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Abstract: Gas-solution mass transfer is critical in industrial manufacturing, chemical
processing, and indoor humidity control. Liquid desiccant dehumidification (LDD)
systems offer energy-efficient, environmentally friendly humidity control by utilising
low-grade heat and avoiding conventional refrigerants, but their performance is limited
by low interfacial vapour absorption. Interfacial transport—absorption, reflection, and
release—is governed by structural properties, providing a molecular-level perspective
for enhancement. This study proposes active control water vapour transport at the LiBr
solution vapour-liquid interface using an external electrostatic field (£-field) applied
along the mass transfer direction to induce interfacial polarisation. Molecular dynamics
(MD) simulations show that the E-field increases net absorption, with positive fields
more effective than negative ones. Both polarities enhance absorption by reorienting
water dipoles, disrupting hydrogen-bond (H-bond) networks, and promoting diffusion.
Reflection and release are highly polarity-dependent: positive fields enrich Li* at the
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interface, strengthening hydration and trapping water, suppressing release; negative
fields deplete Li" and accumulate Br-, weakening hydration and facilitating release.
These findings provide a molecular framework for enhancing interfacial mass transfer
through external field modification to improve dehumidification and may also guide

optimisation of other gas-liquid processes involving polar molecules.

Keywords: Vapour-liquid interface; Polarisation effect; Water absorption; Diffusion

coefficient; Molecular dynamics simulation.
1. Introduction

Addressing energy security and environmental protection is crucial for global
sustainable development. In sectors with high dehumidification demand, such as indoor
climate control and industrial manufacturing processes, energy consumption is
especially high [1]. This highlights the urgent need for energy-saving and
environmentally friendly dehumidification technologies. LDD systems have emerged
as an alternative to conventional vapour-compression condensation dehumidification.
Driven by the water vapour partial pressure difference between liquid desiccants, such
as LiBr and LiCl solution, and humid air [2], LDD systems eliminate the use of high
global warming potential (GWP) refrigerants and enable regeneration with low-grade
thermal energy sources, including solar energy and industrial waste heat [3,4]. LDD
systems have demonstrated significant potential for energy savings and environmental
benefits. However, their performance remains constrained by the intrinsically low gas-
solution diffusion rate, which constitutes a critical bottleneck limiting further
improvements in system efficiency [5,6]. Thus, in-depth investigation of the
mechanisms and development of enhancement strategies for interfacial mass transfer

are essential for broader application of these systems [7].

The vapour-liquid interface, as the critical region for water molecule absorption
and release, exhibits mass transfer behaviours strongly governed by interfacial
properties [8,9], as revealed by previous MD simulations, a widely used approach for
probing microscopic mechanism [10,11]. Chen et al. [12] reported that ion-water

interactions depend on ion type and dipole orientation. Pan et al. [13] found that
2



61
62
63
64
65
66
67

68
69
70
71
72
73
74
75
76
7l
78
79
80
81
82
83
84
85
86
87
88
89
90

variations in molecular dipoles alter interfacial free energy barriers, with lower barriers
facilitating water release. Weng et al. [14] observed that the formation of ion clusters at
the interface enhances the absorption capacity of LiBr solution. As interfacial properties
critically govern water absorption and release, this study proposes regulating interfacial
molecular behaviour by manipulating interfacial structures with external fields. The E-
field was selected as the intervention method due to its effective polarisation of ions

and polar molecules [15].

Microscopic studies have been extensively applied in interfacial science and
electrochemistry to investigate the effects of E-fields on interfacial properties and mass
transfer behaviours of solvents and ions. For equilibrium interfacial properties,
applying a low- to moderate-strength E-field (0.01 V -nm™! to 10 V -nm™") in water-air
and electrolyte-air systems induces significant reorientation of water molecules while
avoiding electrolysis [16,17]. This effect is largely confined to the gas-liquid interface,
with limited influence on the bulk liquid [18]. Our previous simulation study [19]
confirmed that the E-field effectively polarises the concentrated salt solution-air
interface, leading to ion enrichment/depletion and enhanced orientational ordering of
water molecules. Wang et al. [20] similarly observed that water molecules in salt
solution droplets adopt field-aligned orientation under an applied E-field. For mass
transfer processes, existing studies have mainly examined the influence of E-fields on
pure water systems [21-23]. Fei et al. [21] reported a 15.6% increase in the evaporation
rate of pure water under an E-field, attributing the enhancement to reduced surface free
energy. Han et al. [22] demonstrated that under an E-field of 0.2 V-nm™!, the diffusion
coefficient of ozone in water increased from 1.32 x 107° to 1.88 x 10° c¢cm? s/,
attributing this to reduced surface tension and disruption of hydrogen bonding (H-bond).
Liu et al. [23] showed that E-field regulation of water permeation in nanochannels
accelerates both transport and diffusion. The studies above have examined the effects
of E-fields on the steady-state interfacial properties of pure water/solution systems, or
on mass transfer in pure water systems. However, studies on interfacial mass transfer
behaviours during water absorption by salt solutions under the influence of E-fields are

