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ABSTRACT

STUDY OF SYNTHESIS AND OPTICAL PROPERTIES OF
TRANSITION METAL SUBSTITUTED LDH NANOPARTICLES

MSC THESIS
AKRAM HM ALMUNIRAWI
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: Prof. Dr. AYSE MORKAN)
BOLU, JULY 2024

(xiv + 45)

Mgsz-xyMxM'y/Al: is the general formula of double metal-substituted magnesium
aluminum layered double hydroxides. In this study, Mg-Al LDH, where
magnesium is substituted by two different metal cations, M (Zn) and M' (Ni or Co),
in the brucite-like layers of the LDH. MgZnNiAl LDH and MgZnCoAl LDH were
successfully synthesized through the sol-gel method under optimized conditions.
The corresponding LDH materials were prepared with different stoichiometry by
varying the molar ratios of Mg:Ni and Mg:Co whereas zinc and aluminum
concentrations were kept constant.

The as-prepared LDH materials were thoroughly investigated by a range of
analytical techniques such as FT-IR spectroscopy, X-ray diffraction and also
ultraviolet-visible spectroscopy, which provided a wide understanding of the
compositional and structural characteristics of the Mg-Al LDH.

The obtained data of UV-Vis spectroscopy and XRD were utilized to calculate
lattice parameters (a and c), crystallite sizes (D), microstrain (g), positions and
displacements of atoms (u), volume of the unit cell (v), band gap, and dielectric
constant. XRD data revealed similar patterns for the MgZnNiAl LDH and
MgZnCoAl LDH, suggesting that they have common structural backbone,
moreover, MgZnNiAl LDH samples showed a higher crystallinity. FT-IR spectra
showed the distinct bands corresponding to the vibrational modes of the hydroxyl
groups (OH") and nitrate (NO3) groups within LDH structure. Moreover, it was
found that varying concentrations of metal cations significantly affected the
composition, structure, optical properties and functional characteristics
of LDH materials.

KEYWORDS: Double metal-substituted, Mg/Zn-Al LDH, Layered double
hydroxides, Sol-gel method, XRD, FT-IR.
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OZET

GECIiS METALI DEGiSIMLi LDH NANOPARTIKULLERINIiN SENTEZi

VE OPTIiK OZELLIKLERINIiN iNCELENMESI

YUKSEK LiSANS TEZi

AKRAM H M ALMUNIRAWI
BOLU ABANT iZZET BAYSAL UNIiVERSITESI
LiSANSUSTU EGITIiM ENSTITUSU
KiIMYA ANABILIM DALI

(TEZ DANISMANI: Prof. Dr. AYSE MORKAN)

BOLU, TEMMUZ - 2024

(xiv + 45)

MgzxyMxM'y/Aly, cift metal degisimli Mg-Al tabakali ¢ift hidroksitlerin (TCH)
genel formilidiur. Bu ¢alismada, magnezyum, TCH'nin brusit benzeri
katmanlarinda iki farkli metal katyonu (M (Zn) ve M’ (Ni ve Co) ile ikame edilerek,
MgZnNiAl TCH ve MgZnCoAl TCH, optimize edilmis kosullar altinda sol-jel
yontemiyle basariyla sentezlendi. Karsilik gelen TCH malzemeleri, ¢inko ve
aluminyumun derisimleri sabit tutularak, Mg:Ni ve Mg:Co metallerinin derisimleri
degisen molar oranlar1 kullanilarak hazirlandilar.

Sentezlenen TCH numuneleri, X-1smi1 kirmim1 (XRD), Fourier doniisiimii kizil6tesi
spektroskopisi (FT-IR) ve ultraviyole gorinlr (UV-Vis) spektroskopisi dahil olmak
lizere bir dizi analitik teknik kullanilarak kapsamli bir sekilde karakterize edildi; bu,
TCH'lerin yapisal ve bilesimsel o6zelliklerinin genis bir sekilde anlagilmasini
sagladi.

UV-VIS spektroskopi ve XRD verileri, malzemelerin, Kristalit boyutlarini (D),
kafes parametrelerini (a ve c), mikro gerilimi (g¢), atomlarin konumlarini ve yer
degistirmelerini (u), birim hiicrenin hacmini (v), bant aralig1 ve dielektrik sabitini
hesaplamak icin kullanildi. XRD verileri incelendiginde, MgZnNiAl TCH ve
MgZnCoAl TCH igin benzer desenlerin elde edildigi ve boylece bu malzemelerin,
ortak yapisal omurgaya sahip olduklari, ayrica MgZnNiAl LDH 6rneklerinin daha
yiiksek bir kristallik gosterdigi ortaya konuldu.

