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Abstract

Hydrotalcites (HTIcs) or layered double hydroxides (LDHs) are used in a wide range of
applications such as catalysis, electrochemical sensors, wastewater treatment and
carbon dioxide (CO2) capture. In this study, molecular dynamics simulation was
employed to investigate carbon dioxide adsorption in amorphous layered double oxides
(LDOs) derived from LDHs at elevated temperatures. The thermal stability of LDH
was first examined by heating the sample up to 7 = 1700 K. Radial distribution
functions confirmed the structural evolution upon heating and was in excellent
agreement with experiments, where periclase was the main observed phase in the XRD
patterns of the recrystallized mixed oxides above 7'= 1200 K. Further, CO> adsorption
capacity was studied as a function of amorphous HTlc-derived oxide composition,
where static and dynamic atomistic measures have been employed to characterize CO»
capture capacity. We found that the CO, dynamic residence time on LDH-derived
LDOs was sensitive to the Mg/Al molar ratio and CO; capture capacity reached
maximum when the Mg/Al molar ratio was equal to 3.0. Meanwhile, the activation
energy for diffusion also shows local maximum when the Mg/Al molar ratio is 3.0,
suggesting that this particular ratio of Mg-Al mixed oxides possesses the highest CO»
adsorption capacity and that it is consistent with experimental results. Examination of
the binding between CO> and mixed oxides suggests that both magnesium and oxygen
in amorphous LDOs contribute to CO; adsorption. Moreover, the effect of Mg-O and O
(LDO)-C interaction are the most significant and the highest CO> adsorption capacity

was observed in the system with the most Mg-O bindings and O (LDO)-C bindings.
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1. Introduction

1.1 Layered double hydroxides

In the last few decades, there is growing consensus on global warming or climate
change [1], and it is believed that one of the major causes is the anthropogenic
greenhouse gases (GHGS) emission into the atmosphere. The combustion of fossil
fuels that include coal, oil, lignite as well as natural gas produces carbon dioxide
(CO»), one of the major GHGS with high potential in industry engineering [2]. There
are several options to reduce CO> emission into atmosphere [3]: 1) develop renewable
energy for the substitution of fossil fuels; 2) increase the burning efficiency of fossil
fuels, which could reduce the cost of the industry; 3) capture CO> prior to emission into
the atmosphere. Due to the low cost of fossil fuels, it is difficult to find renewable
energy to replace it, and that is why it is crucial to reduce CO2 emission [4]. The CO:
capture and separation have been divided into three main categories [5]:
post-combustion processes for tradition coal-fired power plants, pre-combustion
processes for gasification and oxy-fuel combustion. Considering economic cost,
technical limitations, CO» capture and separation in fossil fueled plants has been
proposed crucial to investigate as a result of awareness of climate change [6]. Among
various techniques used for the removal of CO; from burning fossil fuel, such as
pressure swing adsorption (PSA) [3], vacuum swing adsorption (VSA), and
temperature swing adsorption (TSA), the PSA process is conducted as the most suitable

option because the process can be operated at elevated temperatures so that no more



energy is required for cooing fuel to ambient temperature prior to CO> emission.
However, it is imperative to find appropriate CO> adsorbent as the PSA is processed at
elevated temperature, and the thermal stability of adsorbents should be guaranteed. In
addition, other properties of the CO; adsorbent are also required: 1) sufficient kinetics
for CO; adsorption under operating conditions [7]; 2) efficient stability upon CO-
adsorption cycle; 3) adequate hydrothermal and mechanical stability. Pre-combustion
CO; capture is one of the CO; capture and storage (CCS) technologies that involve
separating CO2 from hydrogen-rich shift gas from sweet/sour water-gas shift reactors.
Successful commercialization of the above technologies relies on high-performance,
reversible solid CO> adsorbents with a sufficiently high CO; adsorption capacity at

elevated temperatures and fast adsorption and desorption kinetics.

In recent years, several research groups have developed potential solid sorbents
for CO; capture because they are cost-effective compared with that of the aqueous
amine-based sorbents. The solid CO: sorbents have been divided into three major
categories according to their working temperatures: low temperature sorbent (<473 K)
[8], such as carbon-based sorbent, zeolites-based sorbent; intermediate temperature
sorbent (473 - 673 K) [9-11], such as layered double hydroxides (LDHs), MgO-based
sorbent; high temperature sorbent (> 673 K) [12-15], such as CaO-based sorbent,
silicate-based sorbent. Among various solid CO; adsorbents, LDHs have been
recognized as one of the most suitable materials for carbon dioxide adsorption in
intermediate temperature range, which consist of positively charged brucite-like layers

with interlayer space containing charge-compensating anions, illustrated in Fig.1.1 [16].



The general formula for LDHs is [M"xM"(OH)2]*" A™xm « mH20, where M is
divalent cation (e.g., Mg?"), some of which are substituted by trivalent cation M (e.g.,
AI*"), and A is an anion (e.g., OH", CO3*, CI, NOs"), where x is normally in the range

of 0.2-0.4 [8][17].
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Figure 1.1 The structure of layered double hydroxide based on brucite [16].

Due to the availability of LDHs as naturally occurring minerals or synthesized
LDHs as bulk quantities with relatively low cost [18], there is a growing interest on
their characteristics scientifically. With a range of trivalent and divalent cationic
combinations available in LDHs, the cationic ratio can be modified within a wide
range. Furthermore, any anions can be intercalated into the inter layer region between
brucite-like layers, which indicate LDHs possess large anion exchange capacity. The
LDHs have not only been applied into CO> adsorption, but used as catalysis, polymer

nanocomposites, and ion exchangers as well [19].

1.2 Structural changes of layered double hydroxides

The structural changes of LDHs during thermal treatment have been
experimentally investigated in the previous studies. Yang et al. performed a study by in
situ techniques for thermal evolution of Mg-Al LDHs, illustrated in Fig.1.2 [20], and

they suggested that Mg-Al LDH first dehydrated between 343 K and 463 K while the
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remaining was the layered structure; then dehydroxylated and transformed into an
amorphous phase between 463 K and 678 K, and finally lost anions in the temperature
range of 678 - 853 K, where X-ray diffraction peaks showed spinel (MgAl>O4) and

brucite (MgO) formed, which contributed to CO; capture [21].
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Figure 1.2 Structural changes of layered double hydroxide during thermal evolution.

The temperature changes from 343 K to 853 K [20].

Borau.et.al. [22] also synthesized an Mg/Al layered double hydroxide (LDH)
using the coprecipitation method. The synthesized LDH and its calcination products
were characterized by X-ray diffraction illustrated in Fig.1.3. The XRD pattern of the
LDH at room temperature exhibited common features of layered materials: strong
peaks at low 26 values and weaker peaks at high 26 values. Structural changes
produced by calcination of the LDHs samples at 473 K showed no significant changes
in the structures. On the other hand, the LDH structure collapsed at a calcination

temperature of 773 K and a periclase (MgO) phase formed, which was consistent with



previous findings that pericalse was the main phase at this calcination temperature.
With raising temperature to 1073 K, there were no changes in the phase. Finally, sharp
reflections for spinel (MgAl>O4) appeared and the MgO peaks became more

significant.
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Figure 1.3 XRD patterns for HT-Mg/Al at room temperature (A) and its products of

calcination at 473 K (B), 773 K (C), 1073 K (D) and 1273 K (E) [22]

1.3 CO: adsorption of LDHs-derived oxides

Although LDHs have been identified as one of the most suitable materials within
the range of 473-673 K [3][23], it is well accepted that the LDH itself does not possess
appreciable CO: capture capacity because of limited room between layers. Recently,
many studies have been published on the CO adsorption of LDH-derived adsorbents.

