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ABSTRACT: Interlayer spacing and structure stability of layered double hydroxides (LDHs) on their application performance in
adsorption, ion exchange, catalysis, carrier, and energy storage is important. The effect of different interlayer anions on the interlayer
spacing and structure stability of LDHs has been less studied, but it is of great significance. Therefore, based on density functional
theory (DFT), the computational model with 10 kinds of anions intercalated Ni;Al-A-LDHs (A = CI7, Br~, I, OH™, NO;~, CO;*",
$0,*", HCOO™, CsH(SO;, C;,H,:S0,7) and four NizAl-CI-LDH models with different Ni**/A* ratios (R = 2, 3, 5, 8) were
constructed to calculate and analyze interlayer spacing, structural stability, and their influence factors. It was found that the interlayer
spacing order of Ni;Al-A-LDHs intercalated with different anions is OH™ < CO;*” < CI” < Br” <I” < HCOO™ < SO,*” < NO;™ <
C¢HSO;™ < C;,H,580;57. The hydrogen bond network between the base layer and the interlayer anions affects the arrangement
structure of the interlayer anions, which affects the interlayer spacing. For interlayer monatomic anions ClI~, Br~, and I” and the
anion of comparable size in each direction SO,*7, the interlayer spacing is positively correlated with the interlayer anion diameter.
The larger difference between the long-axis and short-axis dimensions of the polyatomic anions results in the long axis of the anion
being perpendicular to the basal layer, increasing interlayer spacing. The long-chain anion C,H,;SO;™ intercalation system exhibits
the largest layer spacing of 24.262 A. As R value increases from 2 to 8, the interlayer spacing of NizAl-CI-LDHs gradually increases
from 7.964 to 8.124 A. The binding energy order between the interlayer anion and basal layer is CO;*~ > SO,*” > OH™ > CI” > Br~
> 1" > HCOO™ > NO;™ > C,H,sSO;™ > C4HSO;™. The smaller the interlayer spacing, the higher the binding energy and the
stronger the structural stability of LDHs. The factors affecting structural stability mainly include the bond length and bond angle of
the hydrogen bond and the charge interaction between the basal layer and interlayer anion. In the CO5*~ intercalated system, the
hydrogen bond length exhibits the shortest of 1.95 A and the largest bond angle of 163.68°. The density of states and energy band
analysis show that the higher the number of charges carried by the anion, the stronger its ability to provide electrons to the basal
layer.

1. INTRODUCTION

Layered double hydroxides (LDHs) are a kind of two-
dimensional (2D) material. The interlayer guest anion has a
negative charge and plays a decisive role in the construction and
functional regulation of the host and guest functional materials.
For different functional LDH materials, interlayer anions can be
adjusted by ion exchange and other methods. The same anion
can be intercalated into the interlayer of different basal layers.
Therefore, due to the interchangeability of the basal layer cation
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Figure 1. Structural models of NiAl-A-LDHs with different interlayer anions. (A) NiAl-Cl-LDHs; (B) NiAl-Br-LDHs; (C) NiAl-I-LDHs; (D) NiAl-
OH-LDHs; (E) NiAlLHCOO-LDHs; (F) NiAl-CO,-LDHs; (G) NiAl-SO,-LDHs; (H) NiAl-NO,-LDHs; (I) NiAl-C(H,SO,-LDHs; (J) NiAl-

C,,H,5S0,-LDHs.

and guest anion in LDHs, LDHs exhibit si%niﬁcant potential for
applications in the fields of catalysis,"” adsorption,* ion
exchange,5’6 biomedicine,’ light and magnetism,8 and other
functional materials fields and have received widespread
attention from academia and industry.”

The functional properties of LDHs mentioned above are
influenced by the guest anion and cation in the basal layer, as
well as by the interlayer spacing and the stability of the
architecture.'’ Designing and regulating the interlayer spacing
structure has become an essential topic in the research of LDH
materials. Fruitful results have been achieved using experimental

methods to modulate the interlayer spacing, such as changing
the interlayer spacing and structural stability'®~"* by adjusting
the anion size and type'*™'® and regulating the basal layer metal
element ratio and synthesis conditions to improve functional
properties.'” " NiAl-LDHs have many research reports on
electricity storage, catalysis, adsorzption, etc., and are expected to
achieve industrial application.”” > The effects of anion
intercalation of CO,*~, NO;~,** CI7,** sodium dodecyl
sulfate,”® etc., on the interlayer spacing of NiAl-LDHs have all
shown that large interlayer spacing has a positive effect on
supercapacitor and catalytic performances. However, the
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Figure 2. Structural models of NizAl-CI-LDHs with different Ni/Al ratios (R). (A) R =2; (B) R=3; (C) R=S5; (D) R = 8 (the orange circles are

marked with Al ions).