FT-IR spektrumlari, TCH yapisindaki hidroksil gruplart (OH") ve nitrat (NO3’)
gruplarinin titresim modlarina karsilik gelen farkli tepe noktalar1 oldugunu gosterdi.
Ayrica bu calismada, metal katyonlarinin degisen konsantrasyonlarmin, TCH
malzemelerinin  bilesimini, yapisini, optik 6zelliklerini  ve fonksiyonel
karakteristiklerini onemli 6lgiide etkiledigi bulunmustur.

ANAHTAR KELIMELER: Cift metal degisimi, Mg/Zn-Al TCH, Tabakal ¢ift
hidroksitler, Sol-jel yontemi, XRD, FT-IR.

vii



TABLE OF CONTENTS

Page
APPROVAL OF THE THESIS ......o oot i
ETHICAL DECLARATION ...coiiiiiee et %
ABSTRACT e Vi
OZET e vii
TABLE OF CONTENTS . ...ooii ettt viii
LIST OF FIGURES ..ottt IX
LIST OF TABLES ...ttt ettt Xi
LIST OF PICTURES. ........ootiiiiie ettt Xii
LIST OF ABBREVIATIONS AND SYMBOLS ......cccccooviiiieieeie e Xiii
ACKNOWLEDGEMENTS.......ootiiiiiiiieienie it Xiiii
1. INTRODUCTION ......ooiiiiiiieieieies ettt a e ae e sae e sresneeneas 1
1.1 Layered Double HydroXide ..........ccccoeiveiieiiiiineis e 1
111 APPHICALIONS....ceiiiieciie et 3
1.0.2 SYNENESIS ...ttt 4
1.2 S0l Gel MELOT ... 7
1.3 Disadvantages of SOI-Gel ..........cccceiiiiiiiiiec e, 8
1.4 Magnesium Aluminum layered double hydroxides............cc.ccocevvvriviiennnn. 8
2. AIM AND SCOPE OF THE STUDY ....oooviiiiccecec e 10
3. MATERIALS AND METHODS.......ccocotiiiieieieesie e 11
T O 0T o SR 11
3.2 The Process of Synthesis Mgs.x-ymxM'y/Al. LDH via Sol-Gel .............. 11
3.3 Instrumented characterization methods of Mgz x-yZnxMy/Aly LDH........ 13
4. RESULTS AND DISCUSSION......ccooiiiiiiieiene e 16
4.1. The efficacy of the sol-gel technique for synthesizing Mgz-x.yZnxMy/Aly
LDH and the impact of concentration variations ............c.ccocceeererinenicnennn, 16
4.2. X-Ray Diffraction (XRD) ANalYSIS .......cccevvvierieereiieieere e 20
4.3. Fourier-Transform Infrared Spectroscopy (FT-IR) Analysis............. 23
4.4. UV-VIS absorbance spectroscopy and Diffuse Reflectance Spectroscopy
(DRS) @NAIYSIS.....oeiiiiiiiieieite sttt bbb 27
4.5.  Structural and optical Properties.........cccevvveveiievieeiesiie e 33
5. CONCLUSIONS ..ottt 39
6. REFERENGCES ......i ot 41

viii



LIST OF FIGURES

Page

Figure 1.1. Representative structure of an LDH. ...........ccccoco v, 1
Figure 1.2. Structure of layered hydroXides. ..........cccoovrreiieiienniniecie e 2
Figure 1.3. Different applications of LDH. ..........ccccccoiiiiiniiiiinccee e 3
Figure 1.4. "Photocatalytic CO, Conversion with LDHs: Advances in Synthesis
AN EFFICIENCY" . ... e 4

Figure 1.5. Diagrammatic depiction of the ion exchange/capture mechanism and
LDH SITUCTUIE. ... 6

Figure 1.6. Synthesis of LDH single layers by top-down and bottom-up
APPIOACNES. ... 6

Figure 1.7. Procedures for preparing SOI-gel..........ccoovviieii i 8
Figure 1.8. Steps of synthesis Mg-Al LDH by electrocoagulation. ........................ 9
Figure 3.1. Proceeding of sol-gel to obtain the xerogel. .........cccccooeiiniiiiiinnnnne 13
Figure 4.1. Wet gel of Mgs-xy ZnxNiy/Aly after hydrolysis and condensation. .....17

Figure 4.2. Dried gel of A) Mg2.89 ZNno.1 Nioo1 Aljg, B) Mg2.87 ZNo.1 Nio.03 A|1,C)
Mg2.85 Zno.1 Nio.os Al1 obtained after being heated at 150°C for 24 hours.

