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ABSTRACT: layered double hydroxide (LDH) as a kind of 2D layer material has a swelling phenomenon. Because swelling
significantly affects the adsorption, catalysis, energy storage, and other application properties of LDHs, it is essential to study the
interlayer spacing, structural stability, and ion diffusion after swelling. In this paper, a periodic computational model of Ni3Al-LDH is
constructed, and the supramolecular structure, swelling law, stability, and anion diffusion properties of Ni3Al-LDH are investigated
by molecular dynamics theory calculations. The results show that the interlayer water molecules of Ni3Al-LDH present a regular
layered arrangement, combining with the interlayer anions by hydrogen bonds. As the number of water molecules increases, the
hydrogen bond between the anion and the basal layer gradually weakens and disappears when the number of water molecules
exceeds 32. The hydrogen bond between the anion and the water molecule gradually increases, reaching an extreme value when the
number of water molecules is 16. The interlayer spacing of Ni3Al-LDH is not linear with the number of water molecules. The
interlayer spacing increases slowly when the number of water molecules is more than 24. The maximum layer spacing is stable at
around 19 Å. The interlayer spacing, binding energy, and hydration energy show an upper limit for swelling: the number of water
molecules is 32. When the number of interlayer water molecules is 16, the water molecules’ layer structure and LDH interlayer
spacing are suitable for anions to obtain the maximum diffusion rate, 10.97 × 10−8 cm2·s−1.

1. INTRODUCTION
Layered double hydroxide (LDH), also known as anionic clays
or hydrotalcite,1 is a class of inorganic functional materials with
a layered structure, which can form a large type of structurally
similar anionic layered materials by modulating the composi-
tion of the basal layers and the interlayer ions and molecules
(Figure 1 for the structure). It has been widely studied in
energy storage and conversion,2 controlled-release drugs,3

catalysis,4 sensors,5 and environmental protection.6 With the
progress of modern testing methods and the expansion of
cross-disciplinary research, LDHs have found new applications
in functional polymer materials, cosmetics, and other fine
chemicals,7,8 demonstrating a broader application prospect.
The physical or chemical role of LDH interlayer active sites

is required for energy storage and conversion, controlled drug
release, catalysis, magnetic energy, ion adsorption, and other
fields.9−14 The large interlayer spacing is necessary to

accelerate the molecular and ionic guests into the interlayer
for ion exchange or chemical reaction and improve the
performance of LDHs. Usually, inorganic anions intercalate
LDH with small interlayer spacing, slow ion transport rates
between layers, and underutilization of interlayer active sites.
Therefore, improving the electrochemical performance by
expanding the interlayer spacing of LDHs, improving the ion
transport kinetics, enhancing the multiplicative capacity,15 and
activating more electrochemically active sites in the inter-
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layer16−19 have become an important research topic. Large-size
anion intercalation is usually used to expand the interlayer
spacing of LDHs. Xiao et al.20 prepared CoAl-A-LDH with
interlayer spacings of 0.76, 0.87, and 2.58 nm in order by the
hydrothermal method using CO3

2−, SO4
2−, and dodecyl sulfate

as intercalation anions. The CoAl(DS−)-LDH sample with the
largest interlayer spacing (2.58 nm) has the smallest charge
transfer and diffusion resistance, which is better than the
samples with interlayer spacings of 0.76 and 0.87 nm. Lin et
al.21 produced NiCo-LDH with an interlayer spacing of 1.53
nm by the hydrothermal method using dodecylbenzene
sulfonate as an intercalation anion. The specific capacities at
current densities of 3 and 10 A·g−1 were 1646 and 680 F·g−1,
which is much better than the control sample with an
interlayer spacing of 0.72 nm. It is shown that the expanded
interlayer spacing could effectively improve the electrochemical
properties of LDH. Ding et al.22 investigated the effective
adsorption of two anionic intercalated LDH from water to
remove F-53B harmful substances. The results showed that
SDS-LDH exhibits higher adsorption performance than NO3

