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The diffusive dynamics of aqueous electrolyte solutions in nanoconfined spaces has attracted consider-

able attention due to their potential applications in desalination, biosensors and supercapacitors. Here we

show by molecular dynamics simulations that lithium and sodium ions diffuse at a rate at least an order of

magnitude higher than that of water molecules when the ions are trapped in an ice bilayer confined

between two parallel plates. This novel picture is in sharp contrast to the prevailing view that the diffusion

rate of ions is comparable to or even lower than that of water in both bulk and confined solutions. The

predicted high ion mobility stems from frequent lateral hopping of ions along the coordination sites inside

the hydrogen-bonding network connecting the two water layers of the ice bilayer. This anomalous

diffusion should provide new insights into the physics of confined aqueous electrolytes.

1. Introduction

Knowing the properties of aqueous electrolytes in nanoscale
spaces is key to understanding important biological processes
such as ion transport across biological channel proteins as
well as to developing useful technologies for their applications
in desalination,1,2 biosensors3–5 and supercapacitors.6,7

Among various properties affected by nanoconfinement, the
change in liquid diffusivity has attracted the vast majority of
attention.8–16 Typically, a large reduction in water diffusivity
and the associated phase transition are observed when the
thickness of a confined pure water film is reduced to a few
molecular layers,8–12,16,17 due to the confinement-induced low
translational entropy of water molecules. Particularly, the for-
mation of ice at room temperature, with an extremely low
diffusion rate, was suggested for water sandwiched between
the tip of a friction force microscope and a graphite substrate
at appropriate tip–substrate separations.17

Resembling the case of pure water, aqueous electrolyte solu-
tions in nanoconfined spaces also exhibit structures and
dynamics different from those in the bulk. Consider, for

example, the diffusion of ions and water molecules in nano-
confined salt solutions with respect to those in the bulk. As a
baseline, the experimentally measured diffusion coefficients
for alkali metal ions in dilute aqueous bulk solutions at 298 K
are in the range of 1.0 × 10–5 cm2 s−1 to 2.1 × 10–5 cm2 s−1,18

slightly lower than that of pure bulk water at 2.3 × 10−5

cm2 s−1.19 The lower ion diffusivity is associated with the pres-
ence of a hydration shell around the ion, making its effective
radius larger than that of the bare ion as well as the radius of
an individual water molecule.20 The consequence of the larger
effective radius is a slower diffusion of the hydrated ion
according to the Stokes–Einstein law.21 In the case of nanocon-
finement, the hydration shell may be partially shredded or flat-
tened due to its interaction with confining solid surfaces,
giving rise to a wide variety of anomalous ion diffusion activi-
ties. Examples are the observed enhancement or suppression
in ion diffusion in confined salt solutions between two
plates22–25 and inside nanopores or nanochannels,26,27 with
respect to ion diffusion in bulk solutions. Additionally, ion
diffusion in confined spaces depends also on the viscosity,
concentration and temperature of the solutions, as well as the
geometry and chemistry of the confining surfaces. However,
despite dispersing over a wide range, all the reported diffusion
coefficients for nanoconfined ions were relatively lower than
that of water molecules in the same confined solution,22–26

thus maintaining the trend in the bulk.18,19 This unified
picture is partially the result of all these confined salt solu-
tions being in a liquid state. However, how confined ions
behave when trapped in a solid-like crystal is poorly
understood.

In the present study, we show by comprehensive molecular
dynamics (MD) simulations that small alkali metal ions like

†Electronic supplementary information (ESI) available: Snapshots of the con-
fined solutions in liquid and solid-like states, additional simulation results of
ion diffusion in a bulk ice crystal as well as in confined bilayer ice crystals
obtained from simulations with the NPT ensemble, the TIP4P water model or a
different set-up of wall parameters (PDF). Video showing the lateral hopping of a
sodium ion along the lattice of a bilayer ice crystal (MPG). See DOI: 10.1039/
C8NR01301B

