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ABSTRACT: Traditional polymeric anion exchange membranes
(AEMs) suffer from longstanding issues such as low ionic conductivities,
poor stability, and high toxic preparation procedures. Recent experi-
ments demonstrated that exfoliated two-dimensional layered double
hydroxide (2D-LDH) could provide a super high hydroxide ion
conductivity of about 0.1 S/cm, which is 1 to 2 orders of magnitude
higher than that of commercial AEMs. However, the hydroxide ion
conduction mechanism of this material is still unclear. Our ab initio
molecular dynamics (AIMD) simulation results reveal that the positively
charged 2D-LDH slab (Mg2Al(OH)6

+) can induce a quasi-two-
dimensional hydroxide ion transportation behavior along the surface of
2D-LDH with a diffusivity comparable with that in the bulk water
environment. When restacking 2D-LDH nanosheets, the spatial confinement will destroy the connectivity of the hydrogen bonding
network and hamper the hydroxide ion conduction capability. The hydroxyl functional groups on 2D-LDH can mediate the
hydroxide ion transportation process between non-adjacent water molecules with a relatively high energy barrier, which can only be
activated in low humidity conditions. Our results shed light on future designs of stable anion exchange membranes based on
inorganic 2D materials.

1. INTRODUCTION
Anion exchange membranes (AEMs) play a vital role in many
renewable energy and bioelectronic devices, such as fuel cells,
water electrolysers, and sensors.1−3 For example, most current
fuel cell technologies operate in an acidic environment and
require the usage of a noble metal catalyst. With satisfying-
performed AEMs, the operation conditions of fuel cells can
shift to an alkaline environment, where much cheaper and
abundant non-precious metal catalysts can be employed.4,5

Most of the commercial AEMs consist of hydrocarbon
mainchains connecting quaternary ammonium functional
groups that can conduct hydroxide anions. The preparation
of polymeric AEMs involves highly toxic procedures, and the
quaternary ammonium functional groups suffer from poor
thermal and chemical stability.6 On the other hand, the typical
ionic conductivity of commercial AEMs is only about 10−3 to
10−2 S/cm7, which is one or two magnitudes lower than that of
commercial proton exchange membranes. Therefore, the
development of next-generation environmental-friendly
AEMs that can provide high ionic conductivity as well as
good thermal and chemical stability is an urgent task.
Layered double hydroxide (LDH) is a class of clay-like

compounds consisting of alternatively stacked positively
charged metal hydroxide layers and hydrated interlayer
charge-compensating anions.8 It shows superior thermal and
chemical stability as well as rare intrinsic hydroxide ion
conductivity, although the ionic conductivities are typically

lower than 10−3 S/cm.9,10 Most of the previous studies focused
on incorporating LDH nanoparticles into an anion-conductive
matrix to enhance the stability and barrier property.11−13 Being
a layered compound, LDH can be exfoliated into two-
dimensional (2D) nanosheets. The physical and chemical
properties of these 2D nanosheets can be dramatically different
from their bulk counterparts and may provide new choices for
the design of ionic sieving membranes.14,15

In 2017, Sun et al.16 demonstrated that, when exfoliating
bulk LDH into single-layer 2D-LDH nanosheets, its hydroxide
ion conductivity can be prominently increased from 10−3 to
10−1 S/cm, which is comparable with that of commercial
proton exchange membranes.7 This outstanding anionic
conductivity, together with superior stability, makes 2D-LDH
a promising building block for the construction of future
generations of AEMs. Further isotope experiments show that
the hydroxide ion transportation mechanism depends on the
relative humidity (RH) conditions.17 At higher RH, the strong
isotope effect indicates a Grotthuss-type hydroxide ion
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conduction,18 while at lower RH, the hydroxide ion
propagation was mainly realized via proton transfer with the
surface hydroxyl functional groups of 2D-LDH involved.
However, it is experimentally challenging to investigate how
the 2D-LDH nanosheets interact with water molecules and
how the hydroxyl functional groups and water molecules
participate in the hydroxide ion propagation process. On the
other hand, previous theoretical explorations mainly focused
on a vacuum environment with several water molecules
adsorbed using the density functional theory (DFT) approach,
which neglects the possible influence of an aqueous environ-
ment and temperature.
In this work, we comprehensively investigated the detailed