−-
LDH. This is mainly due to the presence of SDS in the
interlayer, which leads to a larger interlayer spacing and
increased surface area of SDS-LDH. Zhang et al.23 systemati-
cally controlled the interlayer spacing by inserting n-alkyl
sulfonates of different carbon numbers. They investigated the
magnetic properties using temperature- and field-dependent
magnetization measurements, showing that increasing the
interlayer spacing changes the competition between in-plane
superexchange and remote out-of-plane dipole interactions.
In a previous study, our group inserted large-sized anions

into the interlayer to increase the interlayer spacing effectively.
It explored the effect of the average interlayer spacing on the
electrical performance of NiMn-LDH.24 It was also found that
the aqueous environment in which LDHs are located will cause
swelling of LDHs and increase interlayer spacing, a common
phenomenon for LDHs. However, swelling occurs in a solution
environment, and the relevant information cannot be obtained
experimentally. At the same time, the simulation is easier to get
the local interlayer spatial microscopic information when
swelling occurs.25 Related studies have seen some reports. For
example, Murthy et al.26 used molecular dynamics and density
functional theory simulations to construct a computational
model of CrO4

2− and VO4
3− insertion MgAl-LDH interlayer

after inserting different numbers of water molecules to study
the structural parameters, hydrogen bonding, hydration energy,
self-diffusion coefficients, and so forth. Costa et al.27−29 found
that the intercalating anions slightly distort the hydroxyl
groups in LDH basal layers relative to the hydro-magnesite
structure and that the anions and water molecules are arranged
in a monolayer film shape among the layers, which has a
significant effect on the interlayer spacing; the more strongly
bound anions are those with smaller ionic radii, causing a
decrease in the interlayer spacing; the electron density in the
interlayer region decreases during dehydration, inducing the
migration of Cl− anions and the displacement of hydroxyl
layers from adjacent layers, and that these structural changes
are designed to restore some of the hydrogen bonds broken
due to the removal of water molecules. Molecular dynamics
simulation by Chen et al.30 showed that in LDH (Mg2Al-
(OH)6Cl−·mH2O), water molecules are mostly fixed at
hydroxyl positions and enclosed monolayers, acting as
acceptors for hydrogen bonds provided by both upper and
lower hydroxyl groups, and diffuse in a similar way to atoms in
a solid lattice.
Although the relationship between layer, interlayer water,

and interlayer anion of LDHs has been investigated in previous
simulation studies, for example, Marappa and Vishnu
Kamath31 experimentally considered the interaction between
anion hydration in layered bimetallic hydroxides and water in
the interlayer. The water content related to the hydration of
the anion was finally determined through a series of
thermogravimetric analyses. It was found that the water
molecules between the layered double hydroxide layers were
distributed between the hydrocarbon group on the metal
hydroxide layer and the inserted anion. When the anion was
CO3

2−, the required water molecule content was highest.
However, what is the generation law of interlayer swelling, and
how are the intercalation anions and water molecules lined up
with LDHs? What are the effects of swelling behavior on
interlayer spacing, structural stability, and ion diffusion? The
effect of interlayer water molecular weight Nw (the ratio of the
number of interlayer water molecules to the number of anions)
on swelling behavior, stability, and ion diffusion has not been
disclosed. Moreover, Ni3Al-LDH, with excellent performance
in energy storage, conversion, and catalysis, has not been
reported in studies on swelling. Therefore, this paper
developed the molecular dynamics32 (MD) model of the
Ni3Al-LDH structure containing interlayer water molecules
and ionic column support structure. In this paper, the role of
water molecules inserted into the layers is further studied, and
the specific distribution state of water molecules between
layers and the interaction between water molecules and anions
and layers can be more intuitively displayed according to the
calculation results of molecular dynamics. The XRD spectrum
was simulated to compare with the experimental character-
ization results and continuously optimize the model. The
influence of interlayer guest size, the guest arrangement, and
interlayer water molecular weight on interlayer spacing, system
formation energy, and spatial structure was studied. Combined
with the experimental data, the swelling and structural stability
law of LDHs is analyzed to provide a theoretical basis for
synthesizing LDHs with an optimized interlayer complex
structure.

