MPa to 27.00 MPa. This
rapidly decreasing driving force is strongly unfavorable for filling. Simulta-
neously, the LiCl solution viscosity increases sharply with concentration (e.g.,
from 0.97 mPa s to 16.43 mPa s at 20 m), providing a strong resistive force. In the

Table 3 Viscosity of LiTFSI and LiCl agueous solutions at different molalities

Molality [m] LiTFSI viscosity [mPa s] LiCl viscosity [mPa s]
1 1.4 £ 0.02 (ref. 71) 1.02 + 0.1 (ref. 72)

5 4.1 £ 0.21 (ref. 73) 1.73 £ 0.07 (ref. 74)
10 13.5 + 0.12 (ref. 71) 3.40 =+ 0.11 (ref. 74)
15 35.2 =+ 0.30 (ref. 75) 7.98 = 0.03 (ref. 74)
20 62.9 =+ 0.15 (ref. 76) 13.0 = 0.10 (ref. 77)
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LiCl system, the reduction in capillary driving force (P.,p) and the increase in
viscous resistance (n) work together to severely limit the transport rate. Conse-
quently, the filling time (¢) increases dramatically, confirming that the intrinsic
ionophobic nature of the channel is reinforced by the bulk fluid properties at
higher concentrations.

LiTFSI solutions. The transport mechanism for LiTFSI is governed by
a complex interplay of competing effects, particularly evident when comparing
the low and high concentration regimes. In terms of wetting, as the LiTFSI
concentration increases from 1 m to 16 m, the contact angle (#) decreases and
a total wetting is observed in 10 m and 16 m cases, indicating the solution
becomes more wettable by the channel. The liquid-vapour surface tension (yy)
decreases, but the strong reduction in § means the cosine term (cos 6) rises
significantly. The net result is a strong increase in capillary pressure (Pc,p), rising
from 93.4 MPa to 108.8 MPa for 10 m, and 100.3 MPa for 16 m. This increasing
driving force is highly favorable for filling. Conversely, the LiTFSI viscosity
exhibits an even more pronounced increase with concentration than LiCl (e.g., 1.4
mPa s at 1 m to 62.9 mPa s at 20 m), representing a massive increase in resistive
force.

For 1 m, 3 m and 10 m, despite the rising viscosity, the filling time (¢) remains
extremely fast (e.g., 0.28 ns to 2.30 ns). This is because the increasing capillary
pressure (P) driven by the high wettability and the channel's ionophilic
mechanism, provides a dominant force that overcomes the rising viscous resis-
tance. However, at the highest concentration of 16 m, the viscosity () becomes
the overwhelmingly dominating factor. Although the capillary pressure is still
high (P.,, = 100 MPa), the exponential rise in viscous drag means the total filling
time dramatically increases from 2.30 ns to 78.0 ns. This shift confirms a transi-
tion point where viscous forces suppress the capillary driving mechanism,
limiting the rate of dynamic transport.

An additional observation was made during the 16 m LiTFSI droplet simula-
tion. Even though the system eventually reaches an equilibrium contact angle of
0.0°, the droplet takes an exceptionally long time to spread and often maintains
its distinct droplet shape on the surface for the majority of the simulation
duration. This slow dynamic spreading, despite the thermodynamic driving force
(Pcap), provides direct visual confirmation that the extremely high viscosity of the
16 m solution is the sole limiting factor to its transport properties. This obser-
vation aligns with early experimental work” where a poor wetting is observed for
20 m LiTFSI.

Conclusions

In this work, we employed molecular dynamics simulations to systematically
investigate the concentration-dependent ion selectivity and transport dynamics of
aqueous LiCl and LiTFSI electrolytes confined within sub-nanometer graphite
channels. By quantifying selectivity using the concentration ratio «, elucidating
mechanisms via structural analysis, and calculating the energetic balance
between capillary pressure (P.,p) and viscosity (1), we have provided molecular-
level insights into the shift from ion-specific surface affinity to bulk transport
limitations.
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At low concentrations, our simulations confirm a stark, anion-dependent
selectivity. TFSI -based electrolytes exhibit strong ionophilic enrichment driven
by the anion's hydrophobic nature and strong van der Waals attraction to the
graphite surface, accompanied by water expulsion. Conversely, Cl -based systems
show pronounced ionophobicity due to the high hydration energy of C1~, which
imposes a significant energetic barrier to channel entry. Crucially, we found that
for both salts, the intrinsic selectivity of the channel substantially weakens at high
concentrations, ultimately leading to a loss of preference where the channel and
bulk concentrations are nearly identical (¢ — 1).

The structural analysis revealed the distinct energetic and structural
constraints governing this weakening selectivity. For LIiTFSI solutions, the
enrichment process is intrinsically limited because the Li" cation retains its
stable, bulk-like hydration shell structure, providing a structural constraint that
halts indefinite water expulsion. For LiCl solutions, the ionophobic character is
lost in the water-in-salt (WiS) regime because the high concentration leads to
solvent scarcity, which weakens the hydration shells of both Li* and CI, effec-
tively lowering the energetic barrier for channel entry. This WiS state also drives
the formation of solvent-separated ion pairs (SSIPs), compelling Li" and Cl~ to co-
adsorb, which is visually confirmed by the overlap of their density profiles.

Analysis of the channel filling time (¢) exposed a critical competition between
the capillary driving force (P.,p) and the viscous resistance (n). In the LiTFSI
system, the increasing capillary pressure (due to enhanced wettability, § — 0°)
provides a dominant driving force that overcomes the rising viscous drag up to 10
m. The supremacy of this capillary mechanism is demonstrated by the 10 m
LiTFSI solution filling the channel orders of magnitude faster than the 10 m LiCl
solution, despite LiTFSI having a viscosity nearly four times greater. However, at
the highest concentration of 16 m, the exponential increase in viscosity becomes
the overwhelmingly dominant factor, suppressing the maximum P, and causing
a dramatic rise in the filling time (¢ — 78 ns).

These findings provide crucial molecular-level design rules for nanofluidic and
electrochemical systems utilizing concentrated electrolytes. They emphasize that
the primary limitation on mass transport in the high-concentration/WiS regime
shifts from ion-specific interfacial affinity to bulk fluid viscosity. Future efforts to
optimize high-power devices must therefore focus on engineering WiS electro-
lytes with reduced viscosity, alongside maintaining the thermodynamically
favorable wetting properties that maximize capillary driving forces.
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