still lacking. This gap hinders the development of new mechanisms to enhance
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interfacial mass transfer in salt solutions via polarity regulation under E-fields.

To advance E-field methods based on interfacial property regulation of mass
transfer, systematic investigations into the polarisation response of interfacial structures
and their regulatory effects on water molecule behaviours under applied E-fields are
urgently required. In this study, we first established a concentrated LiBr solution-air
interface absorption system under a constant water vapour flux and applied E-fields of
different polarities along the mass-transfer direction to conduct non-equilibrium
molecular dynamics (NEMD) simulations of the absorption process. Transport events
were then identified to quantify interfacial transport behaviours under varying E-field
polarisation, solution concentration, and temperature. Subsequently, interfacial
structural properties were assessed in terms of dipole reorientation and particle
redistribution, coupled with interfacial water transport channels (dynamic H-bond
networks) and transport rates (dynamic diffusion coefficients). Finally, this approach
revealed the mechanisms by which polarisation effects promote or hinder specific
transport events, and clarified the competitive or synergistic interactions between E-
field polarisation and solution properties. This work provides a molecular-level
theoretical basis for E-field-enhanced dehumidification and establishes a research
framework for applying E-field interventions in interfacial engineering and mass

transfer enhancement.

2. Model and methods

2.1 Molecular configuration and simulation procedure

MD simulations were conducted using LAMMPS package [24]. The molecular
configuration (Fig. 1¢) represents water vapour absorption by the LiBr solution, with
the pure water region supplied water vapour that was subsequently absorbed by the salt
solution. The system dimensions were 5 nm in the x- and y-directions and 30 nm in the
z-direction. Table 1 summarises the number of particles in the system. To minimise
artefacts from periodic replicas, the left interface of the solution was designated as the
adsorption interface for analysis. The temperature of pure water region (7w) was

maintained at 370 K to ensure a sufficient water vapour supply. The LiBr solution
4



120  temperatures (7s) ranged from 280 K to 320 K, consistent with typical operating
121 conditions in LDD systems [25].

122 Table 1. Number of particles at varying solute concentrations.
Pure water film LiBr solution film Air Total molecules
Ny, 0 X, wt% Ny,0 Np+=Ng- Ny, Np,
Si 2000 40 2000 276 12 4 4568
St 2000 50 2000 415 12 4 4846
St 2000 60 2000 622 12 4 5260

Step 1: Equilibration of vapou-liquid system of pure water and LiBr systems

(a) 15 nm (b) 15 nm
sla LS a
{v\ c L&l‘lb S c slab S
%0

g
B A | Pure | A A | B g o

w| ¥y water solution
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Step 2: NEMD simulation of water vapour absorption process by LiBr solution

(©) Imaginary plane Gibbs dividing surface
X(nm)
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° - : _______ o Lit o
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123 0 Pure water LiBr solution 30

124 Fig. 1. Molecular configuration of (a) the pure water-air, (b) the LiBr solution-air and the combined

125  (c) absorption systems.

126 After system equilibration (Section S1, Supporting Information), the entire system
127 was relaxed under the NVE ensemble to simulate the absorption process, during which
128  anexternal E-field was applied. Each simulation was performed for 1 ns with a timestep
129  of 0.01 ps, and time-averaged atomic coordinates, velocities, and forces were recorded
130  every 1 ps for analysis. To ensure statistical reliability, ten independent simulations
131 were conducted for each operating condition, with varied initial atomic positions and
132 velocities, while maintaining identical thermodynamic parameters (temperature,
133 pressure, and concentration). The results were averaged to improve the accuracy of the

134  simulation.
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2.2 Force field and algorithm for MD simulation

All atoms and ions were treated as charged particles. The total interaction energy
between any two particles, Ui, comprises the Lennard-Jones potential (Uvy), and the
Coulomb potential (Ucou), see Eqgs. (1) and (2). Cross-interaction parameters were

determined using the Lorentz-Berthelot mixing rules [26], as defined in Eq. (3).

