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Abstract

Water-in-salt electrolytes have attracted significant interest as high-performance
electrolytes for electrochemical energy storage owing to their expanded electrochemical
stability windows and enhanced safety. However, the mechanisms of ion transport and
charging dynamics of water-in-salt electrolytes under nanoconfinement remain poorly
understood. Here, we employed constant-potential-based molecular dynamics simulations
to investigate ion transport and charging dynamics of water-in-salt electrolytes within
subnanopore. In contrast to dilute solutions, an anomalous solvation-enhancement
phenomenon was observed for highly concentrated electrolytes in subnanopore. Further
analysis reveals that, contrary to bulk behavior, ion transport with enhanced solvation is
strongly suppressed, ascribable to a transition in the transport mechanism from free
diffusion to oscillatory interlayer migration. Additionally, in highly concentrated
electrolytes within subnanopore, the distinctive layered structure restricts ion adsorption
and desorption to the pore entrance during charging, ultimately yielding pronounced ion
blockage. As a result, the charging rate of high-concentration electrolytes is reduced by
nearly an order of magnitude relative to dilute solutions. These findings provide valuable
insight into ion transport in water-in-salt electrolytes under nanoconfinement and offer
theoretical guidance for the design of next-generation electrochemical energy storage
systems.
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INTRODUCTION

Electric energy storage serves as a critical foundation for meeting the rising demands of electric vehicles and
portable electronics" . Electrolytes are regarded as the lifeblood of electrochemical devices as they provide
ion-conduction pathways between electrodes!®. Aqueous electrolytes have attracted widespread attention
because of their high safety and environmental friendliness'". However, their practical application is
constrained by a narrow electrochemical stability window!”. Water-in-salt (WIS) electrolytes, also termed
high-concentration aqueous electrolytes, have emerged as promising candidates for next-generation energy
storage systems due to their ability to expand the electrochemical stability window!*?). Despite these
advantages, ion transport in WIS is significantly reduced, which severely limits the power performance of
energy storage devices!>'"l.

In recent years, the solvation structure and ion diffusion of WIS have been extensively investigated!* ..
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is commonly selected as the reference salt because it
can disrupt the hydrogen-bond network in water, thereby strengthening the stability of the electrolyte!. For
instance, as suggested by a study combining molecular dynamics (MD) simulations with spectroscopic
techniques, a fraction of cations in 10-21 m (kg mol™) LiTFSI were dissociated from ion pairs owing to
weakened Coulombic interactions and arranged into a three-dimensional Li-H,O network spanning
1-2 nm"\. Furthermore, Goloviznina et al. employed the ab initio MD to investigate the structural
characteristics of Li-H,O in 21 m LiTFSI, revealing a new polymer-like chain structure®". These works
provide in-depth insights into the solvation structure and ion conduction in the bulk WIS.

Ion transport under nanoconfinement exhibits marked deviations from bulk behavior®**. For example,
within the two-dimensional nanochannels, the WIS electrolytes are organized into an ordered, stratified
architecture that substantially enhances ion transport'””’. Mesoporous materials similarly contain an
interconnected network of continuous ion-conduction channels that promotes ion transport rate; however,
their specific and volumetric capacitances are still limited”. Subnanometer pores have attracted considerable
attention as supercapacitor electrodes because they can deliver conspicuous improvements in both
capacitance and energy density!”??.. However, the underlying ion transport mechanisms in such confined
spaces remain poorly understood. Therefore, it is essential to develop a comprehensive understanding of ion
transport and charging dynamics within subnanopore, so as to establish design principles for safe and high
energy density supercapacitors.

In this work, we used constant-potential molecular dynamics (CPM-MD) simulations to investigate the
microstructure, ion transport and charging dynamics mechanisms in LiTFESI electrolytes confined within
subnanopore [Figure 1A]. The simulations employed electrolytes with concentrations of 1 m, 10 m, and
21 m. Results displayed a solvation-enhancement phenomenon in highly concentrated (21 m) electrolytes
within subnanopore. This behavior arose from the reorganization of the electrolyte into a distinctive layered
structure under nanoconfinement, which altered the distances between ions and water molecules. Such a
layered configuration shifted ion transport from free diffusion to interlayer migration, and confined ion
adsorption/desorption to the pore entrance during charging. Consequently, the charging rate of
concentrated electrolytes was reduced by nearly an order of magnitude compared to dilute systems.