Wang et al. [24] systematically investigated a series of Mg-M-CO3 LDHs (M=Al, Fe,
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Ga, Mn) and demonstrated that different phases form upon heating and M>" determined
the CO» adsorption capacity and they also suggested the maximum CO: capture
capacity at 673 K of quasi-amorphous LDHs. Hutson et al. [19] subsequently identified
that both physical and chemical CO; adsorption of Mg3Ali-LDH increased with
pressure. They also showed that MgiAliCl LDH possessed the highest
physisorption/chemisorption ratio, while Mg3zAliCO3; LDH had the highest combined
CO; adsorption. Reddy et al. [25] also found that Mg-Al-COs had the highest CO»
capture capacity after calcined at around 673 K, and it was confirmed by Gao et al [26]
who suggested that there existed an optimum temperature for CO> capture of
LDHs-derived mixed oxides as the spinel (MgAl2O4). A stable oxide structure would
form when the temperature was high enough so that Mg and Al would react with each
other in mixed oxides. The temperature cannot be too low because thermal energy has
to be high enough to break Mg-OH and AI-OH bonds so that the hydroxides can be
completely removed. A further study by Gao et al. [26] for the effect of Mg/Al ratio on
CO; capture capacity of amorphous mixed oxide at 673 K demonstrated CO; capture
capacity was highest when the Mg/Al molar ratio was between 3.0 and 3.5. Evidently,
the Mg/Al ratio is a key parameter that determines the surface characteristics of the
LDH-derived mixed oxides. However, Sharma [27] investigated the CO> capture
capacity on a series of Mg-Al-CO; LDH samples with varied Mg/Al ratio parameters,
and concluded that 37% Al content (Mg/Al molar ratio is 1.7) was the optimal
condition for CO2 adsorption at 303 K and 333 K. It is noted their experiments were

performed in different temperature regions. Nevertheless, the previous studies suggest



that the Mg/Al molar ratio is a key parameter determining the CO; adsorption capacity

of the LDH-derived mixed oxides.

Recent studies suggested that CO; uptake capacity of LDH-derived mixed oxides
changed with increasing temperature. Marta et al. [28] found a decrease in CO; uptake
of Mg-Al-COs; LDH-derived mixed oxide as the adsorption temperature increased from
323 k to 373 K. Moreover, different adsorption sites exhibit different CO2 adsorption
capacity. Majority of adsorption sites correspond to physisorption and some are
chemisorption sites. As a result, the available surface area is also an important factor
[29]. Bolognini [30] introduced Brunauer—Emmett—Teller (BET) surface area to
investigate multilayer CO> adsorption of Mg-Al mixed oxides. They found that the
number of medium strength sites, which was predominate for CO; adsorption when
Mg/Al molar ratio was between 2.0 and 3.5, was closely related to Mg?**-O* and
AI**-O? pairs. A latter study by Bellotto [31] also characterized the structure of Mg-Al
mixed oxides with a regular close-packed oxygen cubic. However, due to the strong
difference of bond distance between Mg-O and Al-O, the cations were not distributed

13"

with a long-range order instead Mg?" is in octahedral and AI** is in tetrahedral

coordination when the Mg/Al ratio is 2.0.

1.4 Aims of molecular dynamics simulation

Experimental understanding of the molecular-level origin of the complex structure
and CO; adsorption mechanisms on LDHs and LDHs-derived mixed oxides is usually
difficult because of the limitation of conventional experimental techniques. However,

molecular modeling on the other hand has been highly successful over the last decade
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in filling this gap and providing better molecular-level understanding. Kirkpatrick and
colleagues investigated the structural and energetic origins of LDH compounds
containing short chain carboxylic acids using computational molecular dynamics (MD)
study. [32][33] The hydrated interlayer galleries were found to be stabilized by an
integrated hydrogen-bonding network among the anions, water molecules and hydroxyl
groups of the LDH layers. [34] Zhao and Burns investigated benzene sorption
mechanisms intercalated into interlayers of organoclays, which were synthesized from
single chain quaternary ammonium cations (QAC), using MD modelling and proposed
a model to predict the QAC-clay microstructures. [35] These studies have
demonstrated the utility of MD methods to investigate the structure aspects of organic
clay composites and provided significant insights. In atomistic modeling, we employ
empirical potential (force field) to describe interatomic interaction between molecules
and atoms. We hope to predict the materials properties that have not been used in the
fitting of force field. In order to confirm the prediction, the simulation results need to
be compared with the available experimental results. Clays and related layered
minerals are fine grained and poorly crystalline materials and MD simulations have
become extremely helpful in providing an atomistic perspective on the structure and
behavior of clay minerals. Randall.et.al. [36] developed empirical force fields that has
been previously used to describe the interatomic interactions for clay and hydroxide
and presented CLAYFF force field. CLAYFF force field is based on the single point
charge (SPC) water model [37], and it can accurately describe the bulk structures of a

wide range of hydroxide phases.



1.5 Objectives of this study

The main objective of this study is to investigate the thermal stability of
Mg-Al-Cl layered double hydroxides and capacity of CO; capture in LDHs-derived
oxides using molecular dynamics simulations. The objectives of this research are

further divided into the following aspects:

1) The structural changes of LDHs during thermal evolution are directly related
to the temperature. The Mg-Al-Cl LDH sample when the Mg/Al ratio is 3.0 is
processed, and the structural changes of LDH during thermal evolution from 300K and
1700K will be characterized utilizing radial distribution function (RDF) and X-ray
diffraction (XRD). The objective of this study is to better understand the structural

evolution upon heating from the perspective of atomic level.

2) We will characterize the atomic structure of amorphous LDH derived mixed
oxides as a function of composition, which could be directly related to the CO>

capture capacity.

3) The static and dynamics of CO: adsorption are to be conducted in MD
simulation to investigate the distribution behavior and strength of CO; adsorption of
amorphous LDOs to understand the adsorption mechanisms and correlation with
structure. A series of Mg-Al-Cl LDH samples with a different Mg/Al ratio (1.7:1;
2.2:1; 3.0:1; 3.7:1) are processed, and further quantitative analysis of the CO
adsorption behaviors could explain the relationship between capacity of CO:

adsorption and the Mg/Al molar ratio.



2. Simulation details

With great effort made in the last several decades, molecular dynamics
simulation has become a powerful tool to investigate the structures and properties of
various materials. Given the interatomic potentials (force fields), MD could provide
in-depth insights into the structural behaviors of layered double hydroxides; especially
those phenomena that are hardly characterized using experimental methods. For
instance, MD could provide direct access to energy states, atomic local stress, and
atomic trajectories, which help determine the static and dynamic properties of

amorphous LDOs.

2.1 Principle of MD simulation

Molecular dynamics simulation is based on Newton’s second law of motion:

—

F =ma, (1
Where E, m; and @, are the force, mass and acceleration of atom i, respectively.
Integration of the equation of each atom vyields the trajectories, i.e., positions,
velocities and accelerations of each atom as a function of time. To start a typical
simulation, the inputs are potential, initial positions and velocities of each atom in the

system for MD simulation.