Figure 1. Schematic diagram of the layered structure of LDHs.
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2. CALCULATION MODEL AND METHOD
2.1. Calculation Model. All simulations were performed

using the Forcite module of the Material Studio 2019 package.
The space group of Ni3Al-A-LDH was performed with P63/
mmc (no. 194), and stacking was performed in 2H with Ni/Al
of 3:1. The calculations have shown that the three oxygen
atoms of the CO3

2− anion are H-bonded with hydroxyl groups
of the hydroxide layer that results in the lowest energy (highest
stability) of the horizontal orientation of CO3

2− to the basal
layer and hampers the ion exchange.33 In this way, the LDH
stability depends on the binding mode and mobility of CO3

2−.
Therefore, it is useful to find conditions for the diffusion of
CO3

2− and we choose it as the interlayer anion. The initial
state takes water molecules randomly distributed in the
interlayer space. The lattice parameters a, b, and c were
measured concerning powder X-ray diffraction of LDHs. In
this paper, a = b = 3.055 Å, c = 7.86 Å; α = β = 90.0°, γ =
120.0°.33 Super units of each Ni3Al-A-LDH are 8 × 4 × 1 in
the a, b, and c directions. Based on the abovementioned
parameters, a model with only CO3

2− intercalation between
layers and Ni3Al-CO3

2−-LDH with different numbers of
randomly distributed water molecules between several layers
is established.

2.2. Calculation Method. Simulations of several force
fields were performed according to the force field conditions
selected by Pan et al.34 The calculation results show that the
optimization of DREIDING force field fails (force field
parameters excluding Ni); the optimized structures obtained
with COMPASS, CVFF, and PCFF force fields have poor
symmetry and large deformation in the layer structure, and
there is a staggered position between the upper and lower
layer. While the optimized structure obtained using the UFF35

has a regular and orderly arrangement of atoms (as showed in
Figure S1). The layer spacing of 0.75 nm obtained by UFF is
close to the experimental value of 0.786 nm, and so, UFF is
suitable for the structural simulation of the hydrotalcite system.
Therefore, the universal force field was used for all MD
simulations.36 The established model is first structurally
optimized for energy minimization. Then, using the twofold
structure optimization algorithm, the steepest descent is used
for the first time, and the conjugate gradient is used for the
energy minimization calculation for the second time, which
contributes to the accuracy of the optimization. An annealing
treatment follows this to allow the system to reach a steady
state more quickly and facilitate the following kinetic
calculations. The charge calculation was performed using the
charge balance method (Qeq),

37 and the temperature and
pressure control was achieved using the Andersen heat bath
and Berendsen heat bath38 methods, respectively. The long-
range electrostatic interaction was calculated using the Ewald
summation method, and the Van Der Waals force was chosen
from the atom-based method.39 The cut-off distance is
determined to be 8 Å, and the time step is 1 fs.40 The
accuracy of this calculation is chosen to consider the need for
accuracy on the one hand and the optimization of calculation
cost and time on the other hand. Since this experiment is to
study the effect of hydrotalcite insertion into water molecules,
a relatively suitable cut-off distance parameter was determined
by the error analysis of hydrotalcite layer spacing and
hydration energy. From Tables S1 and S2, we can see that
both errors are about 0.5% as the cut-off distance increases,
and so, the result of choosing 8 Å as the cut-off radius for this

calculation has shown customer reliability. The calculations are
based on a relaxation simulation of the isothermal-isobaric
(NPT) ensemble at 50 ps (equivalent to 50,000-time steps)
and a structural simulation of the NVT ensemble at 200 ps,
with a temperature set to 300 k. The first part is an equilibrium
simulation under the NPT ensemble with a total equilibrium
time of 50 ps, which is used to calculate cell parameters,
hydration energy, and binding energy. The hydration and
binding energies are calculated as the result of equilibrium after
50 ps. To improve the accuracy of the cell parameter
calculation, this paper is calculated by averaging the cell
parameters, that is, taking the average of the sum of the cell
parameters for each step number in the next 20 ps.41

According to Zhao et al.,42 it was found that the energy and
lattice parameters of the system remained almost constant after
the 200 ps simulation, indicating that the equilibrium state
could be reached within 200 ps. We conducted similar
simulations at 200, 250, 500, and 1000 ps and again found that
the balance could be achieved within 200 ps (as shown in
Table S3 and Figure S2). Our paper uses the first 50 ps as the
equilibrium time based on the application in literature and only
calculates the mean squared displacement for the last 150 ps.
The 200 ps molecular dynamics simulation is based on the
structural model calculated for the 50 ps NPT simulation. A
detailed structural analysis of selected hydration levels at 300 K
is presented in this paper.