EXPERIMENTAL

All MD simulations in this work were performed using the GROningen MAchine for Chemical Simulations
(Gromacs) 2020.2 software package™!. The electrolyte system consisting of Li*, TFSI', and H,O was prepared
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Figure 1. Molecular dynamics model and electrolyte distribution in subnanopore. (A) Schematics of MD simulation; the electrodes are
modeled as slit pores with a pore width of 0.8 nm, and the electrolyte comprises Li*, TFSI- and water molecules (H,0); (B) Simulation
snapshot along the pore length; (C-E) The number density distributions of electrolytes along the X-direction of the pore width. The water
number density in (C) is scaled by 1/6 to illustrate component distributions better.

Table 1. The number of particles in the LiTFSI electrolyte at each concentration

Concentration N Nresi Nuater
Tm 160 160 7,384
10m 648 648 3,544
21m 848 848 2,248

Notes: Ni: number of lithium ions; Nrs: number of TFSI anions (TFSI = bis(trifluoromethanesulfonyl)imide anions); Nya.: number of water
molecules.

at concentrations of 1 m, 10 m, and 21 m. Specific particle numbers for each electrolyte concentration were
listed in Table 1. As demonstrated in Figure 1A, each simulation system had a pair of slit pores with a width
of 0.8 nm and a length of 6.1 nm as the electrodes, and the bulk region on each side was 4 x 3 x 5.2 nm’.
Porous structure of electrodes was generated by using the Cornell force field”*!. Water molecules were
described by the Simple Point Charge-Extended (SPC/E) model”’’, and parameters about
bis(trifluoromethanesulfonyl)imide anions (TFSI') and Li* were adopted from Doherty ef al.**) and
Jensen et al.®”), respectively. The Lennard-Jones model for atoms in the carbon electrode was employed. The
ion charges were scaled to 0.8, with consideration of polarization and charge transfer effects. The initial
configuration of a periodic cubic box was generated using Packmol”®*. Electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) method"” with a cutoff distance of 1.2 nm, and the fast
Fourier transform (FFT) grid spacing was 0.1 nm. Periodic boundary conditions were applied in three spatial
dimensions to replicate an infinite system more faithfully.

The electrodes were kept fixed throughout the simulation. A Nosé-Hoover thermostat was employed to
maintain temperature with a coupling constant of 1 ps, and pressure was regulated at 1 bar using a
Parrinello-Rahman barostat. Van der Waals and short-range electrostatic interactions were truncated at
1.2 nm. The reported values were averaged over five independent simulations to minimize statistical error.
Each system was initially heated to 370 K for 4 ns, followed by linear cooling to 298 K over 1 ns, and
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subsequently run for 5 ns to reach preliminary equilibrium. Thereafter, a 20 ns isothermal-isochoric (NVT)
simulation was conducted to analyze the ionic structure and transport properties at the potential of zero
charge. Molecular visualizations were performed using Visual Molecular Dynamics (VMD) v1.9.3".

We employed CPM-MD to simulate the charging dynamics of the electrolyte systems. A 2 V potential
discrepancy was imposed between the positive and negative electrodes during charging. In view of the
differing charging times at each concentration, simulations were run for 100 ns (1 m), 300 ns (10 m), and
700 ns (21 m) to ensure systems ultimately reached equilibrium. Each charging process was independently
executed more than 5 times to minimize statistical errors.

RESULTS AND DISCUSSION

The microstructure in subnanopore

We first focused on the microstructure in subnanometer pores. As shown in Figure 1B, the ions and water
molecules were preferentially accumulated at the pore center. This distribution can be explained by the finite
length of subnanopore, which produces local minima in the free-energy landscape that confines ions and
water molecules in the central region"*'. In particular, water molecules exhibited an intermediate distribution
between monolayer and bilayer, whereas Li* cations and TFSI" anions were both characterized by monolayer
distributions within the pore [Figure 1C-E]. As the electrolyte concentration increased, the ion population at
the pore center correspondingly rose. Thus, water molecules were repelled to the electrode surface owing to
the hydrophobic nature of TFSI, resulting in a more pronounced bilayer distribution. It has been established
that the transition of the confined electrolyte from a monolayer to a bilayer configuration significantly
enhances ion transport within subnanopore*. Our findings suggested that electrolyte concentration could
modulate the spatial distribution, which may in turn alter ion solvation and transport mechanisms.