microscopic mechanisms affecting the layer spacing and stability
of NiAl-LDHs were not systematically reported. It is not easy to
experimentally investigate the nature of supermolecular
interactions between metal cations and hydroxyl groups on
the basal layers of LDHs*® or between basal layers and
guests.”””" But it is very convenient to calculate these crystal
properties using the plane-wave pseudopotential method of
density functional theory (DFT) and periodic boundary
conditions. Many valuable results have been obtained from
the density functional theory study of LDHs. For example,
Costa”” used the DFT method to calculate and discovered that
the interlayer spacing of carbonate intercalation of Zn-Al- and
Mg-Al-LDHs are lower than chloride anions, showing that
carbonate interacts more strongly with the basal layer of LDHs
compared to chloride anions. Xia et al.”” calculated and analyzed
the properties of Mulliken charge population, hydrogen
bonding, the density of states (DOS), etc, by DFT, and
explained and compared the differences in the structural stability
of LDHs. The results demonstrate that the photocatalytic
performance of LDHs with different interlayer anions is highly
correlated with their structural stability. Lv et al." calculated
properties such as geometric parameters, charge population, and
binding energy by DFT; explored the effects of different divalent
metal cations on the structure and stability of CuMgAl-LDHs,
etc.; and obtained the results that the order of chemical structure
stability is CuMgAl > CuZnAl > CuNiAl; however, the order of
photocatalytic activity is reversed. Liu et al.”® used the DFT
method to analyze that the guest anion plays a key role in the
construction of LDH materials by constructing the MgAl-A-
LDH model in terms of binding energy, the density of states, and
differential charge density. Zhao et al.’' investigated the ion
exchangeability in different LDHs with the same charge anion by
the Dmol; and Forcite modules. However, the effect of
interlayer anion occupancy and arrangement on interlayer
spacing has not been thoroughly investigated. There are few
articles about the interlayer spacing and structural stability of Ni-
Al-LDHs using the computational simulations method.

This paper mainly adopted the first-principles method based
on DFT to calculate the factors influencing interlayer spacing
and structural stability. We constructed the computational
model Ni;Al-A-LDHs intercalated with 10 kinds of anions (A =
Cl~, Br~, I7, OH™, NO;~, CO;>7, SO,*, HCOO™, C4HSO;™,
C,H,s80;7) and four NigAl-Cl-LDH models with different
Ni**/AP* ratios (R = 2, 3, S, 8) to analyze binding energy,
differential charge density, charge population, and the DOS and
band gap of LDHs intercalated by different anions, for revealing
the influence mechanism of interlayer anions types, diameter,
number, occupancy and arrangement, and the number of
positive charges in a basal layer on the interlayer spacing of
LDHs, to explore the structural stability laws of Ni;Al-LDHs
with different interlayer anions inserted, and to provide a
theoretical basis for further research on LDH materials.

2. COMPUTATIONAL DETAILS

2.1. Modeling of LDHs. The stacking sequences of the
layers of LDHs include three types: three-layer rhombohedral
polytype (3R), two-layer hexagonal polytype (2H), and one-
layer hexagonal polytype (1H). The most common types of
LDH stacking are 3R and 2H. The 3R construct is the stable
stacking mode for the same basal layer cation ratio. However, the
three stacking methods have no significant effect on the layer
spacing and interlayer ions, and 1H has a smaller period and can
be widely adopted by significantly saving computational
resources.”® This paper employs the models of the LDH basal
layer with the 1H stacking method. The space group is P3M1
(no. 164); lattice parameters are a = # = 90° and y = 120°; and g,
b, and c are referred to as powder X-ray diffraction (XRD) data
corresponding to LDHs.””** The ¢ of the cell parameter is a
parameter reflecting interlayer spacing, which is influenced by
the ratio of interlayer anions to basal layer cations. To investigate
the effect of the interlayer anion and basal layer cation ratio on
the interlayer spacing of LDHs, we constructed Ni;Al-A-LDH
models intercalated by 10 kinds of anions (A = CI~, Br~, I,
OH~, NO,;~, CO,*, SO,27, HCOO™, C¢H:SO;™, C,H,S0;~
(Figure 1)) and four NizAl-CI-LDH models with different Ni**/
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Table 1. Structural Composition, Geometrical Parameters, Energy Values, and Anion Long- and Short-Axis Dimensions of
Different Interlayer Anions Ni;Al-LDHs (A = CI~, Br, I, OH™, NO,~, CO5*>7, SO,>", HCOO~, C;H,SO;~, C,,H,,S0;7)

anion
Cl™
Br™
-
OH™
NO;~
CO32_
Neka
HCOO™
C4HSO;™
C,H,5805™

formula
Ni,Al,(OH);,Cly
Nij,Al,(OH);,Br,
Nij,AL(OH)s)l,
Nij,Al,(OH);,(OH),
Ni,Al,(OH);,(NO3),
Nij,AlL(OH)3,(CO;),
Ni,Al,(OH)3,(S04),
N112A14(OH)32(HCOO)4
Ni, Al (OH);3,(CsH;SO3),
Ni]ZAl4(OH)32(C12HZSSOS)