State Key Laboratory of Mechanics and Control of Mechanical Structures and Key

Laboratory for Intelligent Nano Materials and Devices of MOE, Institute of Nano

Science, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016,

China. E-mail: qiuhu@nuaa.edu.cn, wlguo@nuaa.edu.cn

8962 | Nanoscale, 2018, 10, 8962–8968 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

8/
05

/2
01

8 
02

:3
1:

58
. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0001-9733-3132
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nr01301b&domain=pdf&date_stamp=2018-05-11
http://dx.doi.org/10.1039/c8nr01301b
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR010019


Na+ or Li+ diffuse exceedingly faster than water molecules in a
solid-like ice bilayer formed by laterally compressing a salt
solution confined between two parallel walls. Our further ana-
lyses show that the faster ion diffusion can be attributed to the
frequent lateral hopping of ions along the coordination sites
formed between two water planes of the ice bilayer.

2. Methods

The simulation system used in the present study consists of
aqueous solutions of alkali metal chlorides confined between
two infinite parallel walls, as shown in the bottom inset in
Fig. 1a. The wall–wall separation was chosen to be 0.9 nm,
defined as the separation between the centers of mass of the
atoms in the two walls. All wall atoms were placed in a mono-
layer with a triangular arrangement and a bond length fixed to
0.23 nm. The two walls were placed parallel to the (x, y) plane,
equidistant from z = 0, and were fixed during all the simu-

lations. Periodic boundary conditions were applied in the x
and y directions to simulate the confinement by two infinite
parallel walls, and a vacuum layer was used in the z direction
to prevent direct interactions between water in adjacent peri-
odic images in this direction. The length of the simulation cell
in the x and y directions is 8.2 nm. Simulations were per-
formed in an NVT ensemble, where the number of particles
(N), volume (V) and temperature (T ) of each system were kept
constant. A series of systems containing various numbers of
water molecules and ions were created to explore the pro-
perties of confined solutions at nominal densities ranging
from 0.87 g cm−3 to 1.39 g cm−3. The resulting lateral pressure
in these NVT simulations was found to gradually increase to a
few hundreds of MPa at high solution densities (ESI, section
I†). The technique of varying the solution density to simulate
the compression by lateral pressures has been widely used in
many previous studies.10,11,14,16,28 We also carried out a set of
simulations in the NPT ensemble, with a constant lateral
pressure being maintained, and observed a similar trend in
diffusion enhancement at high lateral pressures (ESI, section
I†). It is expected that, in future AFM experiments measuring
the properties of a confined salt solution, a high density (or
lateral pressure) could be achieved by filling the AFM chamber
with a compressed high-pressure gas.

All MD simulations were carried out using Gromacs 5.1.4
software package,29 and visualized and analyzed using VMD.30

The TIP5P water model31 was used to describe water, and a
test simulation with the TIP4P water model32 also yielded an
enhancement in ion diffusion, though to a different extent
(Table S2†). There is no charge assigned to wall atoms, and the
van der Waals (vdW) interactions among water, ions and wall
atoms was modeled by using a 6–12 Lennard-Jones (L-J) poten-
tial. The L-J parameters for ions were taken from those
included in the OPLS-AA force field33 and are provided in
Table S1.† The L-J parameters for wall atoms were chosen to
represent approximately the vdW interactions between the
TIP5P water and a SiO2 surface.

9,10 For a pair of atoms i and j,
the L-J parameters between them were determined by combin-
ing the rules σij = (σii + σij)/2 and εij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðεii � εjjÞ
p

. For instance,
the determined interaction parameters between water oxygen
atoms and wall atoms are σwall–O = 0.316 nm and εwall–O =
0.831 kJ mol−1. For the interaction between the hydrogen
atoms of water and the wall atoms, the L-J parameters of
σwall–H = 0.284 nm and εwall–H = 0.415 kJ mol−1 were adopted,
as done in earlier studies.9,10 We also performed an MD simu-
lation with the minimum energy ε of wall atoms being modi-
fied to a value 10-fold smaller than its original value, and
found about 20-fold faster Na+ diffusion than water (see
Table S2†). A time step of 2 fs was used. The Berendsen algor-
ithm was employed to control the temperature at 300 K and
the lateral pressure in NPT simulations.34 vdW energies were
calculated with a cutoff of 0.9 nm. A particle-mesh Ewald
(PME) method was used to treat long-range electrostatics.35