3. RESULTS AND DISCUSSION
Several established models were selected for XRD simulation
for comparison with literature.43 The Ni3Al-CO3

2−-LDH (003)
peak at 11.85° and (006) peak at 23.85° correspond well with
the experimental data44,45 (as showed in Figure 2). In Figure 2,

it is revealed that as the number of water molecules increases,
the (003) and (006) peaks, which represent the interlayer
spacing, gradually shift to the left. The interlayer spacing of the
model without water molecules is very close to the position of
the (003) peak measured experimentally after drying,
indicating that the calculated model without water molecules
is consistent with the experimental results. It proves that the
model design is correct and reasonable. The interlayer spacing
gradually increased when the number of water molecules
gradually increased, which is consistent with the results of the
experimental study by Chen et al.46 This literature reported a
significant increase in interlayer water absorption and a gradual
increase in interlayer spacing with increasing relative humidity

Figure 2. XRD simulation of Ni3Al-CO3
2−-LDH with different water

contents.
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(RH) and immersion time in aqueous solutions. It is also
consistent with the computational simulation results of Yan et
al.47 Therefore, the computational model designed in this
paper is accurate and reasonable.

3.1. Interlayer Guest Arrangements. 3.1.1. Anion
Arrangement. The optimized results of the interlayer guest
carbonate arrangement in the interlayer for the anhydrous
interlayer model are presented in Figure 3. From Figure 3a, it

can be established that CO3
2− (circled in interlayer) is near the

basal layer’s hydroxyl group, and the carbonate’s oxygen atoms
are all above the cations of the basal layer. Figure 3b,c shows
that the CO3

2− and the basal layer are close to the parallel
arrangement, and the statistical results of bond length and
bond angle distribution of CO3

2− are shown in Figure 4a,b.
The bond length distribution state of CO3

2− has proven to be
longer than the theoretical bond length of 1.3 Å. The bond
angle distribution is concentrated on the theoretical value of
120°.29 O atoms in this arrangement of CO3

2− interact with
the basal layer H atoms by hydrogen bonding, the structure has
lower energy, and the basal layer structure remains stable, in
agreement with the literature results.48 It also shows that
hydrogen bonding only changes the C−O bond length of
CO3

2− and not the O−C−O bond angle. When the layer
contains water molecules, the CO3

2− position shifts, and the
attitude is no longer parallel to the plate (Figure 4d).
3.1.2. Water Molecular Arrangement and Hydrogen

Bonding. As shown in Figure 6, as the number of water
molecules increases, Nw = 0, 4, 8, 12, 16, 20, 30, 35, and 40, the
water molecules are arranged in one or more layers to form a
laminar structure among the layers. Local magnification is
shown in Figure 4c, the O atoms of the water molecules near
the basal layer and H atoms near the CO3

2− interlayer. In
addition, from Figure 4c, when the number of water layers is
more than 4, the interlayer water close to the basal layer is
regularly arranged. The interlayer water away from the basal
layer is less regularly arranged, caused by the hydrogen
bonding between the water molecules, CO3

2−, and the basal
layer. It can be seen from Figure 4d that the Ni3Al-CO3

2−-
LDH-nH2O system has a complex hydrogen-bonding network
with multiple hydrogen bonds. The distribution of bond
lengths from H atoms to O atoms between the basal layer,
anion, and water was analyzed using O atoms in the Ni3Al-
LDH structural model as a benchmark. The reference shows

that bond lengths less than 2.45 Å are hydrogen bonds.30 Here,
the hydrogen bonds were divided into four types: A−L type
(anion and basal layer), A−W type (anion and water), W−L
type (water and basal layer), and W−W type (water and
water), as can be observed in Figure 4d, as the number of water
molecules increases, CO3

2− gradually shifts from interacting
with the basal layer to hydrate with water molecules and
entering the hydrogen bonding network formed by water
molecules. Under the action of the water molecule, the
hydrogen bond network and the action between the water
molecule and the basal layer, the interlayer anions, and the
water molecules are arranged as mentioned above. This is
demonstrated by the radial distribution function of H relative
to O (e.g., Figure 5). The abscissa is less than 2.45 Å, and the
ordinate value represents the average number of hydrogen
bonds.
(1) Figure 5a shows that characteristic peaks of the A−L

type hydrogen bonds gradually decrease with the
increase of water molecular numbers Nw. It indicates
that the anions gradually detach from the basal layers as
the water molecular number increases and the LDH
undergoes swelling.