Cret” % (A) Cea (A)
7.86 8.028
7.95 8219
8.16 8.474
7.55 7.447
8.79 8.895
7.65 7.670
8.58 8.705
) 7.507
13 13.096
24 24262

energy (eV)

—33174.78
—33335.32
—34657.32
—33301.44
—37822.48
—34421.87
—35583.72
—35670.74
—42041.21
—47116.4S

Ep“ (eV)
—-9.34
—-8.19
—7.88

—10.31
—-5.82
—24.95
—-21.34
—6.18
—3.82
—-5.34

L/S” (A)
3.62/3.62
3.92/3.92
4.4/44
2.8/2.22
3.3/2.8
3.28/2.8
4.88/4.88
3.04/2.8
6.05/4.93
17.7/5.29

“Ep represents the binding energy of the LDH system with different anion insertion. The detailed calculation formula is shown in Section 3.2. bL
and S represent, respectively, the anion long- and short-axis dimensions of LDHs.
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Figure 3. (A) Comparison of interlayer spacing, ion long-axis dimensions, and ion dimensions along c-axis for different interlayer anions Ni;Al-A-
LDHs; (B) plots of difference between long and short axes of interlayer polyatomic anions and relationship between the long axis and angle of laminate;
(C) comparison of effects of interlayer spacing and the number of chloride ions for different Ni—Al ratios of LDHs.

AP* ratios (R =2, 3, 5, 8 (Figure 2)). The periodical supercell is
4 X 4 X 1 in the a-, b-, and c¢-directions. The optimized model
structure is shown in Figure 1. The basal layer’s composite metal
hydroxide octahedra always maintain the octahedral structure.
Following the calculation of the lowest energy permutation of
the Cl anion by Xu et al,”* interlayer intercalation anions are
uniformly distributed directly below Al ions in the middle of two
basal layers.

2.2. Computational Methods. All of the calculations were
implemented with the CASTEP module based on DFT in the
Materials Studio. Structural stability and the electronic structure
were performed using the pseudopotential plane-wave method.
Exchange—correlation energy was calculated by the Perdew—

39172

Burke—Ernzerhof (PBE)”’ -generalized functions under the
generalized gradient approximation (GGA)***’ to obtain the
structure of LDHs at the lowest energy. Structural geometry
optimization and property calculation of NiAl-A-LDHs were at
the basis group level. The convergence target of the interatomic
force was 0.01 eV/A. The energy convergence accuracy of self-
consistent cycle calculation was set to 5.0 X 107° eV/atom. The
internal crystal stress convergence target was set to 0.2 GPa. The
maximum atomic displacement convergence target was set to
0.005 A. Plane-wave cutoff energy was 381 eV. The DFT
dispersion correction is used with the Tkatchenko—Scheftler
(TS) method to describe noncovalent forces, such as hydrogen
bonds, electrostatic gravity, and van der Waals interactions,
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essential for the formation, stability, and function of molecules
and materials. Ionic nuclei were described by the modified
ultrasoft pseudopotentials (OTFG ultrasoft pseudopotentials)
to increase metastability and reduce the number of plane waves
required for Kohn—Sham orbital expansion for describing the
interactions between valence electrons and ions. The Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm is used to
search for potential energy surfaces during optimization,
geometric optimization lattice constants, and atomic coor-
dinates of structural models to obtain models with minimum
total energy and most stable states. To compute the density of
states (DOS) of NizAl-A-LDHs, the I'-point-centered k-point
meshes used for Brillouin zone integration were set as 2 X 2 X 3.
The self-consistent field calculation error was 1.0 X 1075 eV/
atom. Base state energy was calculated by selecting the Pulay
density mixing algorithm. The overall charge count was set to 0.
The spin polarization and Hubbard correction (DFT + U)*®
must also be considered in the simulation calculations of LDHs.
In particular, the structural system of LDHs involves transition-
metal elements. There are strong electronic interactions due to
the presence of transition-metal elements. It is fixed in the
literature using Hubbard U for corrected calculations based on
DFT. So, the spin polarization was set, Upr =38 eV,*>*%3% and
the other atoms have their U values set to 0.** Meanwhile, cell
optimization was selected to optimize cells, and other
parameters were set to default values.