The acting force on each atom is derived from the interatomic potential energy as

a function of their positions as follows:

E=-VV(r) ()
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where V represents interatomic potential energy, r; represents the i atom’s position.

Combining equations (1) and (2), we obtain:

aZTl'x aZriy azriz)
at2 ' ot2 ' ot2

—VV(r) =m, ( 3)

As shown in equation (3), the initial conditions are important to conduct a MD
simulation. Each of them would exert an influence on the trajectories of simulations,
especially the interatomic potential energy V as the accurate choice of V would

directly determine the reliability of simulation results. More information on potentials

will be given in the next section.

The following schematic graph shows a typical process of MD simulation.
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Initialize positions r and velocities v of all

atoms and timestep At
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velocities v of all atoms, the whole system
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If the simulation is over

Yes

A

Simulation ends

Figure 2.1 Schematic representation of MD simulation

The simulation loops through alternatively calculating forces and accelerations
obtained from new positions. In practice, MD codes not only have to integrate the
equation of motion but also calculate temperature, pressure etc. Moreover, the
ensemble chosen in MD simulation, as well as the targets of simulation, should also
be considered. As mentioned above, a few key components such as potential,
integration algorithm, temperature, pressure deserve detailed elaboration, which

would be introduced in the following sections.
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2.2 Force field parameters

Any atomistic simulations depend on the accuracy of the description of atomics
interactions. The most accurate description may be provided by the first-principle
method based on quantum-mechanical treatment of electrons. Unfortunately, this
accurate description used to describe the inter-atomic interactions, also limits the
systems’ sizes in first-principle simulations, although some allow the degrees of
freedom associated with swelling and lateral displacement of the lattice. Moreover,
quantum mechanical methods based on density functional theory are computationally
expensive and cannot handle large number of atoms, although results are more

accurate. [36]

Teppen et al. [38] developed a new force field based on a rigorous analysis from
quantum mechanics calculations. Bonded interaction terms were used to simulate clay
phases successfully, and the use of O-Al-O angle bend potential to treat both
tetrahedrally and octahedrally coordinated aluminum atoms was a predominant
progress as there was no published force fields that could evaluate the effect of
octahedral coordination before. The zeolite-based force fields were subsequently
developed and applied into application which included tetrahedral aluminum only.
[39-42] Bougeard et al. [43] also developed an empirical force field of kaolinite which
made all of the atoms free to translate but limited to small scale simulations of
relatively well-known mineral structures, because large number of force field
parameters are required to describe the bonded states. Sainz-Diaz et al [44] then
developed a force field, in which three-body bond bend terms were added to

13



guarantee metal-oxygen coordination, and it performed well in describing the
structures of various medium and high charge phyllosilicates. However, it was not

adaptable for low charge phases such as pyrophyllite where weak interactions occur.

Randall et al [36] presented an alternative approach to solve the transferability
issue of atoms for MD simulations of hydrated crystalline compounds. Based on
nonbonded description of the metal-oxygen interactions related to hydrated phases,
the CLAYFF force field used an empirically derived interaction parameters which
described the potential energy between atoms in layered structure of LDH accurately
[45][46]. However, current empirical force fields could not provide an accurate
description of the interactions between CO: and oxides successfully. Although
three-site models for CO> are compatible with CLAYFF force field, they lack bond
flexibility of CO; so that the vibrational behavior of both the gaseous and liquid CO»
cannot be examined. Zhu [47] simplified the three-site model of CO, that was
compatible with CLAYFF force field, and developed a fully flexible model for CO>
that allowed intramolecular bond stretch and angle bend. As a result, it improved the
accuracy of interfacial simulations between liquids and solids. Randall [48] then
optimized the force field parameters in order to improve the accuracy of symmetrical

bond stretch frequency. The total potential energy of the system can be calculated as

Utotal = Uintermolecular + Uintramolecular (4)

Equation (5) and (6) provides the expression of intermolecular and intramolecular

energy in terms of contributing energy terms.

14



Uintermotecutar = Evow + Ecout (5)

Uintramolecular = LEstretch + Ebend (6)

The Van der Waals and Coulombic energy contribute to the nonbonded energy
of system. No dielectric medium presented is assumed to evaluate the interaction for
short-range Van der Waals energy described by pair wise-additive Lennard-Jones (L-J)
12-6 potentials [49], which is given by equation (7). The Coulombic energy reveals

the electric interaction between atoms, and it can be calculated as equation (8).
o 12 oy 6
UVDW(rij) = 45ij (r_) - (G_) (7)
ij ij

Ucou (1) = — (8)

ATmegT )

Where ¢;;, g;; are L-J well depth and L-J size, respectively, q;, q; and r;; are the
partial charges of atoms and distance between atom i and atom j; & is the
permittivity of free space. The intramolecular part consists of bond stretching and
bond angle vibration. Harmonic potentials [50] are used for the bond stretch and angle

bend terms calculated by equation (9).
Uintramotecutar = %kr (r— ro)z + %ke 6 - 90)2 ©)

Where r, r, are the bending bond length, 6 and 6, are the bending angle, and k,,

kg are the force constant.

In this study, both non-bonded (van der Waals and Coulombic) and bonded
(bond, angle, torsion and improper) interactions have been applied. The atom type for

Mg and Al are octahedral magnesium (mgo) and octahedral aluminum (ao). Oxygen
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partial charges vary from -0.95 for hydroxyl oxygen (oh), to -1.1808 for bridging
oxygen with octahedral substitution (obos) [36]. Aqueous chloride ion (Cl) with a
partial charge of -1.0 has been intercalated into the inter layer region for charge
balancing. Moreover, partial charge of carbon dioxide on amorphous surface of mixed
oxides was modified based on previous research [48]. Combined with potential
parameters in CLAYFF [36], we could evaluate the Van der Waals interaction
between CO> and the surface of amorphous LDOs. All the force field parameters used

in this study are listed in Table 2.1 and Table 2.2.
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Table 2.1 Nonbond parameters for the CLAYFF Force Field

species charge (e) Do (kcal/mol) R ()

octahedral magnesium  1.3600 9.0298x1077 5.2643
octahedral aluminum 1.5750 1.3298x10°¢ 4.2713
hydroxyl oxygen -0.9500 0.1554 3.1655
bridging oxygen with -1.1808 0.1554 3.1655

octahedral substitution

aqueous chloride ion -1.0 0.1001 4.3999

Cin CO2 0.6512 0.0559 2.800

O in CO2 -0.3256 0.1597 3.028
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Table 2.2 Bond and angle parameters for CO2

bond stretch

species i species j k,(kcal/mol - A) 1o(A)
C O 2018 1.162

angle bend

species i species j species k k,(kcal/mol.rad?) 0,(deg)
O C o 108.0 180

2.3 Simulation configuration

An atomic configuration of the simulation cell of Mg3Al;-LDH, containing
chlorine intercalated into inter layer region for charge balancing, was shown in Fig.2.2.
The simulation cell consisted of 4465 atoms with a dimension of approximately 3.7 nm
X 6.4 nm x 23 nm in X, Y and Z directions, respectively. Molecular dynamic
simulations were performed in the constant composition, isothermal-isobaric (NPT)
ensemble to investigate the structural changes of the LDH at 300K. In MD simulations,
periodic boundary conditions were applied in three dimensions. Pressure was
maintained based on Parrinello-Rahman method [51], where zero pressure was
employed in the X, Y and Z direction and constant temperature (T) was controlled by
the Nose-Hoover method [52-53]. After initial construction of the model, energy