(2) Figure 5b shows that characteristic peaks of A−W type
hydrogen bonds with the increase in the number of
water molecules appear to increase and then decrease.
The maximum value occurs at Nw = 16. When the anion
begins to hydrate with water molecules, it reaches the
formation of a hydrogen-bonding network with water
molecules, as shown in Figure 4d. When Nw exceeds 32,
the action of the anion and water reaches a certain
equilibrium state, as shown in Table 1 and Figure S3.

(3) Figure 5c shows that with the increase in the number of
water molecules, the characteristic peaks of W−L type
hydrogen bonds do not change significantly.

Combining with Figure 4c, it can be found that water
molecules form ordered structural water layers, and the
proportion of water molecules in the adjacent basal layer
tends to be stable, so the characteristic peak of the W−L
hydrogen bond fluctuates less.
(4) It can be seen in Figure 5d that the characteristic peaks

of W−W hydrogen bonds do not increase with the
increase of water molecule number. However, with the
increase in water molecule number, the characteristic
peak gradually moves to the left, indicating that the
hydrogen bond length gradually shortens. In general,
hydrogen bonds are directional and saturated, and the
shorter the bond length of a hydrogen bond, the
stronger the hydrogen bond.25

(5) Combining Figure 5a−d, it can be found that the
properties of these four hydrogen bonds vary with the
water molecules. When there are fewer water molecules,
the hydrogen bonds are mainly of A−L type, indicating
that the anion starts to have strong interactions with the
layer; when the number of water molecules gradually
increases, the water molecules break the hydrogen bonds
between the anion and the hydrocarbon group of the
layer and progressively shift to A−W type. In addition,
hydrogen bonds are also generated between water
molecules and hydrocarbon groups on the surface of
the layer and water molecules. The final results show
that the A−L type hydrogen bonding gradually
decreases, and the A−W type hydrogen bonding

Figure 3. Anion arrangement after equilibrium of anhydrous
molecules. (a) Top view of the model; (b) CO3

2− arrangement;
and (c) side view of the model.
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gradually increases. In addition, the W−L and W−W
type hydrogen bonding gradually tends to a stable state.

After further calculation of the average number of the four
hydrogen bond types, it is summarized in Table 1 and Figure
S3. Combined with Figure 5, the relationship of hydrogen
bonding on LDHs can be analyzed qualitatively and
quantitatively, improving the results’ reliability.

3.2. Analysis of the Basal Layer Structure and
Swelling Structure. Under the different number of water
molecules between layers, the optimization results of the LDH
structure are shown in Figure 6. When water molecules are
introduced to the interlayer, the interlayer spacing becomes
larger due to the hydration of the swelling effect. The more
water molecules, the larger the interlayer spacing. However,

these two factors are not linear relationships. When fewer
water molecules interlayer, the anions are mainly bound to the
basal layer in a near-horizontal state, and the water molecules
fill the gaps among the anions. The anion gradually tilts when
the number of introducing water molecules is large. Also, the
water molecules tend to bind the basal layer and form an
orderly arrangement of structured water layers. In addition, the
oxygen atoms of water molecules are oriented toward the basal
layer and interact with the basal layer hydroxyl groups. The
minimum angle between the anion and the basal layer is
1.103°, the maximum angle is close to the vertical, with the
basal layer at 89.577°, and the average angle is about 45.34°.
When Nw < 8, water molecules mainly fill the anion gap, and
anions are in the middle of the layer; when Nw > 8, the anion