The spatial distribution function (SDF) provides direct evidence for the reorganization of the solvation shell
around ions upon their entry into the subnanopore. Figure 2A and B shows that Li" solvation structure inside
the pore was annular rather than spherical in the bulk, which indicated a disruption of the hydration shell.
When Li" cations moved from the bulk into the pore, their coordinating water molecules were stripped away
by the electrode surface due to the spatial constraint*>**). This process ultimately formed a Li*-centered
annular solvation structure. Therefore, as illustrated in the coordination number, Li* cations within the pore
were less solvated by water than those in the bulk at concentrations of 1 m and 10 m. Despite the diminished
solvation of Li* in dilute solutions, a solvation-enhancement phenomenon was observed in 21 m [Figure 2C
and Supplementary Figure 1]. This behavior could be attributed to the fact that, in the bulk electrolyte at high
concentrations, a portion of TESI anions penetrated the Li* solvation shell and thereby replaced the solvated
water molecules associated with Li*. In contrast, the TFSI" anions that coordinate with Li* in the bulk were
excluded from the subnanopore due to spatial confinement, resulting in enhanced solvation of Li".

As shown in Figure 2D-F, the radial distribution function (RDF) of water around TFSI" anions inside the
pore exhibited a more pronounced two-peak profile compared to that in the bulk. This revealed that
nanoconfinement promoted a more ordered solvation structure of TFSI". Similar to Li*, TFSI" anions were
desolvated upon entering the subnanopore. Ascribable to their chain-like molecular structure, the solvation
shell of TFST" underwent a transition from an ellipsoidal to an annular shape.

Interlayer oscillation transmission mode in subnanopore

In bulk electrolytes, Li* cations are often characterized by a vehicular mechanism, wherein the ions diffuse
within their stable solvation shells. The enhanced solvation can reduce the migration resistance and facilitate
the diffusion rate of Li'***.. Our results demonstrated that Li* cations were preferentially solvated by water
molecules as they moved from bulk into the pore in 21 m [Figure 2C]. This might facilitate Li* transport
within subnanopore, thereby increasing ionic conductivity and improving the power density of
supercapacitors.


https://file.oaecenter.com/published/pdf/9383ac2be987e82da5dcc351870223c4/1768296113/em50151-SupplementaryMaterials.pdf
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Figure 2. The ion solvation structures in the bulk phase and under nanoconfinement. (A-C) Radial distribution functions (RDF) and
coordination numbers of relative water molecules surrounding Li* in electrolyte systems at concentrations of 1m, 10 m, and 21 m, with
spatial distribution function (SDF) as insets; (D-F) The RDF, coordination numbers, and SDF of relative water molecules surrounding TFSI-
at the same concentration.

To validate this hypothesis, we computed the diffusion coefficients of Li* using:*”

1 2
D = th—{?o %qu(t) - rl(o)l >

()

where r,(t) refers to the position of the ion i at time ¢, ,(0) is the position of the ion i at initial moment, and n
denotes the degree of freedom which is 3 in bulk phase and 2 within subnanopore. The diffusion coefficients
of Li* in pore were reduced to about one-quarter of their bulk values at concentrations of 1 m and 10 m
[Figure 3A]. This originated from the desolvation of ions as they moved into the pore, which strengthens
ionic interactions and retards ion diffusion. Surprisingly, despite the solvation enhancement of Li*, ion
diffusion plummeted to approximately 1/50 of the bulk value in 21 m. TFSI" anions and water molecules
were observed to follow a similar trend to that of Li* [Supplementary Figure 2]. The drastic reduction in ion
mobility was correlated with the evolving composition of ion clusters. The proportion of contact ion pairs
(CIP) within the subnanopore was lower than the bulk value in 1 m and 10 m. Nonetheless, a reversal was
observed at the concentration of 21 m [Supplementary Figure 3]. This indicated that a fraction of TFST'
entered the Li* solvation shell in highly concentrated electrolytes within subnanopore. Hence, the Coulomb
interaction between ions was strengthened, which obstructed ion transport inside the pore.