minimization was conducted until the force and energy tolerance were under 107
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kcal/(mol - A) and 107 kcal/mol. In this study, continuous heating was processed from
300 K to 800 K with a heating rate of 2.5 x 101! K/s to investigate the transformation
from LDH to amorphous LDO. After the layered structure of LDH collapsed at 800 K,
all the anions, hydrogen and some of the oxygen atoms were removed from the system.
After maintaining the structure at 900K extended time for structure equilibrium, the
amorphous LDOs were then heated up to 2000 K at the same heating rate to investigate
the thermal evolution of amorphous LDOs. As specific kinetic processes cannot be
observed under continuous temperature change, isothermal heating for an extended
period of time is required. We performed simulation for two nanoseconds with time
step of 1 femtosecond, and atom configurations were dumped every 2000 time steps (2
picoseconds) for data storage and analysis in isothermal heating. To have a
comprehensive understanding of thermal evolution of LDH, isothermal simulations
were employed at specific temperatures: 7= 300 K, 700 K, 800 K, 900 K, 1200 K and

1700 K.
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Figure 2.2 Equilibrated structure of LDH model from molecular dynamics simulation

using NPT ensemble at 300 K.
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2.4 CO; adsorption simulations of amorphous LDOs

At 900 K, all the anions and hydroxyl disappeared and LDH transformed to
amorphous LDO (Mg-Al mixed oxide). Gutierrez et al. [54] found that the AI** ions
of amorphous Al,O3 were mainly tetrahedral at high temperature, as well as present
shorter bond length and lower fraction of octahedrally coordinated Al compared to
crystal structure. Continually cooling amorphous LDO from 900 K to 300 K with a
cooling rate of 2.0 x 10! K/s with total time of 2 ns was employed through NPT
ensemble. In order to study the CO; adsorption on amorphous LDO, CO; molecules
were first added into the vacuum gap above the surface of amorphous LDO according
to corresponding pressure, which could be calculated by Van der Waals equation of
state [55]. Molecular dynamic simulations were applied using a canonical ensemble to
investigate the CO; adsorption of amorphous LDO at 300 K. MD simulations were
performed for 2 ns and atom configurations were also dumped every 2 ps for data
analysis in isothermal cooling. Fig.2.3 shows the distribution of multilayered CO-

molecules arranged along the xXz plane of amorphous LDO.
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Figure 2.3 Structure of amorphous LDO when Mg/Al molar ratio is 3.0 with
multilayered CO; adsorption on the surface. Molecular dynamics simulation was done

in NVT ensemble at 300 K

2.5 Simulation package

Classical molecular dynamics simulations were performed to characterize the
thermal evolution of LDH and CO; adsorption of LDH-derived mixed oxide, which
was carried out in LAMMPS [56], developed at the Sandia National Laboratories.
Voronoi tessellation has been applied to investigate the coordination number of atoms
in the simulation cell. The two-dimensional definition of a Voronoi diagram is a
partitioning of a plane into regions based on distance to points in a specific subset of
the plane. For each set of points (called seeds, sites, or generators) there is a
corresponding region consisting of all points closer to that seed than to any other, and
the region is called a Voronoi cell [57]. The definition of Voronoi tessellation in three
dimensions is similar to two dimensions, Although the simulation cell is three
dimensional, the theory of Voronoi tessellation is similar with two dimensions and the

number of edges of a Voronoi cell is equal to the coordination number.
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2.6 Summary

Molecular dynamics is a powerful tool for investigating the structural changes of
LDH and CO; adsorption of LDH-derived mixed oxide. In MD, the length scale could
reach up to hundreds of nanometers and the time scale could reach up to several
nanoseconds. By employing this technique, we could study the atomic behaviors of
LDH and have a further study of the microscopic structure of LDH-derived mixed
oxide. In current study, we built a full 3D simulation cell by Materials Studio, then
covert it to the formats that can be used in LAMMPS. With the help of Ovito [58], the
structural changes of the system with increasing temperature can be visualized and the

dynamic CO; behaviors can be clearly revealed as well.

To ensure the accuracy of the information extracted from MD simulations, the
following aspects need to be carefully considered. The first issue is the efficiency of
the interatomic potential, because all the simulation results are determined by the
potential. The simplified CLAYFF force field developed by Randall is proven suitable
to simulate the CO> behaviors. The second issue is the limited time scale in MD
simulation. As the simulation time is limited to a few ns, a typical heating or cooling
rate in MD simulation is around 2.0 to 2.5x 10! K/s, which is several orders of
magnitude greater than in experimental studies. Thus, the atom configurations need to

be carefully verified, especially for isothermal processes.
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3. Thermal evolution of LDH'

The Mg/Al molar ratio of Mg-Al-LDHs plays crucial roles in determining the
CO; adsorption capacity of LDHs and LDHs-derived mixed oxides. To have a clear
understanding of the transformation process from Mg-Al-LDH to mixed oxides,
Mg3;Ali-LDH is assumed to be applied in our research. The anion intercalated into
interlayer region for charge balancing is also a key parameter to investigate the
thermal evolution of Mg3Al-LDHs. Various theoretical methods have been applied to
compare CO> adsorption between different intercalated anions, such as MgzAl;-Cl
LDHs and Mg3Al;-CO3 LDHs. Although the Mg3Al;-CO3; LDHs possess remarkable
CO; capture capacity, the ratio of physisorption/chemisorption is not as high as
Mg3;Al-Cl LDHs. What is more, the CVFF force field [59] is required to applied for
COs* as CLAYFF force field parameters are not adaptable to COs>". As a result, the
layered structure of LDHs is not stable due to the abnormal charge interaction
between CO3* and brucite-like layer of LDHs. Therefore, we choose Cl ion to balance
the charge. Objectives of this study are to investigate 1) the collapse of layered
structure of LDH during thermal evolution between 300 K and 900 K; 2) energy and
structure changes of LDH-derived amorphous LDO from 900 K to 1700 K; 3)

structure and composition of amorphous LDO at 300 K.

To achieve the objectives, we first employed the MD simulation to study the

! The results presented in this chapter have been submitted for publication in the Journal of Physical

Chemistry C.
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thermal evolution of Mg3zAliCl-LDH with increasing temperature between 300 K and
900 K, and shed light on the structural changes from LDH to amorphous LDO. Then
we would reveal the structure and composition of amorphous LDO including bond
distance change between metal ion and oxygen and atom distribution density as a

function of distance.

3.1 Simulation configuration

The crystal unit cell of Mg3Al CI-LDH is built up as R-3m with x, y dimension
is equal to 33.138 A, and z dimension of 23.4 A by materials studio. The detailed
atom geometric information after intercalating anions into inter layer region is
provided in Table 3.1. The unit cell was modified as rectangular coordinate, and Al
was substituted into the layered structure of LDH for Mg randomly. We could adjust
the Mg/Al molar ratio by increasing Al substitution, and Cl” was then intercalated into

inter layer region for charge balancing.