hydroxide ion transportation mechanism along the surface of
2D-LDH nanosheets via performing extensive ab initio
molecular dynamics (AIMD) simulations. It is found that the
surface hydroxyl functional groups can form a stable hydrogen
bonding network with water molecules, and the hydroxide ion
exhibits a quasi-two-dimensional conduction behavior along
the adjacent layer of water molecules near the positively
charged 2D-LDH slab. This result is consistent with previous
molecular dynamics simulations on polymeric AEMs, where
the hydroxide ion prefers to stay close to the tethered cationic
groups.19 Though the movement of the hydroxide ion along
the vertical direction has been restrained, its diffusivity along
the 2D-LDH surface is still comparable with that in the bulk
water environment. When restacking together, the hydroxide
ion diffusivity along the 2D-LDH surface will dramatically
decrease, which may be caused by the broken hydrogen
bonding network connectivity as well as the increased
electrostatic repulsion from interlayer anions induced by the
spatial confinement. Surface hydroxyl functional groups of 2D-
LDH can bridge the hydroxide ion conduction between two
non-adjacent water molecules with a relatively high energy
barrier of about 0.15 eV, which can only be activated under
low RH conditions. Our computation results explained
previous experimental observations and unraveled the
hydroxide ion transportation mechanism along the surface of

2D-LDH nanosheets, which will shed light on the design of
next-generation AEMs.

2. COMPUTATIONAL METHODOLOGY

Classical MD and AIMD simulations were performed using
LAMMPS20,21 and CP2K22 software packages, respectively. In
classical MD simulations, the ClayFF force field23,24 was
employed. The pressure and temperature damping constants
were set to be 1000 and 100 fs for the NPT and NVT in MD
simulations. In NPT simulations, the pressure was set to be 1
atm and the temperature was set to be 300 K. In NVT
simulations, the temperature was set to be 300 K. In AIMD
simulations, ab initio Born−Oppenheimer MD was used for
the propagation of classical nuclei. The convergence criterion
was set to be 1 × 10−7 a.u. for the optimization of the wave
function using the Gaussian and plane wave method, and the
wave function was expanded in the Gaussian double zeta with a
valence polarization function basis set. An auxiliary basis set of
plane waves was used to expand the electron density up to a
cutoff of 400 Ry. The core electrons were treated using the
Perdew−Burke−Ernzerhof (PBE) gradient correction25 and
Goedecker−Teter−Hutter26 pseudopotentials. Density func-
tional theory (DFT)-D3 correction27 was used to account for
the van der Waals interaction. All the hydrogen atoms were
replaced with deuterium, and a time step of 0.5 fs was adopted.
It has been widely reported that DFT calculations with
generalized gradient approximation (GGA) functionals yield
over-structured liquid under ambient conditions,28−30 and a
temperature around 400 K was necessary for the PBE
functional to obtain an oxygen−oxygen pair correlation
function comparable with that of the experiment at room
temperature.31 Thus, for the AIMD simulations in the NVT
ensemble, the Nosé−Hoover chain thermostat32 with a time
constant of 100 fs was used to keep the temperature at T = 400
K.
The hydrogen bonds were identified using a set of geometric

criteria (eq S1). Two molecules are considered to form a
hydrogen bond if the distance between the oxygen atoms of
these molecules (RO−O) is smaller than 3.3 Å, or the distance