We further calculated the number density distribution along the pore axis (Z-direction) to uncover the
underlying mechanism behind the deceleration of Li* in the enhanced solvation environment. The electrolyte
distribution within subnanopore exhibited a uniform profile in the central region with a concentration of
1 m [Figure 3B]. When the concentration increased to 10 m, the pore center displayed pronounced
heterogeneity, marking the onset of solvent layering [Figure 3C]. Moreover, Li* cations were co-localized
with water molecules within the same stratum, whereas TFSI anions occupied a distinct and separate layer.
The Li*-water layers exhibited a higher packing density in 21 m [Figure 3D], which likely contributed to the
solvation-enhancement of Li*. However, enhanced solvation of Li* did not lead to a higher transport rate.


https://file.oaecenter.com/published/pdf/9383ac2be987e82da5dcc351870223c4/1768296113/em50151-SupplementaryMaterials.pdf
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Figure 3. lon transport mode of LiTFSI electrolyte in subnanopore. (A) The cations diffusion coefficients, D, of the electrolyte at the
concentration of 1m, 10 m, 21 m, with red bars representing in-pore values and gray bars representing bulk values; (B-D) The electrolyte
number-density distributions along the pore axis (Z-direction) at concentrations of Tm, 10 m and 21 m, with simulation snapshots at the
corresponding concentrations shown as illustrations. (E) Time correlation function, C(t), for Li* leaving the interlayer region, with
schematic diagram of Li* transport within the interlayer; (F) Average residence time, 7, of Li* leaving the interlayer region.

This is fundamentally because Li* cations migrated through the electrolyte within their solvation shell. Apart
from that, their mobility was governed by the continuity of the hydrogen-bond network among water
molecules. The interlayer spacing between water molecules was 0.6 nm, exceeding the typical distance for
hydrogen bonding (0.35 nm). This impeded the formation of hydrogen bonds between adjacent water layers
and disrupted the continuity of the hydrogen-bond network in a highly concentrated electrolyte
[Supplementary Figure 4]. Therefore, a further reduction in ion transport rates occurred due to the
disruption of continuous pathways. In brief, ion distributions in highly concentrated electrolytes were
reorganized into a layered arrangement under nanoconfinement within subnanopore. This reorganization
broke down the hydrogen-bond network of water, thereby giving rise to a reduction in ion transport rates.

Since the continuous ion transport network was fragmented in the highly concentrated electrolyte within
subnanopore, ions can no longer undergo bulk-like free diffusion. This motivated an investigation into the
distinctive layered structure to elucidate the underlying ion transport mechanism. The motivation energy for
Li* moving through interlayers is quantified by the potential of mean force (PMF), calculated as:'*”

PMF = k,TIn ('O—”) 2

n

where T is the temperature, k; is the Boltzmann constant, Py is the number density of the bulk electrolyte,
and p, is the number density along the pore axis within subnanopore. Results suggested that the average
energy barrier for Li* moving between adjacent layers reached 2.44 (k] mol") in 21 m
[Supplementary Figure 5]. This indicated that Li* cations became trapped between adjacent layers and
needed to overcome interlayer energy barriers to migrate. Thus, the ion transport mechanism shifted from
free diffusion in the bulk to an interlayer oscillatory migration. The overall reduction in the diffusion


https://file.oaecenter.com/published/pdf/9383ac2be987e82da5dcc351870223c4/1768296113/em50151-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/9383ac2be987e82da5dcc351870223c4/1768296113/em50151%E2%80%91SupplementaryMaterials.pdf

Zhu et al. Energy Mater. 2026, 6, 600001 Page 7 of 12

7, =502 ns

RC time

diffusion time|

0 20 40 60 0.2 0 45 90 0.2 0 200 400 600

Time (ns) Time (ns) Time (ns)
O i i i . O - i i " O " i i
0 20 40 60 80 100 0 60 120 180 240 300 0 200 400 600
Time (ns) Time (ns) Time (ns)

Figure 4. The charging dynamics. (A-C) Normalized charging dynamics and charging time with the concentrations of Tm, 10 m, and 21 m.
Charging completion is defined as the point when Q/Qoo attained 95%, and the time of this criterion is reported as z..