Table 3.1 Atom geometric information of crystal structure unit

Atom Site x/a y/b z/c
Mg 3a 0 0 0

O 6¢ 1/3 2/3 0.0407
H 6¢ 1/3 2/3 0.0822

The lattice of unit cell was shown in Fig.3.1. Since the periodic boundary condition is

applied to all X, Y and Z directions, the unit can be expanded to 6X6 supercell as
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shown in Fig.2.2.

Figure 3.1 The unit cell of Mg3Al1CI-LDHs built up as rectangular coordinate.

All simulations were conducted with LAMMPS [48]. Atomic potential energy
with increasing temperature was dumped every 1 ps. Simulated atomic configurations
were visualized by Ovito [58]. Atomic distribution density was revealed by Radial
Distribution Function (RDF). Atomic coordination number was calculated using

Voronoi tessellation [57]

3.2 Results and discussion
3.2.1 Structural changes of LDH upon heating

Fig.3.2 shows the potential energy ( Epotentiar ) Change with increasing
temperature up to 900 K and there is an abrupt jump at 800K, which indicates the
layered structure of LDH has begun to collapse and transformed to LDO. Radial

distribution function (RDF) was carried out to investigate the thermal evolution of
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Mg-Al-CI LDH, which helps uncover the structural changes during thermal treatment.
The inset in Fig.3.2 shows the RDF of Mg-Al-Cl LDH (Mg/Al=3) from 300 K to 800 K.
The RDF at 300 K shows a typical pattern of crystalline structure including a sharp
peak centered at ~2.1 A and other peaks at other interatomic distance. The RDFs do not
exhibit significant changes with increasing temperature from 300 K to 700 K, which
indicates that the Mg-Al-LDH retains its layered crystalline structure. However, the
RDF at 800 K shows typical features of a liquid, suggesting that the original crystalline

structure turns into an amorphous structure at about 800 K.

—ree — -6.2E5
- -6.2E5
—- -6.3E5
- -6.3E5
—- -6.3E5

< -6.4E5

T T T T S |
00 05 10 15 20 25 3.0

E ootential (Kcal/mol)

4 -6.565
r(A) ]
4 -6.5E5
4 -6.565

- -6.6E5

1 1 1 1 1 1 L _6.7E5
300 400 500 600 700 800 900

T(K)

Figure 3.2 The temperature dependence of potential energy of Mg-Al-CI-LDH with a
Mg/Al ratio of 3.0 over the temperature range of 300 K — 900 K. The inset shows the
corresponding radial distribution function g(r) of Mg-Al-Cl-LDH during thermal

evolution between 300 K and 800 K.

When temperature was higher than 700K, LDH began to dehydroxylate and bonds

between atoms were gradually broken. Fig.3.3 supports such observation as the average
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bond distance of O-H, and Mg-O increase abruptly when temperature is higher than
700K, which suggests the binding between O and H is weaken and magnesium oxide is
transformed from a crystalline structure into amorphous structure. The results are
consistent with the bond distance in layered mineral brucite Mg(OH), calculated by
Philippe et al. [60]. In general, crystal phases have higher density than liquids, as well
as shorter average bond lengths. However, Gutierrez et al. [54] investigated the
structural properties of liquid AIO3 in a molecular dynamics study and demonstrated
that the liquid phase of Al,O3; was indeed denser than the crystal phase and possessed
larger fraction of tetrahedral coordinated Al. In addition, in the current study, the Al
atoms substitutes Mg atoms in the LDHs structure, causing the Al-O bond length in
LDHs is much longer than that in Al,Os crystal. Hence, we should expect a drop in
Al-O bond length as the structure transfers to amorphous state. As shown in Fig.3.3, the
average bond distance of Al-O indeed had an abrupt drop when the temperature was

higher than 700K.
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Figure 3.3 Mg-O, Al-O and O-H distance variance during thermal evolution of LDH

from 300 K to 800 K

After the layer structure of LDHs collapsed, we removed hydroxyl and anions and
then continued to maintain the system at 900 K for 2 ns to form LDOs. Fig3.4 shows the
change in potential energy of LDOs by increasing the temperature from 800 K to 1700
K. With increasing temperature, the potential energy of amorphous LDOs continuously
increased between 800 K and 1700 K. However, there existed an abrupt drop at 1200 K,
which manifested another phase transformation. The sharp jump in potential energy
around 1700 K suggests a first-order phase transformation, in which the LDOs melt to
liquid phase. RDF diagrams in the inset of Figure 3.4 shows typical amorphous
structure with two broad peaks centered at 2 A and 2.8 A at 900 K. This indicates that
LDH transforms to an amorphous structure. However, the RDF at 1200 K shows four
distinct broad peaks centered on ~2 A, 3 A, 4.8 A and 6.6 A, indicating the emerging
crystalline structure of LDOs. The RDF at 1700 K indicates that the structure has

transformed back to amorphous (i.e., melting of the LDOs).
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Figure 3.4 The potential energy as a function of temperature of amorphous LDO. The
inset shows radial distribution function, g(r) of Mg-Al-CI-LDH during thermal

evolution between 800 K and 1700 K.

3.2.2 Structure and composition of amorphous LDO

To further examine the structural evolution of LDH, XRD patterns were
calculated at different temperatures. Figure 3.5 summaries these patterns that indicate
that the thermal evolution involves three stages. In the first stage, which is from 300 K
to 700 K, XRD patterns show sharp peaks that imply there is no significant change of
layered structure in LDH. The XRD pattern of LDH from simulation indeed agrees
very well with experimental observations [61]. However, layered structure of LDH
began to collapse and transformed into amorphous structure at 800 K (the second stage)
as no obvious peaks appeared. With further temperature increase, two broad peaks
centered at 20 = 30° and 20 = 60° at 900 K manifesting amorphous LDOs formed. The
two peaks centered at 20 = 42.8° and 62.0°— 62.4° at 1200 K indicate amorphous LDOs

recrystallized. This is in agreement with previous observations [22][62], which
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indicates that periclase (MgO) was the main observed phase in MgzAl;-LDH derived
mixed oxides. In the third stage, crystalline LDOs melted to liquid and returned to

amorphous structure again at 1700 K.
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Figure 3.5 XRD patterns of LDHs from 300 K to 1700 K. The inset shows

comparison between XRD of LDOs structure and experimental periclase at 1200 K.

We cooled down the structure of amorphous LDO from 900 K to 300 K with a
cooling rate of 2x 10'! K/s. The structure of amorphous LDO is maintained at 300 K for
additional simulation of 2 ns to reach equilibrium. The atomic configuration of
amorphous LDO is illustrated in Fig.3.6 (a). In order to reveal the structure of
amorphous LDO at 300K, detailed information of each atom, especially the
coordination number of atoms in the simulation cells was characterized. In this study,

Voronoi tessellation has been applied to calculate the coordination number of
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magnesium atoms in different Mg/Al molar ratios, as shown in Fig.3.6 (b). The
coordination number of magnesium atoms is close to 6 when the Mg/Al molar ratio is
3.0, which means every magnesium atom is surrounded by 6 atoms on average.
Whereas the coordination number of magnesium atoms is close to 5 when the Mg/Al
molar ratio is other than 3.0, as the fraction is close to 100 percent for Mg/Al molar
ratios are 1.7 and 2.2 and near 70 percent for Mg/Al molar ratio is 3.7. In other words,
the coordination number of magnesium atoms is highest when the Mg/Al molar ratio is
3.0 in four different Mg/Al molar ratios. The inset shows the probability of finding
oxygen in Mg?" in four different molar ratios. Most magnesium atoms are surrounded
by five-oxygen when the Mg/Al molar ratio is 3.0. However, most magnesium atoms
are surrounded by four-oxygen when the molar ratio is 1.7, 2.2 and 3.7. It can be
concluded that the structures of amorphous LDO at 300K are different in four Mg/Al
molar ratios and the magnesium atoms of amorphous LDO are inclined to bind with

more atoms, especially oxygen when the Mg/Al molar ratio is 3.0.
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Figure 3.6 (a) An atomic configuration of amorphous LDOs viewed in xXy plane at
300 K. (b) The coordination number of magnesium atoms at different Mg/Al molar

ratios. The inset shows the fraction of oxygen occupation in coordination number of

magnesium.
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4. CO; adsorption of amorphous

LDOs?