Figure 1. Snapshot and density profile of water as a function of distance to 2D-LDH of the L system. (a) Snapshot of AIMD simulation; here, IM
denotes the intermediate region, and IF denotes the interfacial region. (b) Density profile of water, where the light blue area represents 2D-LDH.
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between the oxygen and chloride atoms of these molecules
(RO−Cl) is smaller than 3.8 Å, and at the same time, the angle
between the O...O or O...Cl and the O...H vector is less than
30°. The cutoff values of RO−O and RO−Cl are determined
based on the radial distribution function obtained from AIMD
simulations, as shown in Figure S14.
We defined two variables, h(t) and H(t), to characterize the

hydrogen bond dynamics. h(t) is equal to 1 if a particular water
pair is hydrogen-bonded and zero otherwise. H(t) = 1 indicates
that a pair of water molecules remains hydrogen-bonded from t
= 0 to time t and zero otherwise. The hydrogen bond time
correlation function SHB(t) is defined as eq S2

S t
h H t

h
( )

(0) ( )
(0)HB 2= ⟨ ⟩

⟨ ⟩ (S3)

It gives the probability that an initially hydrogen-bonded
pair remains hydrogen-bonded all the time from t = 0 to t.

3. RESULTS AND DISCUSSION
3.1. 2D-LDH in the Aqueous Environment. As the

hydroxide ion conduction capability of 2D-LDH strongly
depends on the humidity conditions, we first investigated the
interaction between 2D-LDH and water molecules. One of the
most common types of LDH, the Mg2Al1(OH)6

+ slab with Cl−

as the counter ion was chosen to construct the simulation
systems. A supercell containing a Mg8Al4(OH)24

4+ slab with
four Cl− ions was adopted in our simulation. The interphase
between 2D-LDH and water was constructed by putting the
2D-LDH slab and charge-compensating Cl− ions into a box
filled with water molecules with a density of 1 g cm−3. Here, we
choose this water density to simulate extreme conditions with
high humidity. Then, classical MD simulation in the NPT
ensemble (P = 1 atm, T = 300 K) was performed for 2 ns with
x and y directions fixed. Afterward, the system was equilibrated
in the NVT (T = 300 K) ensemble for another 2 ns. This
system was denoted as the “large system (L system)” in the
following context, and its detailed configuration after MD
equilibration is listed in Table S1. Then, we analyzed the
water/2D-LDH interphase by collecting data from both a 1 ns
MD simulation and a 20 ps AIMD simulation in the NVT
ensemble. Figure 1 shows the snapshot of the L system and the

water density distribution obtained from the AIMD simulation.
It can be found that the water density distribution shows a
peak at about 2 Å away from the surface of 2D-LDH, and the
water density after the first peak oscillates around 1 g cm−3.
Based on this observation, the aqueous phase was classified
into “interfacial (IF)” and “intermediate (IM)” regions (see
Figure 1). In Figure S2, we show the trajectory of Cl− ions as a
function of time during the AIMD and MD simulations. It can
be found that, for each side of 2D-LDH, there exists two Cl−

ions, and one of the Cl− ions will stay in the IF region, while
the other one prefers to stay in the IM region. Water molecules
in the IF region show a clear orientation preference (see Figure
S3), which is induced by the hydrogen bonds formed between
IF water and the surface hydroxyl functional groups of 2D-
LDH. Further analysis of the correlation functions of hydrogen
bonds33 and water dipole,34 as shown in Figures S4 and S5,
reveal that the hydrogen bonds formed between IF water
molecules and the surface hydroxyl functional groups of 2D-
LDH are more stable than any other type of hydrogen bond in
this system.
In practical applications, it is a common practice to stack the

exfoliated 2D nanosheets together to form a thin film
membrane.35−37 The interlayer spacing between restacked
2D nanosheets can serve as selective channels for ion
transportation. To explore the hydroxide ion transportation
behavior in the galleries formed by restacked 2D-LDH, we
constructed a “small system (S system)” with an interlayer
spacing of 10.86 Å, as shown in Figure 2a (the experimental
interlayer spacing of restacked 2D-LDH is about 1.1 nm16).
The detailed construction protocol is elaborated in the
Supporting Information. Figure 2b shows the water density
distribution as a function of distance to 2D-LDH obtained
from AIMD simulation. It can be found that the water
molecules inside the interlayer spacing of 2D-LDH exhibit a
clear stratified structure with two density peaks. We classified
the water molecules into the SI and SII region based on this
stratified structure (see Figure 2a). Figure S7 shows the
trajectories of Cl− as a function of time during the AIMD and
MD simulations. For each water layer, two Cl− ions can be
found during the entire simulation time. Similar to the L
system, the orientation distribution of water molecules in SI