All other simulation parameters were identical to those
implemented in our previous studies.14,15 Each system was
equilibrated for 30 ns, with the last 20 ns being used for

Fig. 1 Anomalous diffusion of ions in confined aqueous NaCl solutions.
(a) Lateral diffusion coefficient Dxy as a function of the density ρ of NaCl
solutions confined at a wall–wall separation of 0.9 nm. The top inset
shows the ratio between diffusion coefficients of ions and water, Dion/
Dwater, referred to as the diffusion enhancement factor of ions. The
bottom inset shows the simulation system consisting of Na+ (blue) and
Cl− (cyan) ions in an aqueous solution (red) confined between two paral-
lel walls (grey). The upper wall was made transparent for clearer visual-
ization. The coordinate origin was placed at the center of the system. (b)
Lateral mean squared displacement (MSD) of water molecules, Na+ and
Cl− ions at a low density ρ = 0.97 g cm−3 as a function of time separation
Δt. (c) Same as (b) but at a high density ρ = 1.24 g cm−3.
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data analysis. At densities where a non-liquid phase was
present, the equilibration time was extended to 300 ns to
ensure adequate positional sampling of water and ions.

The lateral (in the (x–y) plane) diffusion coefficient Dxy was
determined from the lateral MSD using the Einstein
relationship

MSDðΔtÞ ¼ 4DxyΔt: ð1Þ
The MSD(Δt ) of each particle was averaged over snapshots

from the whole MD trajectory with a time interval of Δt
through the expression MSD(Δt ) = 〈|r(t + Δt ) − r(t )|2〉, where
r represents the position of particles in the (x–y) plane and 〈…〉
means the average over all particles of the same type.

3. Results and discussion

Fig. 1a shows the lateral diffusion coefficients, Dxy, for the
three components (namely Na+, Cl− and water) in a 0.47 M
NaCl solution as a function of the solution density ρ. At the
lowest density (ρ = 0.87 g cm−3), the confined solution is in a
liquid state, as indicated by a high Dxy on the order of 10–5

cm2 s−1 for all the three components. In this state, the Dxy for
Na+ (blue curve) or Cl− (cyan curve) is lower than the Dxy for
water (red curve), as generally expected for other confined22–25

and bulk36,37 solutions. As the ρ increases, the diffusion coeffi-
cients start to decrease smoothly from the order of 10–5

cm2 s−1 to the order of 10–6 cm2 s−1 until ρ = 1.08 g cm−3. At
this ρ range, the confined solution maintains its liquid state,
as validated also by the fact that the mean square displace-
ments (MSDs) of ions and water molecules all increase linearly
with time at a moderate ρ of 0.97 g cm−3 (Fig. 1b). In addition,
it is worth noting that ion diffusivities remain lower than
water diffusivity in these liquid solutions. When the density
approaches 1.13 g cm−3, a sharp drop of more than an order
in magnitude occurs simultaneously in all the three diffusion
coefficient curves (highlighted by the tilted green rectangle in
Fig. 1a). This sudden drop indicates that the confined liquid
solution transforms into a solid-like crystal.