3. RESULTS AND DISCUSSION

3.1. Effect of Anion and Basal Layer Charge on
Interlayer Spacing. 3.1.1. Interlayer Spacing Characteristic.
The interlayer spacing is one of the principal indicators for
structural analysis of LDHs. Experimentally, the values of the
interlayer spacing of LDHs are often obtained by XRD
measurements. In the calculation model, the ¢ value reflects
the dimension of the interlayer spacing. Combined with the
literature of experimental studies, it can be determined that the
long-chain guests between layers of LDHs are mostly arranged
vertically or close to vertically with the basal layer.**~*
Therefore, in the original model, the anions are arranged
between layers perpendicular to the basal layer in the long-axis
direction. After structural optimization, the placement state of
each anion in the LDH interlayer is shown in Figure 1. The
geometric optimization results show that the interlayer anions
greatly influence the unit cell parameter ¢ but have little
influence on a and b. a and b are almost unchanged during the
optimization process. ¢ values in the optimized results of the
Ni;Al-LDH model with different interlayer anions are shown in
Table 1 and are similar to the literature. The result shows that
with the same Ni/Al ratio R of 3 for each LDH model, the
interlayer spacing increases in the order of OH™ < CO5* < CI~
< Br < I" < HCOO™ < SO, < NO;~ < CH S0, <
C,H,580;™. According to the literature, it is known that the
main factors affecting the interlayer spacing of LDHs are the
interlayer anion™ and the basal layer cation ratio.** For
interlayer monatomic anions Cl7, Br~, and I" and anions of
comparable size in each direction SO,*7, the interlayer spacing is
positively correlated with the interlayer anion diameter. This
assertion is consistent with the literature.”® When polyatomic
anions with inconsistent dimensions in all directions exist
between layers, for example, OH™, NO;~, C0,27, HCOO,
C¢HsSO;3™, and C,H,5SO;7, the interlayer spacing loses
significant correlation with dimensions in directions other
than the long axis of the anion, still has some correlation with the

long-axis dimensions of the anion (Figure 3A). However, there
are some unrelated exceptions, such as NO;”. Under the
condition of NO;™ intercalation, the interlayer spacing and the
size of interlayer NO;™ along the c-axis show a relatively strict
positive correlation. Moreover, the interlayer spacing of all
anions after intercalation has a better positive correlation with
the size of the anions along the c-axis direction. It shows that the
size of the interlayer anion along the c-axis direction (SIZE) is
the only factor result in the interlayer spacing when the basal
layer composition and the ion ratio are the same. Combined
with Figure 1, it can be seen that SIZE is influenced by the
anion configuration and the number of aggregates. Therefore,
measuring long-axis dimensions, short-axis dimensions, and the
angle between the long-axis and the basal layer of polyatomic
anions can explain these interlayer anion arrangement
configurations, aggregation states, SIZE, and the effect on the
interlayer spacing.

3.1.2. Effect of Interlayer Anion Type, Number, and
Configuration on Interlayer Spacing. Measuring results of
the long-axis dimension, short-axis dimension, and the angle
between the long axis and the basal layer for polyatomic anions
such as OH~, HCOO™, C{H;SO;™, C;,H,:S0;, and CO;* are
shown in Figure 3B. The larger the difference between an anion’s
long-axis and short-axis dimensions, the more the ion tends to be
arranged perpendicular to the basal layer. CO;*", OH", and
HCOO™ have small angles with the basal layer. Among them,
the difference between the long axis and the short axis of
HCOO" is the smallest, only 0.24 A, and the angle between its
long axis and the basal layer is 1.74°, which is also the smallest,
almost parallel to the basal layer, while C¢H;SO;™ and
C,H,5SO;™ are close to perpendicular to the basal layer. The
long axis of C;,H,sSO;™ has the longest dimension and the
largest difference from the short axis, with 12.4 A, and the angle
with the basal layer reaches 87.1°. It is concluded that for the
polyatomic anions between LDH layers, the greater the
difference between their long- and short-axis dimensions, the
more the anions tend to be perpendicular to the LDH basal
layer, causing the larger interlayer spacing of LDHs for long-
chain anion intercalation (Figure 3A). The interlayer spacing of
LDHs depends on the interlayer anion configuration and the
number of aggregates. It is essentially determined by hydrogen
bonding characteristics and system energy between the basal
layer and interlayer anions or between anions and anions. The
system will spontaneously evolve in the direction of forming as
many hydrogen bonds as possible. Many hydrogen bonds are
formed in the system, the system energy is low, and the system’s
structure remains more stable.*

The number of hydrogen bonds formed by oxygen atoms in
NO,", CO;*7, OH™, HCOO", and SO,*~ with hydrogen atoms
in the hydroxyl group of LDHs on both sides is higher than that
formed by hydrogen atoms in the hydroxyl group of LDH on
one side. The number of hydrogen bonds formed is large, and
the system exhibits lower energy. So, the system spontaneously
drives the oxygen atoms in the anions to be close enough to the
hydroxyl hydrogen atoms of both sides’ basal layers to reach the
distance to form hydrogen bonds. Therefore, theoretically,
NO;~, CO,*", OH™, HCOO™, and LDH basal layers exist in a
conformational arrangement with small pinch angles. However,
the angle between NO;™ and LDH basal layer is 46.8° and does
not show a structure parallel to the LDH basal layer (Figure 1)
due to the electrostatic repulsion between NO;™ in the case of
the amount of NO;™. To balance the positive charge carried by
the LDH basal layer, the number of negative monovalent anions
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such as CI” and NO;™ inserted interlayers is twice as much as the
negative divalent anions such as CO;>~ and SO,>”. Under the
electrostatic repulsion between the O atoms surrounding the N
atoms in NO;™ anions, NO;~ deviates from a dense parallel
arrangement, resulting in increased size along the c-axis and
increased interlayer spacing. Similar results were obtained in the
literature,”®*°