Uy = 4y [(—)12 - (—)6] 1)

qiq;j
Ucoul = f_] ()

rij

o = %(O_i +0;), & =.[& & 3)

where i and j denote different particles, is the potential well depth, o is the distance at
which the potential energy is zero, g is the particle charge, r is the distance between the
particle centres, f is the Coulomb’s constant with the wvalue of 138.935

kJ-mol ''nm '-e2.

The LJ potential parameters are listed in Table 2. The force field parameters for
ions were adopted from Koneshan et al. [27], those for air molecules from Frank et al.
[28], and the SPC/E [29] model were employed for water. The SHAKE algorithm [30]
was employed to constrain the bond lengths and angles of water molecules, removing
three degrees of freedom per molecule and leaving six effective degrees of freedom.
This correction was applied during temperature control to ensure accurate temperature
estimation and reliable thermostat performance. Accordingly, the temperature was
calculated using Eqs. (4) and (5). The LJ potential and short-range electrostatic
interactions were truncated at 1.2 nm, while long-range electrostatic interactions were
computed using the particle-particle-mesh (PPPM) algorithm [31] with a relative error
of 107*. Newton’s equations of motion were solved using the velocity-Verlet algorithm
[32], with a 1 fs time step, and periodic boundary conditions are applied in all directions.
The reliability of the simulation methods was confirmed through equilibrium checks,
size independence tests, and validation against experimental data (Sections S2-S4,

Supporting Information).
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where Ex is the kinetic energy, ks is the Boltzmann constant, and DOF denotes the

degrees of freedom.

Table 2. Potential parameters of atoms.

Atoms/Ions e, kcal-mol™! o, A g, e r, A Giom, °
L 0.1649 1.505 1 - -
Br 0.1000 4.539 -1

0 (H:0) 0.1553 3166  —0.8476 .
H (H20) 0.0000 0.000 0.4238 O-H:1 109.47
N (N2) 0.1629 3.738 0 N-N: 1.098 B

0 (02 0.2038 3.480 0 0-0:1.017

2.3 E-field configuration and interfacial characterisation

2.3.1 E-field configuration

The E-field was applied perpendicular to the solution interface, spanning from 15
nm to 30 nm along the z-axis (Fig. 2). Within this region, all charged atoms experienced
E-field forces (see Eq. (6)). The corresponding E-field potential energy Uk, introduced
by the E-field and added to the total potential energy of the system to account for

interactions with the charged atoms, is given in Eq. (7).
F=gq;E (6)
Ue=—3N1qE-x; = =YX qi(xi - Ex +yi - Ey + 2 - E,) (7

where ¢; is the charge of atom i, E = (£, E), E:) is the E-field vector with E, = E, = 0,

and x; = (x;, yi, zi) denotes the position vector of atom i.
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(a) No E-field: as a reference condition (b) E- field applied to LiBr solution side
i : Ipp

+ny

A'X'%x

Pure LiBr E :
water solution : il

vvyy

Fig. 2. The E-field configuration: (a) no E-field and (b) £-fields applied to LiBr solution region.

The E-field polarity is defined as positive (E') when aligned with the positive
interfacial normal direction, and negative (£7) when opposed to it. The interfacial
normal is considered positive when pointing from the liquid to the vapour phase. To
enhance molecular responses within limited simulation time, stronger E-fields than
typically used in practical applications (10° to 10° V-m™") were employed. In this study,
the E-field strength ranged from 0.1 V-nm™ to 1 V-nm™, consistent with typical
simulation values and much smaller than the ionisation threshold (10V-nm™") [20,33].
The absence of E-field is denoted as Eo, and a positive E-field of 0.5 V-nm™! is denoted

as Eg <.