Upon the increase of ρ from 1.08 g cm−3 to 1.13 g cm−3

(highlighted by the tilted green rectangle), another particularly
important fact is that the decrease in the Na+ diffusion rate is
less pronounced with respect to Cl− or water. As a result, Na+

diffusion becomes the fastest among the three components in
the solution after the phase transition, in contrast to the trend
in low-density confined solutions as well as in bulk solutions
where Na+ diffusion is the slowest.18,19 On further increase of
ρ to beyond 1.13 g cm−3, the decrease in Na+ mobility becomes
more and more slow with respect to those for Cl− and water,
and therefore the Na+ curve starts to deviate upward from the
other two curves. Eventually, at a high solution density
(namely, ρ ≥ 1.24 g cm−3), Na+ diffuses with a rate on the
order of 10–8 cm2 s−1, much faster than those for water and
Cl− on the order of 10–9 cm2 s−1 or 10–10 cm2 s−1. Note that the
MSDs in the solid-like phase are not perfectly linear (Fig. 1c),
indicating that it is not precisely accurate to extract diffusion

coefficients from the slopes of these MSD plots. However, the
obtained diffusion coefficients from this procedure could be
adopted as a measure of the relative strength of the mobility.

Shown in the top inset of Fig. 1a is the diffusion enhance-
ment factor of ions, Dion/Dwater, defined as the ratio between
the diffusion coefficients for ions (Dion) and water (Dwater). In
liquid solutions (e.g., at ρ ≤ 1.08 g cm−3), a Na+ enhancement
factor fluctuating around ∼0.6 indicates its slightly slower
diffusion than that of water, while in solid-like solutions (e.g.,
ρ ≥ 1.24 g cm−3), a factor of ∼45 indicates an exceedingly
faster diffusion for Na+ with respect to water. In the case of
Cl−, a diffusion coefficient comparable to that of water was
always present over the whole ρ range (cyan curve in Fig. 1a),
as confirmed by the diffusion enhancement factor of Cl−

always fluctuating slightly around 1 (Fig. 1a, top inset).
It is known that a solid-like ice bilayer could be developed

when water is confined at appropriate interplate spacings and
subjected to an adequate increase in lateral pressures or solu-
tion densities.10 Such an ice bilayer, observed also in the
present confined solutions at high densities, is made of water
molecules arranged with a rhombic in-plane symmetry
forming a well-ordered hydrogen-bonding (HB) network, and
therefore exhibits a low water mobility. When an ion is
included in the lattice of the ice bilayer, the local HB network
around the ion will be structurally and dynamically perturbed.
As a consequence, the mobility of water molecules around the
ion could be slightly enhanced, which, in turn, leads to a
slight increase in the diffusivity of the ion itself. As an
example, the diffusion coefficients for water in hydration shells
of Na+ and Cl− ions trapped in the ice bilayer at ρ = 1.24
g cm−3 were determined to be 0.21 × 10–8 cm2 s−1 and 0.14 ×
10–8 cm2 s−1, respectively, slighter higher than that averaged
over all water molecules in the solution (0.09 × 10–8 cm2 s−1).

Although Na+ and Cl− both exhibit faster diffusion than
water in the bilayer ice, it is interesting to note that the
diffusion coefficient for Na+ is about an order of magnitude
higher than that for Cl− in the same confined solution (Fig. 1).
The underlying mechanism could be understood by exploring
the microscopic dynamics of these two ions in confined solu-
tions. We first compare the transverse density distribution
(namely, normal to the wall surface) of water oxygen atoms
(Fig. 2a) and ions (Fig. 2b) in confined solutions at ρ = 0.97
g cm−3 (dashed curves) and ρ = 1.24 g cm−3 (solid curves). The
bilayer nature of the confined solution could be confirmed by
the observation of two evident peaks in oxygen density profiles
(Fig. 2a) and two water planes in instantaneous MD snapshots
(Fig. S3a and S3b in section II of the ESI†). Despite sharing
similar density profiles (Fig. 2a), a bilayer liquid phase could
be readily derived from the observed irregular arrangement of
the positions of water oxygen atoms at low ρ (Fig. S3a†). In
contrast, an ordered arrangement at high ρ, with an in-plane
rhombic symmetry, reflects a solid-like bilayer crystalline
phase (Fig. S3b†), in good agreement with a previous study.10

As for the density distribution of ions (Fig. 2b), Na+ and Cl−

display dramatically different trends from each other.
Specifically, in the liquid solution at ρ = 0.97 g cm−3, we found

Paper Nanoscale

8964 | Nanoscale, 2018, 10, 8962–8968 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

8/
05

/2
01

8 
02

:3
1:

58
. 