The monatomic anions CI7, Br™, and I” are arranged in a
plane between the layers, and all form hydrogen bonds with the
adjacent basal layers (Figure 1). Since the electronegativity of
C], Br, and I atoms decreases sequentially, the radii of CI~, Br~,
and I” ions increase sequentially, resulting in the formation of
longer hydrogen bonds, which lead to an increase in the
interlayer spacing. There is hydrogen bonding between HCOO™
and hydrogen atoms on the surface of the basal layer. Thus, a
high density of HCOO™ keeping the arrangement parallel to the
basal layer is the lowest energy configuration, resulting in smaller
SIZE and interlayer spacing. The oxygen atoms of SO, are
located at each top corner of the tetrahedral structure. Due to
the symmetry, upright and upside-down SO, in interlayers are
the same structure, with the same number of hydrogen bonds
and energy. Therefore, the LDH interlayer spacing of SO,*~
intercalated is highly correlated with the height of the tetrahedral
structure of SO,”~. All O atoms of C¢HSO;™ and C,,H,;SO;~
are located at one end of the long chain and can form hydrogen
bonds with hydrogen atoms on the surface of the basal layer,
either parallel or perpendicular to it. When the long-chain anions
among the layers are very few, the long-chain anions parallel to
the basal layers can form more hydrogen bonds, with the
minimum system energy.M’48 However, when there are many
long-chain anions between the layers, the long-chain anions in
the middle position cannot form hydrogen bonds with the basal
layer due to stereoscopic obstruction, and the system structure is
unstable. Long-chain anions are transformed perpendicular to
the basal layer to form sufficient hydrogen bonds to obtain
minimum system energy. In this paper, when the ratio of
divalent and trivalent cations of the LDH basal layer R = 3, the
number of interlayer anions required to balance the positive
charge of the basal layer is higher. In the limited space between
the layers of LDHs, the electrostatic repulsion among the anions
will keep the anions at a certain distance from each other.
Supposing the long-chain of anions is arranged parallel to the
plating layer, the long-chain anions will be arranged in three or
four layers, and the oxygen atoms in the middle layer of anions
are far away from the LDH basal layer and cannot form
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hydrogen bonds. The anion conformation tends toward forming
a high number of hydrogen bonds for low system energy.
Meanwhile, the long-chain anions are simultaneously subjected
to the interaction of densely arranged neighboring anions.

3.1.3. Effect of the Cation Ratio in the Basal Layer on
Interlayer Spacing. In addition to the intercalating anions, the
interlayer spacing is closely related to the positive charge of the
basal layer. To study the variation of interlayer spacing with the
number of positive charges on the basal layers, computational
models NizAl-Cl-LDHs were constructed for the ratios R of 2, 3,
S, and 8 using chloride ions as interlayer intercalation guests to
exclude the effects of dimensions in different directions for
interlayer anions. After structural geometry optimization, the
position of the interlayer chloride anions did not change, always
located in the middle of the two basal layers and directly below
the aluminum ions, which indicates that the interlayer anion
does not affect the structure of basal layers. From Figure 3C, we
found that the interlayer spacing gradually increases as the R
value increases. One reason is as the R value increases, the
concentration of positive charge from AI’* in the basal layer
decreases, resulting in a weaker electrostatic force between the
base layer and chloride anions and an increase in the interlayer
distance. On the other hand, as the R value increases, the
number of interlayer chloride anions that balance the positive
charge of the basal layer gradually decreases, and the number of
hydrogen bonds between chloride anions and the basal layer
reduces, resulting in weakening of the interlayer force and an
increase in the interlayer distance. Thus, the LDH interlayer
spacing is not only related to the ionic size, structure, charge
carried, and placement state of the guest anion but also depends
on the ratio of metal cations, i.e., the number of positive charges,
in the LDH basal layer.

3.2, Structural Stability Analysis of Ni;Al-LDHs.
3.2.1. Effect of Interlayer Anion and Interlayer Spacing on
Binding Energy. The binding energy of basal layers and
interlayer anions can reflect the strength of the anion exchange
capacity and the stability of object intercalation structure
between the different layers. The average binding energy (Eg) of
anions in NiAl-A-LDHs was calculated as follows’'

_ (ELDHS - ELayer) - NAEA
B NA

where E;py, represents the total energy of the Ni;Al-LDH
system, E| .., represents the basal layer energy of the Ni;Al-LDH
system without anion insertion, N, represents the number of

https://doi.org/10.1021/acsomega.2c05067
ACS Omega 2022, 7, 39169-39180


https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

N A

A) (B)
©

!\2 gé_d lha

©)

aia‘a

POy TG

Lad

.% (F) ?