Figure 2. Snapshot and density profile of water as a function of distance to 2D-LDH of the S system. (a) Snapshot of AIMD simulation and (b)
density profile of water, where the light blue area represents 2D-LDH.
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and SII regions is significantly altered by the surface hydrogen
bonds, as shown in Figure S8. The lifetime of hydrogen bonds
formed between water molecules and the surface hydroxyl
functional groups of 2D-LDH is a bit shorter than that
between IF water and 2D-LDH in the L system but still much
longer than any other cases, as shown in Figure S4.
3.2. OH− Distribution near the 2D-LDH Surface. We

study the OH− transportation behavior both along the surface
of 2D-LDH and inside the interlayer spacing of 2D-LDH using
AIMD simulations. As OH− in experiments was generated
from water hydrolysis, we first replaced one water molecule in
the L system with a hydroxide ion and a proton attached to
another water molecule. Then, we tracked the trajectories of
OH− and H+ based on the following rules: (i) if one oxygen
atom in the aqueous phase is connected with only one
hydrogen atom, then it will be identified as OH−. (ii) If one of
the surface hydroxyl functional groups of 2D-LDH loses its H
atom, then the bare O atom in 2D-LDH will be identified as
the atom that carries the charge of OH−. (iii) If one oxygen
atom in the aqueous phase is connected with three hydrogen
atoms, then it will be identified as the hydronium ion that
carries the proton. As shown in Figure S9, OH− remains close
to the 2D-LDH slab, which may be caused by the electrostatic
attraction, while H+ and one of the four Cl− ions remain far

away from the slab before the recombination of OH− and H+

occurs at about 13 ps. Thus, to avoid the recombination of
OH− and H+, which may prevent us from observing the OH−

diffusion property, in the following calculations, H+ and one of
the Cl− ions were removed from the simulation system. For
both the L and S systems, 10 ps AIMD simulations in the NVT
ensemble were performed for equilibration. Afterward, the
trajectories of OH− were collected from another two 100 ps
AIMD simulations. The OH− position as a function of time in
the L system can be found in Figure 3a, where we can see that
OH− still prefers to stay close to the surface of 2D-LDH. The
surface hydroxyl functional groups will occasionally participate
in the OH− propagation procedure by losing its H atom. The
time ratio that the surface hydroxyl functional group carries in
the charge of OH− is 0.61% during our simulation, indicating
that, in most cases, OH− prefers to transport among water
molecules. Figure 3b shows the free energy profile of OH− as a
function of distance to 2D-LDH, which quantified the free
energy required to move a hydroxide ion from one position to
another. The free energy profile was calculated based on the
following equation38

F k T Pln( )zB= − (1)

Figure 3. Hydroxide ion diffusion trajectory and energy profile in the L system. (a) Hydroxide ion diffusion trajectory in AIMD simulation. (b)
Hydroxide ion energy profile (black line with blue circles) and water density profile (red line with a pink shade) as a function of distance to 2D-
LDH. The light blue area represents 2D-LDH.

Figure 4. Hydroxide ion diffusion trajectory and energy profile in the S system. (a) Hydroxide ion diffusion trajectory in AIMD simulation. (b)
Hydroxide ion energy profile (black line with blue circles) and water density profile (red line with a pink shade) as a function of distance to 2D-
LDH. The light blue area represents 2D-LDH.
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where kB is the Boltzmann constant, T = 300 K, and Pz is the
probability that OH− appears in a distance of z to 2D-LDH.
The lowest energy value was defined as zero. It can be found
that the presence of 2D-LDH can confine the OH− ion in the
IF region, and it may serve as a regulator to guide the OH−