To clarify CO> adsorption mechanisms on the surface of amorphous LDOs, we
conducted a molecular dynamics simulation study. In this study, the measurement of
CO; adsorption has been investigated through two approaches, i.e., “the static
adsorption” and “the dynamic adsorption”. The “static adsorption” measures the
amount of CO2 molecules accumulated near the surface. Whereas, the “dynamic
adsorption” reveals the CO; adsorption behavior including trapped into the surface or
moving randomly in the vacuum above the surface. The main objective of this study
is to investigate effects of atoms on the surface of amorphous LDO on strength and

durance of CO; adsorption capacity in different Mg/Al molar ratios.

4.1 Simulation details

To examine CO; adsorption capacity as a function of amorphous composition,
four different Mg/Al ratio models were built, i.e., Mg/Al=1.7, 2.2, 3.0, and 3.7. We
cooled amorphous LDO in four different ratios from 900 K to 300 K, and created
vacuum gap above the two free surfaces of amorphous LDO. The CO; capture capacity
of LDH-derived amorphous LDO was investigated at the room temperature. As

Youssef [63] found, increasing pressure had a positive effect on CO> adsorption of

2 The results presented in this chapter have been submitted for publication in the Journal of Physical

Chemistry C.
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MCM-41 silica at ambient temperature multilayer CO» adsorption. In order to study the
static CO; adsorption of amorphous LDO, CO; molecules were added into the vacuum
gap above the surface of amorphous LDO according to corresponding pressure. The
Van der Waals equation of state [55] was applied to evaluate the amount of CO>

molecules in the simulation cell above the surface of amorphous LDO,

ny2| (Y —
P+a®?|(5-b)=RT (10)
where a and b are constants; n is number of moles; and P, V, T are pressure, volume

and temperature for a real gas, respectively.

A series of NPT were performed to confirm the agreement between the pressure
calculated from experimentally developed Van der Waals equation of state and the one
obtained from molecule dynamics simulations [64]. MD simulations were applied
using isothermal-isobaric (NPT) ensemble via Nose-Hoover thermostat [52][53] to
investigate the CO, adsorption on the surface of amorphous LDO at 300 K. The
initially constructed system was relaxed at 900 K for 2000 ps (the time interval is 1 {s).
The model system was then cooled to 300 K at a cooling rate of 2.0 x 10! K/s
before CO2 have been added into the vacuum above the surface of amorphous LDO.
During the cooling progress, pressures in X, Y and Z directions were controlled at 0
bar. After above-mentioned cooling, MD simulations were applied using a canonical
NVT ensemble to investigate the CO> adsorption of amorphous LDO at 300 K.
Systems were visualized using Ovito [58]. All simulations were carried out in the

Lattice provided by WestGrid.
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In order to study the structure and composition of amorphous LDO, partial RDF
[65] has been used to describe the binding between atoms on the surface of
amorphous LDO and the first CO» adsorption layer, and the integrated partial RDF is
related to the coordination number on the surface of amorphous LDO in four different

Mg/Al molar ratios.

4.2 Results
4.2.1 Static CO:2 adsorption

The static adsorption describes describes how the local density of CO2 molecules
varies as a function of distance from the surface of amorphous LDOs. Figure 4.1
shows the COz density profile in contact with amorphous LDOs with different Mg/Al
molar ratios. The middle section in Figure 4.1 represents the bulk amorphous LDOs
and therefore, the density of COz is zero in this region. The four different samples
exhibit similar CO, distribution behaviour, where two broad peaks centered at -2.5
and 26 A and the broad peak width is about 9 A. This means that most of the CO
molecules were adsorbed within 9 A regime above the surface, whereas, the
remaining CO2 distributed in the vacuum. The orientation of the CO2 molecules in the
first adsorption layer in four different Mg/Al molar ratios is also shown in Figure 4.2.
Since COz is a linear molecule, the orientation is defined as the angle between CO»
molecular axis and normal to the amorphous LDO’s surface, and the most probable
angle is 90°. In other words, CO2 molecules in the first adsorption layer are mainly

horizontal with respect to the surface of amorphous LDO.
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The static CO» adsorption measure shows the overall adsorption behaviour of
CO2 on the LDOs’ surfaces. In addition, it provides the information of a length scale,
i.e., thickness of the adsorbed CO» layer. The overall adsorption behaviours of
different Mg/Al molar ratios show no significant difference. This is probably due to
the fact that the static adsorption is a time-average measurement, while the adsorption
behaviour itself is a dynamic process; therefore, additional dynamic analysis is needed

to seek the difference affected by the composition of the amorphous LDOs.
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Figure 4.1 Density distribution of adsorbed CO: at four different Mg/Al ratios: 1.7,

2.2,3.0,and 3.7.
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Figure 4.2 Orientation of CO2 molecules within the first adsorption layer calculated
for the system with P = 60 atm. Orientation is defined as the angle between the

molecular axis of CO, molecules and normal to the amorphous LDO surface.

4.2.2 Dynamic CO: adsorption

For dynamic CO; adsorption, we used the definition proposed by Impey et al
[66], which was first employed to calculate the residence time of water molecules and
has been used extensively to study the hydration behavior of ions, surfaces and
nanostructures [67]. Following our previous work [64], we used a simplified version

of this quantity defined as

7;(t) =Y < Pi(ty, t) >-At (11)
where 7;(t) is the i CO; residence time within distance criteria for adsorption at ¢,
Pi(to' t) is a parameter of the i CO» molecule which takes values 0 or 1.
Pi(to' t) equals to 1 if a CO2 molecule is marked as adsorbed on the surface of
amorphous LDO at t, and t, and it has not left out of the specific distance for any
continuous period between t, and t. Under other circumstances, it takes a value of 0.

At is the time step at which the observation is made to check adsorption of the i CO,.
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In this definition, t, is updated if a CO> molecule leaves the adsorption layer and
comes back to it. This means that each CO; molecule has multiple residence times,
and we can calculate the number of adsorbed CO» within a specific time window.
Figure 4.3 shows the typical semi-log plot of residence time versus amount of

adsorbed CO; for amorphous LDO with Mg/Al = 3.0.
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Figure 4.3 Residence time of adsorbed CO2 with amount of adsorbed CO». The inset

shows the adsorption capacity as a function of LDO compositions.