’EA$A A= lgl\.l
(H) 'vg‘ (¢} !“ 8
Yol

~1.000e-1
@ @ 5.000e-2
o @N - 0.000
JS -5.000e-2
-1.000e-1
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interlayer anions, and E, represents the energy of a single
interlayer anion. Binding energy calculation results are shown in
Figure 4. It can be seen that the binding energy of divalent
anions is significantly greater than that of monovalent anions.
The binding energies of anions with the same charge differ little,
fluctuating in several eV ranges. The binding energies of the
systems intercalated with negative monovalent and negative
divalent anions differ by 10 eV, and the difference is even larger,
which shows that the binding energy is significantly affected by
the charge number carried by the interlayer anion. The higher
the number of electrons carried by the interlayer anion, the
higher the binding energy, and the greater the structural stability
of LDHs, the stronger the force between the interlayer anion and
the LDH basal layer. Thus, anions with higher negative charge
numbers are more likely to exchange for less-charged anions in
the interlayer region of LDHs. The order of the binding energy
of the interlayer anions to the basal layer of LDHs is CO,*~ >
SO, > OH™ > CI” > Br” > I" > HCOO™ > NO;” >
C,H,5S05™ > C4H SO;™. This order demonstrates that the
presence of interlayer carbonate anions makes LDHs the most

stable structure. Because the carbonate remains parallel to the
LDH basal layer after structural geometry optimization, the
hydrogen bonds formed between the three O atoms of the
carbonate and hydroxyl groups of the basal layer make this
conformation more stable.*’

Comparison of the trends of the binding energy of the
intercalation system for the negative monovalent anions CI~,
Br~, 1", OH™, NOj;~, etc,, is shown in Figure 4A. It is found that
the binding energy increases slowly with the decrease of the
interlayer spacing. The trend of the binding energy of the
intercalation system of negative divalent anions CO,*~ and
SO,>” also shows the same pattern. This indicates that the
smaller the value of ¢, the stronger the interaction between the
basal layer and the intercalating anion.”” When the number of
charges carried by the anion increases, its binding energy
increases rapidly. The more stable the structural system is, the
more difficult it is to exchange out from the LDH interlayer,
while the lower the number of charges, the lower the binding
energy, and the LDH structure becomes less stable, resulting in
the anion being exchanged from the interlayer more easily.

https://doi.org/10.1021/acsomega.2c05067
ACS Omega 2022, 7, 39169-39180


https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05067?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

HCOO" is a particular case. Its interlayer spacing is small, but
the binding energy is slightly smaller than those of C1~, Br~, and
I" intercalated Ni;AI-LDHs. The reason is that the hydrogen
bonding between HCOO™ molecules weakens the hydrogen
bonding strength between HCOO™ and the hydrogen atom of
the hydroxyl group of the basal layer, reducing the binding
energy.

The plot of anion size vs binding energy along the c-axis in
Figure 4B is similar to the plot of interlayer spacing vs binding
energy in Figure 4A. For negative monovalent anions, the
binding energy is related to the size of the anion in the interlayer
along the c-axis direction, where the OH™ anion has a length of
2.81 A along the C-axis and the binding energy of —10.31 €V.
This indicates that the smaller the size along the c-axis of an
anion of the same charge, the greater the binding energy of
LDHs. For LDHs with C{H;SO;™ ion intercalation, its binding
energy is smaller than those of the other anions due to the
greater degree of electrostatic repulsion between the inserted
C4HSO;™ ions.*” The negative divalent anion also shows the
same pattern. In comparison, the binding energy of CO;*~ was
the largest, and that of SO,*>” was the smallest, at —24.95 and
—21.34 eV, respectively. This is the same result as in Liu et al.,**
who studied the binding energy of different anion-intercalated
MgAI-LDHs.

3.2.2. Structural Stability Analysis Using Differential
Charge Density. The more the negative charges of interlayer
anions, the higher the binding energy of LDHs, reflecting the
charge density distribution of interlayer anions and basal layer
atoms. From the electron density difference, the electron
transport process and the interaction mode between the basal
layer cation and interlayer anion can be obtained, which can
explain the influence of the anion charge number on the binding
energy. The results of electron density difference obtained by
calculation are shown in Figure 5. The region of high electron
density is red, and the region of low electron density is blue.
From Figure §, it can be seen that both the red area around the
anion and the blue area around the hydrogen ion in the hydroxyl
group of the basal layer produce contact, indicating that the
interlayer anions have hydrogen bond production with both the
basal layers. The higher the density of the red region in touch
with each other or the blue region, the greater the difference in
charge density between the two sides, indicating stronger
hydrogen bonding and stronger interaction between the basal
layer and the interlayer anion. For example, for the negative
divalent anions CO;*~ and SO,>” in oxygen, the density of the
electron red region is higher, and the blue area around the
hydrogen ions in the basal layer is also denser, indicating strong
local hydrogen bonding and exhibiting high binding energy.
When the intercalating anion is OH~, due to its smallest
diameter, it is closer to the hydrogen ions in the hydroxyl groups
in the basal layer and has more charge transfer. Thus, LDHs with
intercalated OH™ have the smallest interlayer spacing and the
largest binding energy in univalent anions. The electron density
difference plots of LDH basal layers far from the anion are
similar, indicating that the interlayer guest anion has almost no
effect on the charge transfer in the outer basal layer of LDHs.