transport in the future design of AEMs.
For the S system, the OH− diffusion trajectory and the

corresponding energy profile are shown in Figure 4. It is not
surprising to see that OH− prefers to stay in areas with high
water density. Similar to the case of the L system, the surface
functional groups of 2D-LDH participate in the OH−

migration process occasionally with a time ratio of 0.65%.
The distance of OH− relative to its initial position as a

function of time in both the L and S system was calculated, as
shown in Figure S10. It can be found that, for both the L and S
system, a typical burst-and-rest dynamics similar to that in the
bulk water environment can be observed,39 but the migration
distance of OH− in the S system is much shorter than that in
the L system. Figure S11 shows the index of oxygen that carries
the charge of OH− as a function of time. Both the Grotthuss
and vehicle transportation mechanism contribute to the OH−

migration process in an aqueous environment. When the
hydroxyl functional groups of 2D-LDH participate, however,
the OH− migration can only be achieved via Grotthuss
hopping between the water molecules and the surface
functional groups, which is similar to previous reports.40−42

The hopping rates of OH− in L and S systems are 12.26 and
11.36 ps−1, respectively, which are comparable with each other.
The coordinations of OH− in both L and S systems were

analyzed by calculating the radial distribution function of O*
(oxygen atom in OH−) and other oxygen atoms,43 as shown in
Figure S12. In both L and S systems, the coordination number
of nO*O is about 4, which agrees with the previous analysis on
the OH− solvation structure in bulk water.18 Moreover, one of
the coordinated oxygen atoms comes from the surface
hydroxyl functional groups of 2D-LDH. These results indicate
that the surface hydroxyl functional groups of 2D-LDH can
form stable hydrogen bonds with OH−.
3.3. Proton Hole Transfer between Water Molecules.

The elementary OH− transportation behaviors were inves-
tigated by calculating the proton hole transfer energy barriers
between different types of water molecules. The proton hole
transfer coordinate δ was defined as the distance difference
between the proton and its two nearest oxygen atoms O1 and

O2 (δ = RH − O1 − RH − O2), as illustrated in the insets of
Figure 5.38,44 In addition to the L system, the S system, and a
bulk water system containing 64 water molecules (denoted as
“bulk water”), a system with 42 water molecules and two Cl−

ions (denoted as the “42 water + Cl− system”) was constructed
as well. The Cl− concentration in the 42water + Cl− system is
the same as that in the IM region of the L system; thus, the
possible influence of Cl− toward the proton hole transfer
energy barriers can be examined. Detailed system config-
urations are listed in Table S1. For proton hole hopping
between IF water and IM water in the L system, the oxygen
atom of IF water was denoted as O1, and the oxygen atom of
IM water was denoted as O2. In other cases, the water
molecules are equivalent, and the O1 and O2 index were
assigned randomly. Figure 5a shows the energy profiles for
proton hole transfer in the L system. It can be found that the
proton hole migration energy barriers between IF water
molecules, IM water molecules, bulk water molecules, and
water molecules in the 42water + Cl− system are close to each
other. While the energy barrier of proton hole hopping
between the IF water molecule and IM water molecule is much
higher, the energy profile is asymmetric. The asymmetric
energy profile suggests that OH− prefers to stay in the IF
region, which agrees with our calculation results shown in
Figure 3. It should be noted that Figure 5 shows just the
energy profiles of elementary proton hole transfer reactions,
while the energy profiles in Figures 3 and 4 are obtained from
the statistical results of the OH− position, which are also
influenced by other factors such as water density.
Figure 5b shows the energy profiles of proton hole transfer

in the S system. Previous studies suggest that the OH−

conductivity of restacked 2D-LDH is much smaller than that
of a single-layer 2D-LDH nanosheet;15−17 however, we are
surprised to see that the energy barrier for proton hole hopping
between water molecules in the same layer (intralayer) of the S
system is similar to that between bulk water molecules and
water molecules in the 42water + Cl− system. The proton hole
hopping energy barrier between water molecules in different
layers (interlayer) is similar to the energy barrier between IF
and IM water molecules. These results suggest that the spatial
confinement did not significantly change the elementary
proton hole hopping behavior.