2.3.2 Identification of interfacial molecular behaviours

Identifying molecular migration behaviours, including absorption, release,
displacement, and reflection [34], is essential for quantifying the interfacial molecular
transport (Fig. 3a). These behaviours are determined by the trajectories of water
molecules entering the diffusion layer [35,36], defined between the Gibbs dividing
surface (GDS) and an imaginary plane located 2 nm from the GDS ( Fig. 1¢). ILv and
IL represent the vapour-side and liquid-side interfacial layers, respectively, relative to
the GDS (Fig. 3b). To accurately locate the diffusion layer, the interfacial layer was
defined using the 10-90% criterion [37] corresponding to the region where the density
increases from 0.1 to 0.9 of the bulk liquid density. The density profile was obtained by
dividing the simulation box along the z-axis into 200 slabs, each 0.05 nm thick. The
GDS [37] separates the vapor and liquid phase, with its position zo determined by fitting
the density profile to Eq. (8).
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Fig. 3. (a) Diagram of different molecular behaviours and (b) definition of GDS position.

_ Pitpv _ p1=pv 7=z
plz) = 2 o tanh( dO) (8)

where o and py are the bulk liquid and bulk vapour densities (kg:m™), and d is the

interfacial layer thickness parameter obtained from the fit.

Molecular migration behaviours are schematically illustrated in Fig. 3b. An
absorption event occurs when a water vapor molecule from the air crosses the imaginary
plane, diffuses through the interfacial layer, enters the solution, transitioning into the
liquid phase without inducing phase changes in surrounding water molecules.
Reflection occurs when water molecules collide with the interface or other vapour-
phase molecules and are redirected back. Interfacial reflection occurs when a water
molecule strikes the interface or nearby vapour molecules and is bounced back into the
gas phase, reducing the number entering the solution. By contrast, collisions of
molecules already in the solution that redirect them within the liquid do not change the
net mass transfer. Displacement, describing the simultaneous entry of a water vapour
molecule into the solution and expulsion of an adjacent water molecule into the air, was
rarely observed [34] and had no effect on the final net absorption. A release event is the
reverse of absorption, where water molecules migrate from the solution into the air
without inducing phase changes in surrounding water molecules. In this study, the
cumulative numbers of the absorption, interfacial reflection, and release events are
denoted as Nabs, Nref, and Nrel, respectively. The net absorption, defined as Nnet-abs =
Nabs—Nrel, represents the actual number of water molecules migrating from the air into

the solution, accounting for both absorption and release events.

2.3.3 Definition of interfacial properties
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The orientation of water molecules was characterised by the dipole moment angle
6 and the hydroxyl group angles @1 and ¢> (Fig. 4). The probability distribution of their
projection along the z-axis and the average orientation angle calculated as shown in

Eqgs. (9) and (10).

Bulk vapour z

Interfacial
layer

Bulk liquid

Fig. 4. The definition of water orientation angles.

Plcos(8;)] = =250 9)

~ 3N cos(6)
(0) = XL, 6;P{cos(6,)) (10)

where 6; is the dipole angle of the water molecule i (°), and cos(6;) represents its

projection along the z-axis.

H-bonds were identified using geometric criteria: a donor-hydrogen-acceptor
angle a < ans = 30°, and a hydrogen-acceptor distance » < rug = 0.35 nm. The number

of H-bonds per water molecule in each layer was calculated as:

__ (2Ngo+Noq)

Nuyp =— —— (11)

Nwatcr

where Noo and Noi denote intra- and inter-layer H-bonds, respectively, and Nyaer 1S the
number of water molecules in the layer. H-bonds are inherently dynamic, continuously
forming and breaking. Their temporal stability was characterised using the

autocorrelation of the H-bond existence function, defined as:

C(r) = 5(t) - s;(t + 1) (12)
Si(¢) ={0,1} (13)
where s:(f) = 1 indicates the presence of the H-bonds, and s:(¢) = 0 indicates its absence.

The average H-bond lifetime z1s was obtained from the integral of the autocorrelation

function:
10
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g = f, C()dt (14)

The self-diffusion coefficient (D), reflecting mass transport velocity, was
determined from the mean square displacement (MSD) using the Einstein relation (Eq.
(15)). In this study, D was calculated every 100 ps, with each value obtained by
averaging MSD results over the preceding 100 ps, and one MSD segment extracted
every 20 ps.