3.2.3. Structural Stability Analysis Using Hydrogen Bonds.
The strength of interlayer forces can also be determined from
the hydrogen bonds’ bond lengths and angles. The bond lengths
and bond angles counted are shown in Table 2. The hydrogen
bond length is mainly in the range of 1.42—2.7 A, indicating the
prevalence of hydrogen bonding interactions between the
interlayer anions and the basal layers of LDHs.”' It is well

39176

Table 2. Average Bond Lengths and Average Bond Angles of
Individual Hydrogen Bonds in Ni;Al-A-LDHs

Ni;Al-A-LDHs Lo_p.x (&) Oo_1..x (degree)
Ni;Al-Cl-LDHs 2.47 150.06
Ni;Al-Br-LDHs 2.57 143.73
Ni;Al-I-LDHs 2.67 148.28
Ni;Al-OH-LDHs 1.87 159.59
Ni;AI-HCOO-LDHs 1.88 160.47
Ni;Al-NO,-LDHs 2.06 154.88
Ni;Al-SO,-LDHs 1.951 153.58
Ni;Al-CO,-LDHs 1.95 163.68
Ni;Al-C4H,SO,-LDHs 1.95 160.33
NisAl- C,,H2,50,-LDHs 18 148.77

known that the shorter the bond length of a hydrogen bond and
the closer the bond angle to 180°, the better the structural
stability.”” When divalent anions such as CO,*" are inserted
between the layers of LDHs, the hydrogen bonds exhibit the
shortest bond length of 1.95 A. In addition, the CO5>~
intercalated structure has the largest hydrogen bonding angle
of 163.68°. Therefore, CO;>" intercalated LDHs have the
strongest stability, consistent with the binding energy analysis.
When the halogen anions are inserted among the layers, the
bond length of the hydrogen bond gradually increases as the
electronegativity of halogen decreases (Cl > Br > I), which is
consistent with the binding energy sequence. When the
interlayer is inserted with an oxygenate-containing anion, the
OH™ ion has the smallest hydrogen bond length of 1.87 A, and
its binding energy value is the largest among all negative
monovalent anions.

3.2.4. Structural Stability Analysis Using Mulliken Charge
Population. Mulliken charge population is an approach to
characterize the charge distribution within each molecule in a
structure and can be used to estimate the covalent and ionic
bonding capacity of each molecule.”> The method indirectly
discusses the strength of intramolecular interactions and can
reflect the interaction forces and the charge transfer of the LDH
system. The larger the population value, the more the covalent
bonding components, while the smaller the population value,
the more the ionic bonding components. To further investigate
the interaction between basal layers and anions in Ni;Al-A-
LDHs, charge population analysis was performed on Ni;Al-A-
LDHs, obtained the residential value of LDH basal layers and
interlayer anions and is shown in Table 3. It can be seen that the
Mulliken population values of LDH basal layers with different
anion insertion decrease compared to that of LDH basal layers

Table 3. Mulliken Charge Population of Different Interlayer
Anion NiAl-A-LDH Model Systems

Ni;Al-A-LDHs Q(A)/e Q(Layer)/e
Ni,ALLDHs 400
Ni;Al-OH-LDHs —2.44 1.88
Ni3A1—C1-LDHS —-2.84 2.72
Ni;Al-Br-LDHs —2.32 2.12
Ni;Al-I-LDHs -2.16 2.12
Ni;Al-NO,-LDHs ~3.00 324
Ni;AI-HCOO-LDHs —3.24 3.68
Ni,Al-CO,-LDHs ~2.96 158
Ni;AL-SO,-LDHs ~2.86 2.34
Ni,Al-C4HSO5-LDHs —244 292
Ni,AL-C ;H,;S0,-LDHs ~3.84 2.60
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Figure 6. Density of states plots for different interlayer anion Ni;Al-A-LDH (A = CI7, Br~, I, OH™, NO,~, CO;*", SO,*~, HCOO~, C;H;SO;,
C,H,58057) model systems.