View Article Online

http://dx.doi.org/10.1039/c8nr01301b


a single evident peak for Na+ located in the middle plane of
the system at z = 0 (blue dashed curve in Fig. 2b) but two peaks
for Cl− that deviate slightly from the middle plane (cyan
dashed curve in Fig. 2b); in other words, Na+ tends to reside in
the space between two water planes forming the ice bilayer
while Cl− prefers to stay in close contact with the water planes.
In the solid-like solution at ρ = 1.24 g cm−3 (blue solid curve in
Fig. 2b), on the other hand, the Na+ peak rises up with respect
to that at ρ = 0.97 g cm−3, and no evident positional shift is
observed. Besides this main peak, we also note two small but
clear secondary peaks/shoulders at the positions of the two
oxygen planes. In contrast to the Na+ distribution, the two
peaks for the Cl− density at ρ = 1.24 g cm−3 (cyan solid curve in
Fig. 2b) were found to further move away from the middle
plane, and eventually arrive at a position where the water
density curve also shows peaks (red solid curve in Fig. 2a).
This observation indicates that Cl− prefers to embed into
either of the water planes forming the ice bilayer.

To further characterize the dynamics of individual ions
trapped in the bilayer ice, the time evolution of the z coordi-
nate for each Na+ and Cl− in a typical 300 ns simulation is
plotted in Fig. 3a and b, respectively. All the Na+ curves can be
divided into two categories with features distinct from each
other (Fig. 3a). Specifically, a majority of Na+ ions were found
to wave slightly around the middle plane of the system at z = 0,
with amplitudes less than 0.5 Å, while a few others exhibited
large fluctuations with an amplitude of ∼1.2 Å (see, for
example, purple and dark blue curves in Fig. 3a). We note that
a higher magnitude (i.e., absolute value) of z than 1 Å corres-
ponds to an “in-plane” configuration (highlighted in light
brown), in which Na+ steadily embeds into either of the two
water planes forming the bilayer ice (see Fig. 3c, top panel). In
parallel, a lower magnitude of z than 1 Å (highlighted in light
green) represents an “off-plane” configuration, in which Na+

ions reside in the space between the two water planes (see
Fig. 3c, bottom panel). As for Cl−, all ions in the solution
adopted the in-plane configuration throughout the 300 ns

Fig. 2 Density distribution in confined salt solutions. (a, b) Transverse
density profile of oxygen atoms of water (a) and ions (b) in low-density
(dashed curves) and high-density (solid curves) NaCl solutions.

Fig. 3 Transverse displacement of Na+ and Cl− ions trapped in an ice bilayer. (a, b) The z coordinates of each Na+ (a) and Cl− (b) as a function of
time in a 300 ns MD simulation. The two regions of ions residing in either of the two water planes (i.e., in-plane) are highlighted in light brown rec-
tangles, while the in-between light green rectangles represent regions where ions deviate from the water planes (i.e., off-plane). (c) Side-view snap-
shots showing a Na+ ion at the in-plane configuration (top) and another Na+ ion at the off-plane configuration (bottom). Na+ ions and oxygen atoms
of the water molecules surrounding the ions are shown in sphere representation, with Na+ in blue and oxygen atoms in red.
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simulation, with rare exceptions observed when Cl− ions
hopped from one water plane to the other (Fig. 3b).