Previous study suggests that individual CO> molecules reside near the defects on
the surface for extended time, and majority CO2 molecules dynamically visit and
leave the surface, which makes the residence time of CO; a dynamic value. A cut-off
distance of 9 A has been used to define a CO2 molecule as adsorbed on the surface for
all four samples with different Mg/Al ratios. This value is chosen according to density
profile of CO2 molecules near the oxide surface, as suggested by Figure 4.1 using static

adsorption measurement. In Figure 4.3, we show a typical residence time versus the
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amount of adsorbed CO, molecules of Mg3Al;-LDH derived LDO. Because CO-
molecules behave rather differently as distance varies from the surface of amorphous
LDO, three distinctive regions can be recognized in the residence time diagram of CO>
molecules. In region I, there are a few number of CO> molecules with relatively long
residence times for more than 600 picoseconds. In region III, CO, molecules visit the
adsorption layer with high frequency but stay in this layer for short periods of time.
None of these two regions in the semi-log plot shows linear relationship. In region II,
the residence time versus amount of CO2 in semi-log plot follows linear relationship;

phenomenologically, we can express the residence time as follows.

n

T,~e <n> (12)

where, T, represents the residence time, n is the number of adsorbed molecules, and
<n> the average number of molecules adsorbed on the surface. We believe the region

I represents the steady-state adsorption behaviour of CO2 on the surface.

In the present study, all four compositions possess similar relationships between
residence time and CO; adsorption. In order to compare CO> adsorption between
different Mg/Al molar ratios, the number of adsorbed CO> during the second stage
was rescaled by the surface area of each composition, as shown in the inset of Figure
4.3. The figure clearly shows that the dynamic adsorption of COz molecules on the
LDH-derived amorphous LDO is sensitive to Mg/Al molar ratio. Overall, with
increasing Al content, CO; adsorption increases, and the CO; capture capacity reaches

maximum when Mg/Al molar ratio is equal to 3.0. Gao et al. [26] also investigated the
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effect of Mg/Al molar ratio on CO> adsorption at high temperatures, and their
experimental results agreed well with current simulation observations. It is worth to
mention that the CO» adsorption units in this study are different from experimental
ones, because current CO» capture capacity is only dependent on the area of two free
surfaces, while the total volume of the adsorbent can be arbitrarily changed by
changing the dimension along z-axis. In order words, the BET surface area of
amorphous LDO is the predominant parameter for CO2 adsorption, and that is why the
CO; adsorption should be rescaled by the surface area of each composition. The CO>

adsorption simulation at high temperatures obviously deserves further investigation.

4.2.3 CO: diffusion

The other related dynamic property of CO2 adsorption is the diffusion of CO»
molecules on the surface. The mean squared displacement (MSD) analysis of CO;
was performed by computing the square of the displacements of all CO2 molecules

[68] within a specified time interval At. The MSD was defined as
1 2
MSD = ;Zﬁﬂ |12 (to + At) — 13,(£0)| (13)

where N is the total number of atoms, and 7 () is the position of the atom at ¢ . The
MSD of carbon dioxide was calculated at five difference temperatures from 273 K to
375 K for each composition and three representative MSD for Mg/Al molar ratio of

3.0 are shown in Figure 4.4 (a). The slope of MSD versus time intervals is proportional
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to the diffusion efficient D [69], and the temperature dependence of the diffusion

coefficients can be well approximately by

Q

D=Dye ¥ (14)

Where D is pre-exponential factor, and Q is the activation energy for diffusion.
Figure 4.4 (b) shows the Arrhenius temperature dependence of diffusion coefficients
and the slopes yield the activation energy for diffusion. The activation energy for
diffusion obtained in current study falls into the same ballpark of previous studies
[70-72]. The inset shows the activation energy of CO> diffusion as a function of LDO
composition and it suggests that Mg/Al molar ratio is 3.0 possesses highest diffusion
barrier. That result is consistent with observation that dynamic CO; capture capacity

of Mg/Al molar ratio = 3.0 is highest (see inset of Figure 4.3).
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Figure 4.4 (a) Mean square displacement versus time in different temperatures: 273 K,
300 K, and 375 K when the Mg/Al molar ratio is 3.0. (b) Arrhenius temperature
dependence of diffusion coefficient for four different Mg/Al molar ratios: 1.7, 2.2, 3.0,
and 3.7. The inset shows the diffusion activation energy as a function of Mg/Al molar

ratio.
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4.2.4 Partial radial distribution function of amorphous LDO

Both the dynamic adsorption and diffusion coefficient data point to the direction
that the Mg/Al molar ratio of 3.0 possesses the highest CO» capture capacity. How
does this dynamic property relate to amorphous structure? We further investigated the
binding arrangement between CO; molecules and amorphous LDO to reveal the
potential correlation. Bolognini [30] demonstrated that the chemical reaction between
CO; and Mg?"-O%* or AI**-O* pairs was a key parameter for CO adsorption, and
Yong [73] concluded that increasing aluminum content strongly affected CO;
adsorption because of larger charge of Al. Unfortunately, in MD simulation we can
only observe physisorption. In my current study, only Mg-O, Al-O and O (LDO)-C
binding lengths were studied as ions that had the same signs with repulsive Columbic
interaction did not contribute in binding and the radial distribution function (RDF) of

atoms has been normalized as follows [65]:

g(r) = lim P (15)

dr—0 4”(Npairs/v)r2dr
g*(r) = g(1) * Npairs (16)

where r is the distance between a pair of atoms, p(r) is the average number of atom
pairs at a distance between » and r + dr, V' is the total volume of the simulation cell,
and Npgirs 1s the number of unique pairs of atoms where one atom is from each of
two selections. In current case, the Npg;r-s of partial RDF is the product of number of
magnesium, aluminum or oxygen atoms on the surface and oxygen or carbon atoms of

CO; molecules.
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Figure 4.5 (a) (b) (c) (d) show the rescaled partial RDF of atoms on the surface
of amorphous LDO with different Mg/Al molar ratios. The pair RDF of AI-O
indicates that the binding length of AI-O is longest, suggesting that aluminum atoms
on the surface of amorphous LDOs possess weak interaction with the first layer of
CO2 molecules. It is also noticed that the binding length of Mg-O is shortest, which
indicates that magnesium atoms on the amorphous surface are mainly bound with the
first CO, adsorption layer. The Figure 4.6 shows the integrated g () of Mg?*, which
is related to the coordination number on the surface, in amorphous LDO with four
different Mg/Al molar ratio: 1.7, 2.2, 3.0 and 3.7. It reveals that the binding between
Mg** and the first CO» adsorption layer is relatively high for Mg/Al molar ratio = 3.0.
This is also related to the fact that the Mg>* in the bulk amorphous LDO with a Mg/Al
molar ratio of 3.0 has higher coordination number and on the surface they tender to

bind with more atoms, as suggested in Figure 3.6 (b).
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Mg/Al molar ratio of 2.2, (¢) Mg/Al molar ratio of 3.0, and (d) Mg/Al molar ratio of
3.7. Mg-O and AI-O represent the respective binding arrangement between CO2 and

magnesium and aluminum atoms in the amorphous LDO, O(LDO)-C represents the

g’

(b)

g

(d)

—a—Mg-O
—e—0O(LDO)-C
—a—Al-O

—a—Mg-0
—e—0O(LDO)-C
—&— AI-O

binding arrangement between CO2 and oxygen atoms in the amorphous LDO.