3.4. OH− Diffusion Coefficient. The OH− conductivity
was determined by the OH− diffusion property. The OH−

Figure 5. Free energy profiles for proton hole transfer between water molecules in different systems. (a) L system and (b) S system. The data were
collected from 100 ps AIMD simulations.
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diffusion coefficient in different systems was obtained from five
independent AIMD simulations that last 10 ps with different
initial geometries, as shown in Figures S13−S16. The
calculated diffusion coefficients are listed in Table 1. The

calculated isotropic diffusion coefficient (Diso) of OH− in bulk
water is about 4 times higher than the experimental value (5.4
× 10−5 cm2·s−1)45 but agrees with previous calculation results
using the PBE functional.46 The presence of Cl− in bulk water
did not change the OH− diffusion coefficient. For L and S
systems, as the OH− migration is quasi-two-dimensional, only
the lateral mean square displacement (MSD) and diffusion
coefficient along the xy plane (D″) were calculated. For the L
system, though the migration of OH− is confined in the vertical
direction, the lateral diffusion coefficient of OH− is comparable
with that in bulk water. Although OH− is trapped in the IF
region by the presence of the 2D-LDH slab, the lateral
migration process is not impeded.
On the other hand, the lateral OH− diffusion coefficient in

the S system is much smaller, which is consistent with the
experimentally observed low ionic conductivity of restacked
2D-LDH nanosheets. To explain this phenomenon, we
analyzed the hydrogen bonding network formed by water
molecules in different systems.47 The hydrogen bonding status
of a water molecule is denoted as AiDj, meaning that this water
molecule accepts i hydrogen bonds and donates j hydrogen
bonds (i, j = 2, 1, or 0). Figure 6 shows the hydrogen bond
statistics only considering hydrogen bonds formed between
water molecules. The hydrogen bond statistics of the IM
region in the L system are similar to those of the 42water + Cl−

system, as shown in Figure S18, suggesting that the influence
of 2D-LDH toward IM water is weak. However, different from
IM water, the A1D2 structure is the most popular hydrogen
bonding status for IF water molecules. This is caused by the
fact that most of the IF water molecules accept a hydrogen
bond from 2D-LDH, which can be validated by the hydrogen

bond statistics considering all kinds of hydrogen bonds, as
shown in Figure S19 and Table S4. For the S system, the
hydrogen bond statistics of water molecules are dramatically
different from both the IF and IM regions of the L system.
Water molecules with the hydrogen bonding status of A0D0,
A0D1, and A1D0 account for half of the total number of water
molecules. As OH− mainly propagates among water molecules
via the Grotthuss mechanism,18 only a connected hydrogen
bond network can realize a long-distance OH− migration. The
water molecules with the hydrogen bonding status of A0D0,
A0D1, and A1D0 can be regarded as an isolated point or the end
of the hydrogen bonding network and cannot pass OH−

further, as shown in Figure S20. As listed in Table S4, only
half the amount of the hydrogen bonds in the S system is
formed between water molecules. Compared with the
hydrogen bonding network in the IF region, the spatial
confinement of restacked 2D-LDH increases the ratio of
hydrogen bonds formed between water molecules and the Cl−

ion. Consequently, though with a low proton hole hopping
energy barrier, OH− can only rattle among several water
molecules in a localized area in the S system, which
significantly hampered its diffusion capability. On the other
hand, the spatial confinement will also enhance the electro-
static repulsion between OH− and Cl−, which will further
decrease the OH− diffusivity. Figures S21 and S22 show the
distance of OH− and Cl− ions relative to their initial position
as a function of time in both the L and S system. It can be
found that the migration property of Cl− ions does not seem to
be significantly affected by the spatial confinement, while the
OH− migration capability of OH− in the S system is
significantly reduced.