() -7 2
6D = lim MP® _ jj, FO-FOF)

t—oo t—oo t

(15)

3. Results and discussion

Water molecular transport events were quantified and classified to evaluate the
interfacial mass transfer under an applied E-field. During NEMD simulations, the water
vapour molecules supply from the pure-water side remained unaffected by changes in
solution-side conditions (Fig. S10, Supporting Information). As shown in Fig. 5, Npet-
abs reached 30 over 1 ns under Ey in a 50 wt% LiBr solution at 280 K, consistent with
Chen et al. [34]. The trend followed the order E} > E| > Ej, increasing to 36.4 under
Eig (20.1% increase) and to 35.2 under Ejg (16.1% increase). A positive field
enhanced interfacial absorption while suppressing interfacial reflection and release. In
contrast, a negative E-field also increased absorption but simultaneously promoted

reflection and release, thereby reducing overall effectiveness.

11
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Fig. 5. Effects of the E-fields on interfacial molecular behaviours: (a) 50 wt% LiBr, at 75 = 280 K;
(b) Varying solution concentrations at fixed 75 = 280 K; (c) Varying solution temperatures at fixed
Xs =50 wt%.

The coupling between X;, Ts, and E-field polarisation effects on interfacial
molecular behaviours determines the potential and applicability of £-field applications.
At lower concentrations and higher temperatures, increased interfacial reflection and
release reduce net absorption, as shown in Fig. Sb, consistent with previous
experimental [38] and molecular [34] observations. A positive field suppresses
interfacial reflection and release, whereas the enhanced reflection and release caused
by a negative field is detrimental, although net absorption remains elevated within the
studied concentration and temperature ranges. The observed differences in interfacial
mass transfer behaviours are attributed to E-field-induced particle rearrangement and
dipole reorientation, with distinct interfacial polarisation responses that either promote
or inhibit specific behaviours. The underlying mechanisms will be examined in detail

in subsequent sections.

Transport of water molecules across the vapor-liquid interface involves energy
transfer. Collisions of water vapour molecules with the solution interface convert part

of their kinetic energy into heat (Fig. 6a). This is consistent with previous studies
12
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[34,39], which reported temperature rises during condensation or absorption.
Consequently, continued water absorption gradually increases the local temperature
(Fig. 6b), consistent with conventional dehumidification experiments and practical
absorption measurements [21]. Under an applied E-field, enhanced net absorption
slightly elevates the average interfacial temperature (Fig. 6c), while the overall
thermodynamic state remains essentially unchanged. Quantitative analysis indicates
that the total energy varies by —0.18% to 0.59% (Section S6, Supporting Information),
consistent with DFT results reported by Gao et al. [17].
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Fig. 6. (a) The trajectory and kinetic energy of a representative absorbed water molecule, (b) local

temperature distribution of the solution system and (c) E-field induced temperature variation.

Previous studies have shown that water vapour absorption from air is primarily
driven by cumulative interactions exerted by particles on the solution side. This driving
force depends on the spatial distribution of interfacial particles and is further modulated
by the dipole alignment of water vapour molecules [12,37]. Due to the polarising effect
of the E-field, particle distribution and dipole orientation at the interface are highly
sensitive to the applied field [19]. These field-sensitive interfacial structural parameters
may act as key drivers of changes in water molecule behaviour. Building on this
understanding, we further examined the dynamic evolution of surface water molecule
clusters, specifically investigating the effects of the E-field on H-bond distribution and
lifetimes. As the H-bond network reorganises, intermolecular interactions at the
interface are altered, which affects transport pathways and significantly influences the
absorption process. Finally, the self-diffusion coefficient of interfacial water molecules

was calculated to quantify their mobility near the interface. Collectively, these structural

13
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and dynamic metrics elucidate the molecular mechanisms by which E-field-induced

polarisation modulates water molecule behaviour at the interface.

During the absorption process, the number of interfacial water molecule increases,
triggering further diffusion of ions from the bulk to the interface due to dilution of

interfacial solute concentration (Fig. 7a).
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Fig. 7. Effects of E-fields on (a) interfacial molecule evolution over time, (b) final interfacial count

at (b) different concentrations, and (c) different temperatures.