without anion insertion. This indicates that the charge transfer structure undergoes electrostatic interaction between anions

from anions to basal layers occurs in the LDH system and the and basal layers.
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3.3. Effect of the Interlayer Anions on the Density of
States. The density of states (DOS) refers to an electron at a
given level that is allowed to occupy the number of different
states, ie., the number of electron states per unit volume of
energy. The bulk properties of the conductive solid depend on
this function. DOS calculations can determine the general state
distribution of the semiconductor as a function of energy and the
distance between the energy bands. To further investigate the
effect of intercalating anions on Ni;Al-LDHs, the DOS of Ni**,
AP**, and OH™ in the basal layer and the interlayer anions was
calculated and is shown in Figure 6. It can be observed that the
DOS is mainly composed of two parts, the valence band top
(VBM) and the conduction band bottom (CBM). In different
interlayer anions of Ni;Al-LDHs, the VBM total DOS is
obtained from the interlayer halogen anion orbitals, the
interlayer anion oxygen orbitals, and the oxygen orbitals in the
hydroxyl groups of the basal layer. In contrast, the total DOS of
CBM is contributed mainly by the slab Ni orbitals. The hole
between the VBM and the CBM is called the band gap, and the
smaller the band gap, the easier it is for the electrons to enter the
CBM from the VBM. From Figure 7, it can be observed that the
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Figure 7. Comparison of the band gap values of different interlayer
anion NiAl-A-LDH model systems.

band gap values of models intercalated by the different interlayer
anions are in the order as follows: Cl~ (2.505 eV) > Br™ (2.497
eV) > 1 (2.482eV) > HCOO™ (2477 eV) > NO,; ™ (2.181 eV)
>OH™ (2.163 eV) > CgHSO,™ (1.854 V) > SO,2™ (1.561 eV)
> C,H,805™ (0.779 eV) > CO4*™ (0.421 eV). The band gap
values of Ni;AI-LDHs are smaller in the system of interlayer
anions with two charges of CO;*~ and SO,*~ and long-chain
anions C,H,SO;™. The partial density states contribution of O
in the CO,”" intercalation system extends the conduction band
region of the total DOS to the lower energy region, causing a
weakening peaklet to arise near the Femi energy level, indicating
a better conductivity. The partial density states peak of O in the
SO,*” intercalation system is located at the upper end of the
valence band, causing the valence band region to move to the
higher energy region, resulting in a reduction of the band gap. It
indicates that the higher the number of charges carried by the
anion, the stronger its ability to provide electrons to the basal
layer under the same charge density in the basal layer, which is
unified with the analysis of binding energy and the charge
population. When the interlayer anions are C,H,;SO;~ and
C¢HiSO;™, due to the sudden increase in the number of its
atoms, the charge number also undergoes a sudden increase, so
that the lower the band gap value, the easier the electron
migration occurs.
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4. CONCLUSIONS

By the density functional theory of first principles, we calculated
and analyzed the interlayer spacing, factors influencing the
interlayer spacing, and the structural stability of 10 different
intercalated anion Ni;Al-A-LDH models and four different
NizAl-CI-LDH models with different Ni—Al ratios. The results
show the following,

(1) The order of the interlayer spacing of NizAl-A-LDHs
intercalated with different anions is OH™ < CO,*” < Cl™ <
Br~ < I < HCOO™ < SO~ < NO;~ < CiHSO;™ <
C,H,5SO;™. The main factors affecting the interlayer
spacing of Ni;Al-A-LDHs are the interlayer anion
structure, quantity, number of charges, the interlayer
configuration, and the number of positive charges that
carried basal layers. The hydrogen bond network formed
between interlayer anions and basal layers results in
anions with large differences in the size between the long
axis and short axis tends to be arranged perpendicular to
basal layers. The angles between the long-chain anions
C;,H,580;™ and C¢HSO;™ and the basal layers are
86.094 and 87.089°, respectively. Interlayer spacing
positively correlates with the projected size of the anion
long axis in the direction perpendicular to the basal layer.
The long-chain anion C,H,;SO;™ intercalation system
exhibits a maximum interlayer spacing of 24.262 A, and
the OH™ intercalation system obtains the smallest
interlayer spacing of 7.447 A. As the R value increases
from 2 to 8, the interlayer spacing of NigAl-CI-LDHs
gradually increases from 7.964 to 8.124 A.

The order of the binding energy between the interlayer
anion and basal layer is CO;*~ > SO,>” > OH™ > CI” >
Br~ >1I">HCOO™ > NO;™ > C},H,SO;™ > C¢H SO, ™.
The smaller the interlayer spacing, the higher the binding
energy and the stronger the structural stability of LDHs.
The factors affecting the structural stability mainly include
the bond length and bond angle of the hydrogen bond and
the charge interaction between the basal layer and
interlayer anion. For interlayer monatomic anions CI~,
Br7, and I and anions of comparable size in each
direction SO,>”, the interlayer spacing is positively
correlated with the interlayer anion diameter. The larger
the difference between the long-axis and short-axis
dimensions of the polyatomic anions, the more the
anions tend to be arranged perpendicular to the basal
layer. In the CO;* intercalated system, the shorter the
hydrogen bond length between basal layer and interlayer
CO,27, the closer the bond angle is to 180°. In addition,
the more the charge transfer between the basal layer and
CO4>", the more the decrease of the basal layer
population value, indicating that the structure is the
most stable. The band gaps of Ni;Al-LDHs intercalated
with dianions and long-chain sulfonate anions are small,
and the band gap of the CO;>” intercalated system is the
smallest at 0.421 eV.
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