3.5. 2D-LDH-Mediated OH− Migration. In Figures 3 and
4, we found that the surface hydroxyl functional groups of 2D-
LDH can occasionally participate in the OH− migration
process. Detailed inspection of the OH− migration process
reveals that only the proton hole hopping between 2D-LDH
surface hydroxyl functional groups and IF water molecules can
be observed. Namely, the proton hole cannot directly transport
between the surface hydroxyl functional groups. Here, we
denote surface hydroxyl oxygen as O1 and water oxygen as O2.
The proton hole transfer coordinate δ (δ = RH − O1 − RH − O2)
was calculated and analyzed. The proton hole hopping energy
profiles between water molecules and surface hydroxyl
functional groups of 2D-LDH in both L and S systems are

Table 1. Calculated Diffusion Coefficient of OH− in
Different Systems

L system
(D″)

S system
(D″)

bulk water
(Diso)

42water + Cl−
(Diso)

D (10−5 cm2·
s−1)

18.1 5.0 21.2 20.9

Figure 6. Hydrogen bond statistics of water molecules in different systems. (a) IF region in the L system, (b) IM region in the L system, and (c) S
system. The digital numbers in the square represent percentage (%) of corresponding water molecules that accept and/or donate i = 2, 1, or 0 H-
bonds denoted by Ai and Di, respectively. Only hydrogen bonds formed between water molecules were considered.
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shown in Figure 7. It can be found that the spatial confinement
of restacking shows little influence toward the proton hole
hopping energy barriers. The asymmetric energy profiles
suggest that OH− in the aqueous phase is a more stable
state. Extracting one hydrogen atom from the surface hydroxyl
functional groups needs to overcome an energy barrier of
about 0.15 eV.
In aqueous or high RH conditions, as suggested by our

calculations, OH− mainly propagates via the Grotthuss
mechanism among water molecules and the participation of
surface hydroxyl functional groups of 2D-LDH is not
indispensable. In low RH conditions, however, the involve-
ment of 2D-LDH surface functional groups may become
important. As illustrated in Figure 8, the surface hydroxyl
functional group can mediate the proton hole transportation
between non-adjacent water molecules and makes the long-
distance OH− migration possible, which is similar to our
previously proposed water-mediated proton transportation
along the surface of GO nanosheets.48 This proposed
mechanism perfectly explained the experimentally observed
weak isotope effect and much lower OH− conductance of 2D-
LDH in a low RH environment.

4. CONCLUSIONS

In summary, our AIMD simulation results show that water
molecules near the surface of 2D-LDH play a vital role in OH−

transportation in aqueous or a high RH environment. OH− will

be trapped in the first adsorbed layer of water molecules near
the surface of 2D-LDH, and it will then migrate along the 2D-
LDH surface with a diffusion coefficient comparable with that
of bulk water. Restacking 2D-LDH will not significantly
influence the elementary OH− hopping energy barriers but will
result in a much lower diffusion coefficient due to the
detriment of the hydrogen bond network connectivity. The
surface hydroxyl functional groups can participate in the OH−

propagation process with a relatively high OH− hopping
energy barrier of 0.15 eV, which can only be activated in low
RH conditions.
Our work elucidated the OH− propagation mechanism

along the surface of 2D-LDH nanosheets. The high lateral
diffusion coefficient of OH− along the surface of 2D-LDH
verified the feasibility of using 2D-LDH as a building block for
future AEMs. When restacking the exfoliated 2D-LDH
nanosheets, the interlayer distance needs to be tuned explicitly
by functionalization or intercalation to enlarge the interlayer
spacing and maintain the superionic conductivity.9,49,50 Low
RH operation conditions should be avoided in general.
However, in some circumstances that do not require a high
OH− conductance, 2D-LDH can still function as a stable OH−

conductor.

Figure 7. Free energy profiles for proton hole transfer between the surface hydroxyl functional groups of 2D-LDH and water molecule in (a) the L
system and (b) the S system.

Figure 8. Proposed surface hydroxyl functional group mediated the hydroxide ion propagation scenario in low RH conduction.
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