The probability of ions adopting the two observed configur-
ations and the corresponding diffusion coefficients are sum-
marized in Table 1. It is found that Na+ takes the off-plane con-
figuration with a high probability at 88.6%, and the deter-
mined diffusion coefficient for this configuration is approxi-
mately an order of magnitude higher than that for the rarely
observed in-plane configuration (at a probability of 11.4%). By
comparison, Cl− ions prefer to embed into the water plane
adopting the in-plane configuration (at a probability of 99.2%).
The positional distribution of ions is in line with the trend
reflected in the density profiles (Fig. 2b). Furthermore, it is
interesting to note that the diffusion coefficient for the in-
plane Cl− is comparable to that for the in-plane Na+, but about
an order of magnitude lower than that of the off-plane Na+

(Table 1). This result further confirms that the faster Na+

diffusion originates from its high preference to stay far away
from the water plane, a configuration maintaining high mobi-
lity. The different dynamics demonstrated for Na+ and Cl−

clearly indicate distinct interactions of these two ions with sur-
rounding water molecules or wall surfaces. In particular, the
water molecules in the bilayer ice have a preferential orien-
tation and therefore exhibit a non-zero quadruple moment,
giving rise to different interactions with cations (such as Na+)
and anions (such as Cl−). This effect was shown to induce a
few interesting observations such as access of anions next to
hydrophobic plates.38 In addition, we expect that the present
findings could be extended to a trilayer system, because trilayer
ice was found to appear for certain plate separations at high
lateral pressures,39 although trilayer liquid water was observed
in these systems at ambient pressures.40

An interesting issue regarding the aforesaid anomalous ion
diffusion is to know how Na+ achieves the predicted high
mobility for the off-plane configuration. Fig. 4a shows the path
lines of two typical Na+ ions along the (x, y) direction within a
20 ns duration: an in-plane Na+ (brown) and an off-plane Na+

(green). It is found that the in-plane Na+ fluctuates slightly
around its original site with very rare hopping events. This is
partially because the lateral movement of Na+ in this configur-
ation would involve significant motion of surrounding water
such as the exchange of neighboring water molecules with this
ion, a process that needs to overcome large energy barriers. In
stark contrast, the off-plane Na+ exhibits a number of hopping
events from one coordinate site to the next, leading to a more
widespread distribution of Na+ positions in the (x, y) plane

than that for the in-plane Na+ (Fig. 4a). A few such typical
events are highlighted in the MD snapshots shown in Fig. 4b
(see also the Supplemental Video in the ESI†) and in a sche-
matic diagram shown in the inset of Fig. 4a. Initially, a Na+ ion
(blue) in its coordination site was surrounded by six adjacent
water molecules forming a “triangular prism” (topmost panel),
with three water molecules contributed by the upper water
plane (red) and the other three by the lower water plane
(green). This Na+ ion can hop progressively between its
original “triangular prism” and contiguous “prisms” formed
by neighboring water molecules, with each hopping event
occurring typically on the time scale of a few hundreds of
picoseconds. It is noteworthy that such Na+ hopping does
not involve any significant movement or rearrangement of
neighboring water molecules, thus overcoming lower energy
barriers compared to the Na+ movement in the in-plane
configuration. As a result, the frequent hopping of Na+ in
the off-plane configuration leads to the fast Na+ diffusion
predicted above.

To examine the proposed mechanism for the anomalous
ion diffusion, we compared the results from a series of MD
simulations on confined solutions of different alkali metal
chlorides including LiCl, NaCl, KCl, RbCl and CsCl. At a low
density (ρ = 0.97 g cm−3), a diffusion enhancement factor
(Dion/Dwater) less than 1 for all these cations suggests a slower
diffusion with respect to water (see the inset in Fig. 5a). At a
high density (ρ = 1.24 g cm−3), the smallest alkali metal ion Li+

was found to also diffuse notably faster than water, similar to
the case of Na+, with a diffusion enhancement factor at 30.9
(Fig. 5a). By comparison, the diffusion enhancement for larger
alkali metal ions including K+, Rb+ and Cs+ is much weaker
than that for smaller ions, indicated by low diffusion enhance-
ment factors not exceeding 10. In particular, no evident
enhancement in ionic diffusion was seen for the two largest
ions Rb+ and Cs+, as indicated by a low enhancement
factor around 2. In Fig. 5b, we plot the fraction of
these cations adopting the in-plane configuration in solutions

Table 1 Probability distribution of ion configurations and their corres-
ponding lateral diffusion coefficients