Figure 4.3. Mixed metal oxides (MMO) of A) Mg2.s9 Zno.1 Nioo1 Al1i, B) Mg2.s7
Zno.1 Nio.oz Al1, C) Mg2.85s Zno.1 Nio.os Al1 obtained after being heated at

B50°C FOF 4 NOUIS. ..ot 17
Figure 4.4. A) MgZnNi/Al LDH1, B) MgZnNi/Al LDH2, C) MgZnNi/Al LDH3.
............................................................................................................. 18
Figure 4.5. MgZnNi/Al LDH powder after grinding. ..........ccocovvvvnienencncnennn 18
Figure 4.6. Wet gel of A) Mg2.89 Zno.1 Coo.01 Al1, B) Mg2.87 Zno.1 Coo03 Alj, ......18

Figure 4.7. Dried gel of A) Mg289 Zno.1 Coo.o1 Al1, B) MQ2.87 Zno.1 C0oo.03 Aly, ...19
Figure 4.8. Mixed metal oxides of A) Mg2.89 Zno.1 Coo.01 Al1, B) Mg287 ZNno.1 C0o.03

Al1, C) M@2.85 ZN0.1 C00.05 AlL weoveeieiieiieiesic e 19
Figure 4.9. A) MgZnCo/Al LDH1, B) MgZnCo/Al LDH2, C) MgZnCo/Al LDH3.

............................................................................................................. 19
Figure 4.10. XRD pattern of MgZnCo/Al Xerogel.........ccccovevvvvveeiieiieiiecec 20
Figure 4.12. XRD Patterns of MgZnNi/AI LDH. ........ccccooviiiiiiiiiee e, 22
Figure 4.13. XRD Patterns of MgZNCo/Al LDH.........cccooiiiiiiiiic e 22
Figure 4.14. IR spectra of MgZnNIi/Al Xerogel.........cccovvvveveiieieecie e 23
Figure 4.15. IR spectra of MgZNnCo/Al Xerogel. .........ccocevvveviieiiiieiiie e, 24
Figure 4.16. IR spectra of MgZnNi/Al Mixed Metal Oxides (MMO).................. 24
Figure 4.17. IR spectra of MgZnCo/Al Mixed Metal Oxides (MMO). ................ 25
Figure 4.18. IR spectra of MgZNNIi/AlI LDH. ..., 26
Figure 4.19. IR spectra of M@ZNCo/AlI LDH.........ccccoiiiiiiiiiicec 26
Figure 4.20. Illustration of the different vibrational modes in MgZnM/AI-NOs

LD H e 27
Figure 4.21. UV-Vis absorbance spectra of MgZnNi/Al Xerogel. ..........c.cccc....... 28
Figure 4.22. UV-Vis reflectance spectra of MgZnNi/Al xerogel. ...........c.ccoe..... 28
Figure 4.23. UV-Vis absorbance spectra of MgZnNi/Al MMO..............c.cceenee. 29
Figure 4.24. UV-Vis absorbance spectra of MgZnNi/Al MMO..........cccccccevnee. 29
Figure 4.25. UV-Vis absorbance spectra of MgZnNi/Al LDH...........cccccocevenene. 30
Figure 4.26. UV-Vis reflectance spectra of MgZnNi/Al LDH. ...........c..ccccvvnee. 31



Figure 4.27. UV-Vis absorbance spectra of MgZnCo/Al LDH. .........c..ccccccveenee. 32

Figure 4.28. UV-Vis reflectance spectra of MgZnCo/Al LDH............cccccocenenee. 32
Figure 4.29. Tauc plot for MgZnNi/Al LDH band gap energy.........cccceceverennnne 36
Figure 4.30. Tauc plot for MgZnCo/Al LDH band gap energy. ..........ccccovevveeneene. 37



LIST OF TABLES

Page

Table 3.1. M@3-x-yZnxNiy/AlL LDH SamPples. ........cccoviiiininiiieeseeeeiene 11
Table 3.2. M@3.x-yZnxCoy/Alr LDH Samples. ........cccooeiiiniiiiieiee e 12
Table 4.1. Values of lattice parameters (a and c), crystallite sizes (D) and
INICTOSTIAIN (£). vvveiivrieiiiiieisiiieisiriesniie e s e e sre et e b e e s b e e sbreesbeeesnees 33

Table 4.2. Values of volume of the unit cell (v), positions and displacements of
atoms (u), band gap and dielectric constant (k). .....c.cccceecveververernnnne. 33

Table 4.3. Values of the atomic packing factor (¢/a). ........cccevveviviveiiieie e, 35

Xi



LIST OF PICTURES

Page

Picture 3.1. X-Ray Diffractometer: Rigaku Multiflex. ...........cccoovevviiiiicinenn, 14
Picture 3.2. FT-IR Spectrophotometer: Perkin Elmer and SETARAM (SENSY -
SBVO) APPATATUS. ...ttt 14