coefficient at high concentrations did not fully capture the contribution of interlayer diffusion [Figure 3A].
Here, we employed the time-correlation function for Li* escaping from their interlayer region, C(t),
combined with average residence time, z,, to clarify the impact of the transition in ion transport mechanism
on ion transport rates. Specifically, the average residence time is given by:*”

T4 = /0 C(1)dt (3)

where t is the time required for cations to escape from their interlayer region. Li* cations required about 3 ns
to complete interlayer migration with the concentrations of 1 m and 10 m [Figure 3E]. By contrast,
approximately 21% of Li* remained confined to their initial layer even after 13 ns in 21 m. The mean escape
time of Li" raised exponentially with concentration [Figure 3F], demonstrating that the oscillatory interlayer
transport mechanism significantly impedes the ion transport rate within subnanopore.

Super-slow charging dynamics

We next evaluated the charging performance of LiTFSI electrolytes within subnanopore. According to
charging curves, the charging process was characterized by two stages: resistance capacitance (RC) time and
diffusion time [Figure 4]. Therefore, a two-exponential function is employed to model the charging
dynamics:"”!

0(1) = 0w (1= Are™# = Ape ™7 (4)

where Q(t) denotes the charge on the electrode surface as a function of time; ¢ is the charging time, and e is
the base of the natural exponential (Euler’s number). Qq is the surface charge on the electrode when it is
tully charged. A, and A, are proportional coefficient. r, and r, represent electromigration time and diffusion
time, respectively. Figure 4A-C reveals that RC time decreased with increasing concentration, suggesting the
charging process is mainly controlled by ion diffusion. Furthermore, the RC time was unexpectedly extended
in 21 m, likely derived from the increased concentration discrepancy between the pore interior and bulk
region. The charging time z. was defined as the time required for the electrode charge to reach 95% of its
equilibrium value Qc in this work. The . increased from 50.2 ns (1 m) to 524.4 ns (21 m), exhibiting that
charging kinetics were slowed by approximately one order of magnitude at high concentration. This
molecular-scale observation can be associated with macroscopic device behavior via a scaling law:*"
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Inaco ’
Tmaco = Tnano X (_) (5)

lnano

where 7,,, repersents the charging time of the sub-nanopore and I,,,, is the radial length of subnanopore in
the molecular dynamics simulations. t,,.., denotes the charging time of the experimental device, and I,.,, is
the thickness of the electrode. The charging time in our simulation represented the dynamics within a single
idealized subnanopore with width [,,,, = 6.1 nm. For electrodes with a thickness of 25 pm, 7,..., with pore sizes
of 0.8 nm will be 8.8 s. This aligns with the experimental data with the order of magnitude 10 s*?. The trend
of slowed dynamics is further corroborated by supercapacitor experiments, which show a substantial
extension of the charging time at elevated concentrations™*”.

The pronounced increase in charging time implied a transition in the underlying charging mechanism. The
charging mechanism in supercapacitors can be categorized into three primary types: counter-ion adsorption,
co-ion desorption, and ion exchange. In practice, the overall charging process often comprises a combination
of these mechanisms. Forse et al. introduced a charging mechanism parameter, X, to establish a unified
metric for quantifying their contributions. It is defined by:**!

N — Ny
X = counter __ co) _ counter __ co (6)
N Neo) = (NG~ Ng?)

where N and No represent the total number of ions inside the pore after and before the electrode is charged,
respectively. N““**" and N stand for the number of counter-ions and co-ions. X = +1 represents charging
solely by counter-ion adsorption, while the value of X = 0 means ion exchange, and X = -1 for co-ion
desorption. X is a continuous variable. For example, X = 0.4 suggests that both ion exchange and counter-ion
adsorption occur during charging, with ion exchange dominating since the value is closer to 0.