Configuration Percentage (%) Dxy (10
–8 cm2 s−1)

Na+ In-plane 11.4 0.52
Off-plane 88.6 4.85

Cl− In-plane 99.2 0.26
Off-plane 0.8 —

Fig. 4 Mechanism of fast Na+ diffusion. (a) The in-plane path lines (in
the (x, y) plane) of an in-plane Na+ (brown) and an off-plane Na+ (green)
in a 20 ns trajectory when both ions were trapped in the lattice of an ice
bilayer. The Na+ position (x, y) at the beginning of the trajectory was set
as (0, 0). (b) Top-view snapshots showing three sequential hopping
events of an off-plane Na+ occurring in a 0.5 ns duration. A schematic
of the hopping trace of this ion is provided in the inset of panel a.
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at ρ = 1.24 g cm−3. It is clear that an inverse relationship is
present between an ion’s diffusion enhancement (Fig. 5a) and
its affinity to the in-plane configuration (Fig. 5b). For instance,
the two smallest ions, Li+ and Na+, both have a low probability
of around 10% to embed into either of the water planes; in
other words, these two ions prefer to adopt the more mobile
off-plane configuration (at a probability of about 90%) because
they can fit well with the “triangular prism” formed between
the two water planes (see Fig. 4b), leading to their fastest
diffusion rates among all the alkali metal ions (Fig. 5a). In con-
trast, larger cations K+, Rb+ and Cs+ cannot fit well within the
“triangular prism” and therefore have a probability of higher
than 90% to embed into either of the water planes, namely
adopting the less-mobile in-plane configuration. As a result, a
quite low diffusion enhancement was observed for these three
large ions (Fig. 5a). Note that K+ has a relatively low probability
of ∼91% for the in-plane configuration than those for Rb+ and

Cs+ at ∼99%, resulting in a relatively higher diffusion enhance-
ment factor for K+ over Rb+ and Cs+.

It is generally accepted that an extremely low solubility is
present for salts in bulk ice crystals, that is, most salt ions are
rejected from aqueous salt solutions upon freezing.41,42 On the
other hand, a small amount of salt ions can be accommodated
in the lattice of the ice, giving rise to the so-called ice
doping.43,44 Earlier work suggested that an increase in the salt
concentration45 or a decrease in temperature44 could increase
the amount of trapped ions in ice crystals. In the present
study, a sudden increase in the density (equivalent to a
sudden increase in the lateral pressure) was used to induce the
transition of a bilayer liquid to a bilayer solid. Note that this
transition occurs rapidly on the time scale of a few nano-
seconds, mostly due to the presence of an extreme confine-
ment. As a result, ions were not seen to be rejected from the
ice crystal, but instead, were eventually trapped at different
sites inside the HB network formed by water molecules (see
Fig. 4b). Such trapping of ions inside a solid-like crystal was
also found in a very recent simulation of a bulk NaCl solu-
tion.44 In that work, no evident diffusion of ions was observed,
even though the simulation lasted up to a few microseconds.
Similarly, we carried out a test simulation of ions trapped in
the lattice of a bulk ice crystal and found no significant
enhancement in ion diffusion (ESI, section III†).

4. Conclusions

In summary, we revealed an anomalous cation diffusion with
respect to the diffusion of water molecules when ions are
trapped in the lattice of a confined ice bilayer by comprehen-
sive MD simulations. In particular, the diffusion enhancement
of small alkali metal ions such as Li+ and Na+ is the most sig-
nificant because they have a high preference to reside in the
interlayer space between the two water planes forming the ice
bilayer, a configuration found to be highly mobile due to the
frequent lateral hopping of ions inside the ice bilayer. In con-
trast, the diffusion enhancement of larger cations K+, Rb+ and
Cs+ as well as anion Cl− is not as significant as that for Li+ and
Na+, because the former prefer to embed into either of the two
water planes, a configuration that suppresses diffusion. The
present findings should extend our understanding of the
diffusive dynamics of solutes in solutions under confinement.
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