Figure 4. (a,b) Statistics of bond length−bond angle distribution of CO3
2 root ions at = 40; (c) interlayer arrangement of water molecules near the

plating layer; and (d) hydrogen bonding network.
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gap is filled. The remaining water molecules are distributed on
both sides of the basal layer to form a structural water layer.
The average gap between water molecule layers, Δdw (as
shown in Table 2), provide a quantitative description of the
water molecule arrangement. Figure 6 confirms that the
increase in water molecules leads to interlayer swelling. Still,
Table 2 shows that the structural water layer gap Δdw gradually
decreases, indicating a specific limit to the interlayer swelling.
Variation of interlayer water molecule content versus LDH
monolayer spacing is plotted in Figure 7a. The water molecular
number has a relatively significant effect on the interlayer
spacing dc. When Nw < 8, there is only one abrupt change in
the interlayer spacing, which remains essentially flat; when 8 <
Nw < 24, the interlayer spacing gradually increases rapidly with

the increase of the number of introduced water molecules;
after Nw > 24, the interlayer spacing tends to increase slowly
and gradually stabilize. This can also prove that the swelling of
LDHs is not infinite but has a specific limit. The hydration,
swelling, structure, and kinetic of layered double hydroxides
were experimentally investigated by Hou et al.49 The results
show that in the LDH-CO3

2− system, water, hydroxyl groups,
and carbonates have strong interactions and form a complex
hydrogen bonding network between the LDH. When the
LDH-CO3

2− system is saturated with water, the strong
interaction between the hydroxyl groups on the surface of
the LDH layer and the interlayer water and carbonate prevents
further insertion of water at high relative humidity. It agrees
with the results calculated in this paper. In addition, Perotti et
al.50 found that the interlayer space of F-LDH-CMC was
related to humidity. The swelling process in the interlayer
space of LDH-CMC is due to the positive effect of the
presence of hydrophilic carboxymethyl cellulose chains. As the
humidity increases, the number of water molecules entering
the interlayer space increases, causing interlayer swelling.
Maximum layer spacing is reached when the relative humidity
reaches 100%. These are in high agreement with the results
affecting the expansion properties of LDHs studied by our
paper calculations.
Does the occurrence of LDH interlayer swelling have some

influence on the basal layer? The unit cell parameter a, as well
as the O−M−O bond angle and O−M bond length in the base
layer, was measured to study the effect of increasing the
number of water molecules on the structure of the basal layer
(M is the metal cation and O is the oxygen atom on the basal
layer); the results are shown in Figure 7b,c. The unit cell

Figure 5. RDF diagrams of the four hydrogen bonding types. (a) A−L-type hydrogen bond; (b) A−W-type hydrogen bond; (c) W−L-type
hydrogen bond; and (d) W−W-type hydrogen bond.

Table 1. Average Values of Various Hydrogen Bonds for
Different Numbers of Water Molecules

the average number of hydrogen bonds for
the four hydrogen bond typesa

interlayer water molecules/Nw A−L A−W W−L W−W
0 6.673 0.000 0.000 0.000
4 5.618 4.555 1.873 1.478
8 3.812 5.937 1.742 1.535
12 1.893 5.031 1.531 1.471
16 1.214 6.770 1.531 1.701
20 1.817 4.877 1.531 1.839
32 0.003 5.360 1.531 1.661

aNote: The number of hydrogen bonds in each anion, a layer
hydrocarbon group, and a water molecule. The number of hydrogen
bonds containing anions is three times the average value.
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parameter a calculated from the NPT system with a minimum
value of 2.51 Å and a maximum value of 3.07 Å is generally
comparable to the crystallographic data of 3.04 Å reported in
the literature.42 As the number of water molecules increases,
the cell parameter a shows an increasing trend. Combined with
Figure 7c, it is found that both the O−M−O bond angle and
O−M bond length in the basal layer gradually increases with
the increase of water molecular number. It indicates that Ni3Al-
LDH with more water molecules exhibits a Ginger-Taylor
effect. The distortion of the basal layer increases with the rise
of the number of water molecules, which also proves that the
stability of the LDH structure gradually decreases with the
swelling.