As shown in Figure 5A-C, Li* cations were attracted by the negatively charged electrode, which led to an
increase in the Li* population within the subnanopore. In dilute solutions, ion transport was essentially
unhindered, allowing the number of Li" to rise rapidly [Figure 5A]. The charging mechanism was dominated
by counter-ion adsorption (X = 0.61) in this case. For highly concentrated electrolytes, the layered structure
confined ions between adjacent layers, thereby markedly extending the time for ions to reach equilibrium
and the overall charging time. Figure 5C illustrates that the difference in counter-ion population between the
charged and discharged states was markedly reduced for the 21 m electrolyte relative to the 1 m. This
indicated a diminished capacity of the electrode surface to adsorb counter-ions. As a result, the dominant
charging mechanism shifted from counter-ion adsorption to ion exchange (X = 0.38).

On this basis, we presented a time-evolution analysis to provide a clearer illustration of ion motion during
charging. As evidenced by the research findings, Li* cations were trapped in a highly ordered and layered
structure that persists throughout the charging process [Figure 5D-F]. The TFSI" anions occupied layers that
alternate with those of Li* [Supplementary Figure 6], which coincides with the conclusion drawn from the
number density distribution analysis. As ions were confined between adjacent layers from the layered
structure, the ion transport mechanism shifted from free diffusion to oscillatory interlayer migration. This
transition rendered ions in the central region largely immobile. Consequently, adsorbed ions were driven to
accumulate at the pore entrance, obstructing subsequent ion insertion into the pore center and resulting in
pronounced ion blockage. The pore-entrance ion blockage closely resembles the “overfilling” behavior
observed during the initial charging of ionic-liquid supercapacitors®***, which is proven to slow the charging
kinetics. From another perspective, ion adsorption and desorption were restricted to the pore entrance
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Figure 5. The ion number and ion motion path of negative electrode. (A-C) Variation of ion number within subnanopore in 1Tm, 10 m, 21 m.

(D-F) Time evolution of Li* in subnanopore along the Z-direction of the pore length at 1 m, 10 m, and 21 m concentration, respectively. Unit
of color bar: #/nm3.

during charging, significantly hindering the expulsion of co-ions from the pore center. These effects confined
ion exchange to the pore entrance and inhibited ion diffusion into the pore center. As a result, the oscillatory
interlayer migration of ions, combined with pore-entrance ion blockage, led to extended charging times in
highly concentrated electrolytes.

CONCLUSIONS

In summary, we used CPM-MD simulations to investigate the ion transport and charging dynamics
mechanisms in LiTFSI electrolytes within subnanopore. Our results suggested that the electrolyte in
subnanopore was compressed from a three-dimensional bulk phase into a two-dimensional arrangement on
account of the confined space. Thus, the coordination number of solvated water surrounding Li* and TFST’
in dilute solutions was reduced by nanoconfinement. With increasing concentration, the electrolyte within
subnanopore was progressively organized into an ordered and layered structure. Due to the pronounced
layering that reduced the spacing between Li* and surrounding water molecules, enhanced solvation of Li*
was observed at a concentration of 21 m. To be more specific, this layered structure confined ions between
interlayers, requiring them to overcome energy barriers for migration. The ion transport mechanism thereby
shifted from free diffusion to oscillatory interlayer migration, which severely suppressed ion mobility within
the subnanopore.

Ions were drawn into the subnanopore by Coulombic interaction with the charged electrode during
charging. However, in highly concentrated electrolytes, ions became trapped and immobilized between
adjacent layers within subnanopore, hindering subsequent ions from entering the pore. Therefore, counter-
ions were compelled to accumulate at the pore entrance and produced distinct pore-entrance ion blockage.
This behavior triggered a shift in the dominant charging mechanism from counter-ion adsorption to ion
exchange, as evidenced by the charging mechanism parameter X decreasing from 0.61 to 0.38. Driven by the
synergistic effects of oscillatory interlayer migration and pore-entrance ion blockage, the charging rate of the
21 m solution inside the pore was nearly one order of magnitude lower than that of the 1 m solution.
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Our study provided valuable theoretical guidance for selecting electrode materials with optimized pore-size
distributions. In particular, we recommend that experimental efforts prioritize synthesizing electrodes with
pore-size distributions to minimize the pore-entrance ion blockage. Furthermore, our findings offered a
comprehensive understanding of ion transport mechanisms and charging performance in WIS electrolytes
within subnanopore, thereby laying a foundation for the rational design of next-generation aqueous energy-
storage systems. These results established guiding principles for developing aqueous batteries that combine
high power density with environmental safety.
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