0.98

0.96

0.94

Integrated g*(r)

0.92
0.90

0.88

—u— Mg-O

PR

2.2 3
Mg/Al molar ratio

3.7

Figure 4.6 Integrated partial RDF of Mg?* in amorphous LDO in four different
Mg/Al molar ratios: 1.7, 2.2, 3.0, and 3.7.
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4.3 Discussion

In this study, we further investigated the binding arrangement between CO»
molecules and amorphous LDO to reveal the potential correlation. Figure 4.7 shows
the binding arrangement between atoms on the surface of amorphous LDO and the
first layer of adsorbed CO> molecules in four different Mg/Al molar ratios. Only
heterocharged atoms of amorphous LDO are considered, such as Mg®™-O, AI**-O,
O?-C, because homocharged atoms will possess repulsive interaction between CO»
molecules and amorphous LDO. It implies that the binding between Mg>" on the
surface and the first CO> adsorption layer is predominant, whereas, the binding
fraction of Al-O is minor, which corresponds to the results of partial RDF. In addition,
the fraction of binding between Mg?* and COs is relatively high for Mg/Al molar ratio
= 3.0. This also corresponds to the conclusion that the Mg?" in Mg/Al molar ratio =

3.0 tends to bind with more atoms.
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Figure 4.7 Binding fraction between CO2 molecules and amorphous LDO. Mg-O
represents the binding between Mg?" and oxygen atoms of CO2; O (LDO)-C
represents binding between O* of amorphous LDO and carbon atoms of CO»; Al-O

represents binding between Al** of amorphous LDO and oxygen atoms of COx.

4.4 Summary

In summary, we investigated the effect of Mg/Al molar ratio parameter of
LDH-derived oxide on their CO» adsorption capacity. We have shown similar static
CO» adsorption and an overall longer residence time near the surface of amorphous
LDO in different Mg/Al molar ratios. However, the CO2 molecules in different molar
ratios shows distinctive dynamic residence times, which reveals that their CO>
adsorption strengths are different. In order to study their CO2 adsorption behaviors,
the angle orientation of CO2 molecules near the surface of amorphous LDO has been
investigated. We find the adsorbed CO; molecules are mainly horizontal to the surface
of amorphous LDO, and they are primarily adsorbed within 9 A through Mg-O

interaction. To verify the origin that Mg?" act as CO, adsorption sites, partial RDF of
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atoms on the surface of amorphous LDO and binding fraction between CO; and
amorphous LDO are done. We find that the binding between Mg?" and O* in CO»
molecules is strongest in all four different Mg/Al molar ratios, and the CO» capture
capacity is highest when Mg/Al molar ratio is 3.0 due to high fraction of Mg-O

binding.
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5. Conclusions

5.1 Conclusions

In this work, molecular dynamics simulations were employed to investigate the 1)
structural changes of LDH during thermal evolution; 2) the structure and composition
of amorphous LDO and 3) CO> adsorption of amorphous LDOs. The following are

three main conclusions drawn from this thesis study:

1) The thermal evolution of Mgs;AliCl LDH has been investigated under NPT
ensemble. The layered structure begins to collapse and hydroxyl groups and
anions are removed at 800 K, where LDH transforms to amorphous LDO.
However, amorphous LDO recrystallizes at 1200 K and retains crystal structure
between 1200 K and 1600 K. Moreover, the crystal structure of LDO at 1200K
is close to periclase. With increasing temperature, LDO melts to liquid phase at
1700 K, and returns to amorphous structure again.

2) Molecular dynamics simulation is employed to study the structure and
composition of amorphous LDO at 300 K. When the Mg/Al molar ratio is 3.0,
the coordination number of magnesium atoms is close to 6, which is highest in
the four different ratios. Moreover, the occupation fraction of oxygen of most
magnesium atoms is 5, and it is also highest in the four different ratios. It can be
concluded that the structures of amorphous LDO at 300 K are different in four
Mg/Al molar ratios and the magnesium atoms of amorphous LDO are inclined
to bind with more atoms, especially oxygen when the Mg/Al molar ratio is 3.0.
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3) The CO; adsorption of amorphous LDOs has been studied from two aspects: 1)
the static CO> adsorption and 2) the dynamic CO; adsorption. The static CO>
adsorption shows the overall adsorption behavior of CO> molecules above the
amorphous LDO surface. It is found that the four different samples exhibit
similar CO; distribution behaviors. Most CO, molecules accumulate near the
surface and are adsorbed within 9 A above the surface, whereas, the remaining
CO:z molecules distributed in the vacuum. CO2 molecules dynamically visit and
leave the surface of amorphous LDO, and three different CO; residence time
has been observed: 1) particular CO; molecules reside on the surface of
amorphous LDO for relatively long time; 2) the CO; far away from the surface
visit the surface of amorphous LDO for very short time; 3) the remaining CO»,
whose residence time versus amount of CO: in semi-log plot follows linear
relationship, reside on the surface for relatively long time. The dynamic CO>
adsorption in the four different Mg/Al molar ratios possess similar relationship,
and the capacity of CO> adsorption reaches maximum when Mg/Al molar ratio
is 3.0, which agrees well with previous experimental CO2 adsorption of
amorphous LDO at high temperature [26]. Moreover, the activation energy of
COg, for diffusion as a function of LDO composition also suggests that a higher
CO; diffusion barrier is required when the Mg/Al molar ratio is 3.0, which is
consistent with the dynamic CO; adsorption results. The CO2 capture capacity
of amorphous LDOs is also the most favorable at the same molar ratio, which is

in agreement with previous experimental studies. The partial RDF of atoms on
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4)

the surface of amorphous LDO proves that magnesium atoms contribute to the
first CO; capture layer. The binding arrangement between CO> molecules and
amorphous LDO’s surface indicates that the binding between magnesium and
oxygen predominant in the first layer of CO» adsorption. A relatively higher
integrated g'(r) of Mg-O when the Mg/Al molar ratio is 3.0 indicates that
magnesium atoms incline to attract more surrounding atoms especially oxygen.
This result is due to the fact that the binding arrangement between Mg** and O*
is also highest at the same ratio. It can be concluded that the CO; capture
capacity of amorphous LDOs is closely related to the Mg/Al molar ratio due to
the high value of g*(r).

This study describes a promising simulation method to investigate the
characteristics of LDH and LDH-derived amorphous LDO and the results
provide molecular-scale insight into the structural and dynamical origins of the
interactions of CO, with LDO. This can be helpful to design LDO structures

with optimal CO; capture capacities.

50



5.2 Future works

Due to the limited computational resource, current molecular dynamics
simulations were conducted with 3D periodic conditions. The regeneration process of
the structure of the calcined LDH occur via intercalation of hydroxyl groups after
contact with anions solution [74]. However, the LDH-derived mixed oxide did not
recover their original layered structure in MD simulation. With the development of
MD technique and computer science, the memory effect of LDH shall be included in

the future study.

Furthermore, the CO; chemisorption on single-layer aluminum nitride
nanostructures is kinetically and thermodynamically accessible at room temperature
due to the low energy barrier between physisorption and chemisorption [75]. In
addition, the bonding interactions are formed between C-N and O-Al in the
chemisorption structure, which contribute to CO> adsorption capacity. However, only
the CO; physisorption of amorphous LDO is considered in current study. Thus, the

CO; chemisorption of amorphous LDO in MD simulation is necessary to investigate.
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