Higher Xs promotes ion accumulation at the interface, enhancing the capture of
neighbouring water molecules (Fig. 7b) [40]. Increasing 75 raises the number of water
molecules and ions by enhancing thermal motion, which disrupts hydration and
expands the interfacial region [41]. Application of the E-field induced a rapid response
in the distribution of interfacial particles (Fig. 7). Under a positive field, Li* migrated
toward the interface, whereas Br~ moved away due to their opposite charges relative to

the field. Consequently, some water molecules are drawn toward the interface by the
14
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strong hydration of Li*, resulting from its high charge density [42]. Under a negative
field, polarisation of Li* reduced its interfacial population, whereas Br~ accumulation
increases, leading to a decrease in the number of interfacial water molecules. The
arrangement of interfacial water molecules depends on ion migration as well as their

dipole orientations (Fig. 8).

The reorientation of water dipoles is strongly governed by E-field polarity (Fig.
8). In contrast to the random distribution of dipole angles in the bulk liquid, interfacial
water molecules exhibit orientation peaks below 90°, with an average angle (0) = 81°
over 1 ns, indicating preferential alignment toward the vapour phase [34,43]. This
behaviour arises from the lower local density and weaker ion-dipole interactions at the
interface, allowing water molecules to respond more readily to the applied E-field [19].
Under a positive field, the orientation peak shifts left, and the average angle (6)
decreases by 4.0° (1 ns average), whereas under a negative field, the peak shifts right
and (6) increases by 4.3°, confirming that water dipoles preferentially align with the E-
field direction. Similar reorientation of hydroxyl angles is shown in Figs. S12 and S13
of Supporting Information. This orientational polarisation preference accounts for the
polarity-dependent release behaviours shown in Fig. 5. Under a positive field, dipoles
align towards the vapour side, with oxygen atoms closer to liquid phase and hydrogen
toward the vapour phase, facilitating Li* hydration and interfacial capture. In contrast,
under a negative E-field, interfacial Li* ions are depleted while Br~ ions accumulate;
their weak hydration limits ion-water binding at the interface [18]. Additionally, dipole
reorientation positions oxygen atoms away from the liquid phase and hydrogen atoms
toward it, forming an interfacial water structure more prone to disruption [44], thereby

promoting interfacial water release.

15



350

351
352

353
354
355
356
357
358
359
360

361
362
363

364
365

(a) 15 (b) 96
X E, X E, X E,
A K5 A }'-55 A Egs 92|
~12r o Ei|[ ° Es|[ o Egs
i\i 1Ly 1L, Bulk liquid 88 5 °
- L - o o o o
£° 8l oo oo
= = o x
= A < x X
2 6l R | | S gk x x  xx X, x y
= 45 X A A
a X A
& ;gff T6F a adh
3+ 5% - - P4 A Aa
x%) XES o f w 72
0 o} OI %I 1 1 1 1 1 1 | | 1

1 68 1 1 1 1
0 60 120 180 0 60 120 180 O 60 120 18 0 200 400 600 800 1000
0() o) 0() Time (ps)

Fig. 8. Effects of E-fields on the (a) probability distributions and (b) averaged orientation angles of

dipole angle 8 of water molecules in different regions.

H-bonds between water molecules form a network that regulates interfacial
transport. As shown in Fig. 9, under an applied £-field, water reorientation disrupts the
H-bond network by reducing coordination numbers, an effect amplified at the interface
due to molecular asymmetry [43], particularly on the vapour side. Under a positive field,
hydrogen atoms orient away from the oxygen atoms in the liquid phase that can act as
H-bond acceptors, while enhanced ion enrichment and hydration further intensify H-
bond network disruption, making the effect more pronounced than under a negative

field [45].
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Fig. 9. Effects of the E-fields on the number of H-bonds in different layers near surface.
Increased concentration, due to ion effects, and elevated temperature, due to

intensified thermal motion, disrupt the H-bond network, while the E-field effect on H-

bond numbers remains evident (Fig. S14, Supporting Information). E-fields also
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modulate H-bond dynamics, reducing bond lifetimes, as shown in Fig. 10, consistent
with previous findings [19,46]. A reduced number of H-bonds facilitates water
molecules transport across the interfacial layer by lowering intermolecular shear
viscosity [23,47]. Variations in microscopic water transport rates are characterised by

the self-diffusion coefficient (Fig. 11).
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Fig. 10. Effect of the £-field on H-bond lifetimes.