3.3. Interlayer Hydration and Stability. 3.3.1. Interlayer
Hydration. Interlayer water molecules have an important
influence on the structure and swelling properties of LDHs,
and so, hydration energy is used to analyze the effect of
introducing water molecules on the structure and properties of
LDHs. The hydration energy is defined32,51 as follows

U
U N U

n
( ) (0)

H
w=

(1)

where n is the total number of water molecules, U(Nw) is the
total potential energy of the system, and U(0) is the total
potential energy of the system when there are no water
molecules. This equation can easily and effectively calculate the
hydration energy of interlayer water.
The relationship between the hydration energy ΔUH of

Ni3Al-CO3
2−-LDHs and its degree of hydration (Nw) is shown

in Figure 8. The hydration energy is the most negative when
Nw < 4. The absolute value of hydration energy decreases faster
as the number of introduced water molecules increases; when
Nw > 16, the decreasing trend becomes slower. No local
maxima of hydration energy was found throughout the
hydration process. The phenomenon was as opposed to the
previous simulation concerning simple inorganic anion
intercalated LDHs (e.g., LDHs-Cl−).52 It can also be seen
from the figure that for Nw ≤ 30, Ni3Al-CO3

2−-LDH can
continuously absorb water due to ΔUH < −10 kcal·mol−1 (the
potential energy of bulk water is −10 kcal·mol−1), resulting in

Figure 6. Ni3Al-CO3
2−-LDH hydrotalcite structure with the number of water molecules.

Table 2. Ni3Al-CO3
2−-LDH Interlayer Relative Water Layer Spacing

interlayer water molecules/Nw 0−7 8 12 16 20 25 30 35 40
relative aquifer gap/Δdw (Å)a - 0.108 0.065 0.051 0.038 0.029 0.025 0.019 0.017

aNote: The gap ratio between water molecules layers (Δdw) is calculated by dividing the average gap of a single water layer by the number of water
molecules between basal layers.
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the continuous expansion of the interlayer spacing; when Nw >
32, at this point ΔUH > −10 kcal·mol−1, the potential energy in
the bulk phase water state has been reached at this point
according to the literature,41,51 indicating that no further
hydration can occur between the Ni3Al-CO3

2−-LDH layers.
Therefore, the swelling of LDHs in the aqueous environment
has a specific limit.
3.3.2. Structural Stability. The fundamental reason atoms

combine into crystals is that the whole system has lower energy
after the atoms combine. The energy is released during the
binding of atoms from the free state into a crystal. It is the
energy necessary to break up the crystal into individual free
particles, called the crystal’s binding energy.53 To theoretically

investigate the effect of the addition of water molecules on the
stability of Ni3Al-LDH, the relative binding energies of the
Ni3Al-CO3

2−-LDH system at different Nw were calculated
separately and defined as ΔEbind

E
E E

Nbind
final initial

w
=

(2)

where Nw is the ratio of the number of water molecules to the
number of anions, Einitial is the sum of the energy of the atoms
in the initial model, and Efinal is the energy of the geometrically
optimized system. The calculated results are shown in Figure 8.
With the gradual increase of water molecule introduction, the
absolute value of the relative binding energy of the system
gradually decreases. We fit using Boltzmann’s equation. When
Nw < 8, the absolute value of the binding energy drops sharply
with increases in water molecular number, and the stability
starts to decrease; after Nw > 12, the relative binding energy
starts to converge to −14 kcal·mol−1 as increases in the
number of water molecules and no longer changes significantly.
The structure remains lowly stable when the interlayer water
molecule Nw > 12. Figure 7a,d concludes that the structural
stability first decreases and then tends to equilibrium. Because
of the increase in water molecules, the interlayer spacing of
LDHs increases due to the rapid swelling, and the structural
stability also decreases rapidly. In Nw > 24, the swelling rate
begins to decline. When Nw = 32, hydration energy can reach
the potential energy of the bulk water −10 kcal·mol−1.
Interlayer hydration is no longer spontaneously generated,
and the interlayer water is saturated. In addition, another piece
of evidence for the decrease of structural stability due to

Figure 7. (a) Layer spacing of Ni3Al-CO3
2−-LDH; (b) unit cell parameters; and (c) variation of O−M bond length and O−M−O bond angle of

the slab.

Figure 8. Hydration energy ΔUH and relative binding energy of
Ni3Al-CO3

2−-LDH.
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swelling is that the relationship between the relative binding
energy and the interlayer spacing (Table 3) exhibits a similar
variation pattern to that shown in Figure 8.