Disruption of the H-bond network facilitates the cross-interface migration of water
molecules by creating less constrained transport pathways, a phenomenon confirmed
by the increased diffusion coefficients (Fig. 11). In the vapour-side interfacial layer, the
diffusion coefficient is 1.1 x 10~ cm?s™! without an E-field, consistent with [27,34],
increasing by 22% and 8.6% under Ejg and Ejg, respectively. In the liquid-side
interfacial layer, strong ion-dipole interactions constrain the diffusion coefficient,
yielding 0.6195 x 107>, 0.68x 10~>, and 0.623 x 10~> cm*s! under Ey, Eqg, and E; g,
respectively. Considering the uncertainty of £0.03 x 10~° cm? -s™! , these variations are
negligible. Similarly, the enhancement of diffusion coefficients under E-fields persists
across different solution X and 75 (Fig. S15, Supporting Information). The polarity-
dependent differences in diffusion reflect variations in H-bond network disruption,
indicating that a positive field accelerates interfacial water diffusion more effectively,

particularly for vapour-phase molecules.
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Fig. 11. (a) Self-diffusion coefficient of water molecules and the (b) averaged results within 1 ns.

The E-field modulates the structure and dynamics of interfacial water molecules
via polarisation, thereby enhancing the moisture absorption performance of liquid
desiccants, as illustrated schematically in Fig. 12. Under both positive and negative
fields, interfacial water molecules undergo polarisation-induced dipole reorientation
(Fig. 8), weakening H-bond coordination (Fig. 9), accelerating network dissociation
(Fig. 10), opening transport pathways, and enhancing molecular mobility and
diffusivity (Fig. 11), thereby increasing the probability of absorption events (Fig. 5).
Positive and negative fields exert distinct, polarity-dependent effects on interfacial
water release and reflection. Under a positive field, accumulation of interfacial Li* ions
(Fig. 7) strengthens ion-hydration interactions at the interface, thereby suppressing
release and reflection and reinforcing this effect. In contrast, a negative field depletes
interfacial Li* ions and enriches Br~ ions. Additionally, dipole reorientation positions
oxygen atoms away from the liquid phase, weakening hydration and thereby facilitating

interfacial water release.

This mechanism demonstrates that external E-fields can precisely control ion
distribution and dipole orientation, thereby modulating H-bond dynamics and
molecular diffusion pathways, enhancing dehumidification efficiency and interfacial
mass transfer. These findings provide a molecular-level framework for interface
engineering to improve dehumidification performance through interfacial regulation,
and can be extended to other external fields or micro/nano-structured surfaces capable
of quantitatively controlling interfacial dipoles and ion distributions. Furthermore,
these insights may guide the optimisation of other gas-liquid absorption processes
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Fig. 12. Conceptual illustration of the regulation mechanism of interfacial molecular behaviours

during the absorption process induced by E-field polarisation.

4. Conclusions

This work employed NEMD simulations to reveal the microscopic mechanisms
by which perpendicular E-fields regulate water absorption at the vapour-liquid interface
of concentrated LiBr solutions. Regardless of polarity, the E-field induced dipole
reorientation, disrupting the H-bond network, accelerating network dissociation, and
increasing molecular mobility, thereby enhancing interfacial diffusion. Diffusion
coefficients increased by 22% and 9.6%, promoting spontaneous migration of water
molecules from the vapour phase into the solution, resulting in net water absorption
increases of 20% and 16%. System energy changes were negligible, ranging only from
0.18% to 0.6%. E-field polarity further modulated water release and reflection: under a
positive field, interfacial Li* enrichment enhanced hydration and binding of water
molecules, suppressing their release from the surface; under a negative field, Li*
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depletion and Br~ accumulation with weaker hydration facilitated water desorption.
Polarity-dependent dipole reorientation induced by the E-field caused average dipole
angles to decrease by 4.0° under the positive field and increase by 4.3° under the
negative field, altering the relative positions of oxygen and hydrogen atoms at the
interface and further modulating water release. Overall, the positive field produced a
stronger enhancement than the negative field, indicating that FE-field-induced
polarisation, together with ion distribution and dipole orientation, can be harnessed to
actively control interfacial mass transfer. These findings provide a theoretical basis for
optimising liquid desiccant design and interfacial regulation strategies. The principles
can also be extended to other gas-liquid absorption processes involving polar molecules,

highlighting the broad potential for interfacial engineering applications.
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