3.4. Diffusion of Anions. Anion diffusion is usually used
in studying the mechanism of ion exchange. Therefore, in this
paper, the magnitude of the diffusion rate of interlayer anions
at different states of water molecular number is investigated
based on the equation of the diffusion rate DA versus the root
mean square displacement (MSD)54

D r t r
1
6

lim ( ( ) (0) )
t

A
2= [ ]

(3)

the mean squared displacement curve function r(t) is
indicated, the specific data of the calculation are shown in
Table S4, and the diffusion rate DA is shown in Figure 9. When
Nw = 4, 16, and 35, the interlayer anion diffusion rate of Ni3Al-
LDH exhibits a local maximum value. The maximum peak at
Nw = 4 in Figure 9b may be because water molecules reduce
the interaction between anions and the basal layer and increase
the interaction with water molecules, which enhances the
mobility of anions. Water molecules increase further, and the
anion diffusion rate decreases due to steric hindrance. It can be
inferred from Figure 7a that when Nw < 8, the interlayer
spacing is slightly increased, and the steric hindrance of a few
water molecules (Nw = 4) interlayers is small, resulting in an
extreme value of the anion diffusion rate. As the interlayer
spacing increases, the diffusion coefficient reaches a maximum

of 10.97 × 10−8 cm2·s−1 when Nw = 16 due to the water
molecules forming a layer structure with large gaps (Figure 6).
When Nw > 16, according to Table 3 and Figure 5, the distance
between water molecules decreases, the steric hindrance of
water molecules becomes more significant, and the interlayer
anion diffusion rate of Ni/Al-LDH begins to show a slow
downward trend.
The abovementioned phenomenon indicates that an

appropriate number of water molecules in the LDH interlayer
can promote anion movement. However, when the number of
water molecule interlayer exceeds a specific value, the diffusion
rate of anions decreases due to steric hindrance. In this paper,
it is found that Ni3Al-LDH reaches the maximum interlayer
anion diffusion rate when Nw = 16, indicating that the ion
exchange efficiency is the highest at this time.

4. CONCLUSIONS
The swelling structure, hydration characteristics, binding
energy, and anion diffusion properties of Ni3Al-LDH were
studied by molecular dynamics simulation.
(1) The interlayer water molecules of Ni3Al-LDH present a

regular layered arrangement, and the interlayer anions
are in the water molecule layer and combine with the
water molecules by hydrogen bonds.

(2) As the number of water molecules increases, the
hydrogen bond between the anion and the basal layer
gradually weakens and disappears when the number of
water molecules is 32. The hydrogen bond between the
anion and the water molecule gradually increases,
reaching an extreme value when the number of water
molecules is 16.

(3) The interlayer spacing of Ni3Al-LDH is not linear with
the number of water molecules. The interlayer spacing
increases slowly when the number of water molecules is
more than 24. The maximum layer spacing is stable at
around 19 Å.

(4) The results of interlayer spacing, binding energy, and
hydration energy all show an upper limit for swelling;
that is, the number of water molecules is 32. When Nw ≤
30, Ni3Al LDH can continuously absorb water due to
ΔUH being smaller than the potential energy of bulk
water −10 kcal·mol−1, resulting in the continuous
expansion of the material interlayer spacing. When Nw
> 32, the Ni3Al LDH interlayer cannot be further

Table 3. Correlation of Layer Spacing (dc) With Relative
Binding Energy (ΔEbind)

layer spacing/dc (Å) relative binding energy/ΔEbind(kcal·mol−1)
7.561 −56.602
7.502 −47.132
9.549 −25.352
9.626 −25.912
10.388 −16.768
12.439 −14.328
12.885 −13.184
17.255 −14.416
17.934 −15.881
18.035 −14.232
18.881 −14.712

Figure 9. (a) Mean squared displacement of Ni3Al-CO3
2−-LDH with different water molecular numbers and (b) CO3

2− diffusion rate.
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spontaneously hydrated. The binding energy is stable at
around −14 kcal·mol−1.

(5) When the number of interlayer water molecules is 16,
the water molecules’ layer structure and LDH interlayer
spacing are suitable for anions to obtain the maximum
diffusion rate, 10.97 × 10−8 cm2·s−1.
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