Picture 3.3. UV-Vis Spectrophotometer: Perkin ElImer Lambda 35..................... 15

Xii



LIST OF ABBREVIATIONS AND SYMBOLS

LDHs : Layered Double Hydroxides

MgzxyMxM'y/Al; LDH : Double metal substituted of magnesium aluminium
Layered Double Hydroxides

MgZnNi/Al LDH : Magnesium Zinc Nickel Aluminium Layered
Double Hydroxides

MgZnCo/Al LDH : Magnesium Zinc Cobalt Aluminium Layered
Double Hydroxides

TCH : Tabakali Cift Hidroksit

MMO : Mixed Metal Oxides

OER : Oxygen Evolution Reaction

ARRs - Ammonium-Releasing Reagents

TEOS : Tetraethyl Orthosilicate

XRD : X-ray Diffraction

FT-IR : Fourier Transform Infrared Spectroscopy

UV-VIS : Ultraviolet Visible Spectroscopy

°C : Celsius degree

nm - Nanometer

FWHM : Full Width at Half Maximum

eV : Electron Volt

Xiii



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude to my research scientific Supervisor,
Prof. Dr. Ayse MORKAN for her invaluable guidance and support throughout this
project. Her expertise, insights, and encouragement have been crucial in the

successful completion of this work.

I would like to extend my heartfelt thanks to Prof. Dr. 1zzet MORKAN for his
insightful suggestions and steadfast moral support. I am also grateful to Asst. Prof.
Dr. Nevin Soylu KOC for her assistance in facilitating the data collection process
using the X-ray Diffractometer. Furthermore, 1 am deeply indebted to Dr. Liska
FADLIYANI for her exceptional guidance and support throughout this research.

Her invaluable feedbacks were instrumental in the completion of this research.

| would like to convey my sincere appreciation to my family for their
encouragement and support throughout my academic journey. In addition, I would
like to express my heartfelt gratitude to my esteemed colleagues who were always

there to share the joys and challenges with me.

Finally, | express my deepest appreciation to everyone who contributed in any way
to the completion of this research. Your contributions are greatly appreciated and

have made this achievement possible.

Xiv



1. INTRODUCTION

1.1 Layered Double Hydroxide

The study on the green chemistry has recently leading to the development
of innovative, biocompatible materials and techniques for minimizing or
eliminating chemical substances' negative impacts. Because of their unique
characteristics, bio safe and environmentally friendly nanomaterials reveal the best
applicability [1], Layered double hydroxides, which are also known as LDHs, are
fascinating compounds with two-dimensional topologies which have attracted
study from a diverse array of chemical fields. In general the formula for an LDH is
[M*2 1x M*2 4 (OH)2]** (AN") wn.mH-0, the notation M?* refers to divalent cations
(such as: Co?*, Ni?* and Mg?*), M3* refers to trivalent cations (such as: Fe**, AI**
and Mn®*") while An" represents the anions located in the interlayer (such as: NOg,
COgz and X°) [2][3] as shown below in Figure (1.1).

The formula for the x value is, (0.2-0.33). This number is attributed to the
anion exchange capacity, or charge density, of the hydroxide basal layer. Because
M*2 has been exchanged for M*2, On their surface, the LDHs layer exhibits positive

charge diffusion. Anions and water molecules intercalate to neutralize the interlayer

[4].

Side view Top view

basal

[ |spacing
pacing stick-and-ball model

- SO ST AT ERAR 11

interlayer anions A“(CO.* herein)

@ MorM*  polyhedron model

(octahedral structures)

Stacking of octahedral structures composed of O and M*/M’

Figure 1.1. Representative structure of an LDH [5].



The layered double hydroxide LDH's abundant hydroxyl groups and
interlayer anions can improve surface precipitation when combined with metal ions.
The adsorption capacity of LDHs may be restricted by their bulk/granular structure,
as they form thick multilayered stacking. By providing a matrix for loading LDH,
magnetic biochar can aid in reaching a high level of pollution removal [6].

One advantage of LDHs over other layered materials is their ability to create
a variety of compositions and metal-anion combinations. LDHSs also possess unique
qualities such as excellent chemical stability, pH-sensitive solubility, superior
biocompatibility, among others [7].

Synthetic materials called hydrotalcite-like compounds, or LDHs for short,
are derived from natural hydrotalcite, or Mg2AIOH(CO3). The ability of LDHSs to
interchange interlayer anions is a unique characteristic that has earned them the
moniker anionic clays [8].

Hydrotalcite is an anionic clay with zinc/aluminum hydroxide sheets and
hydrated chloride anions. Its positive surface charge allows it to adsorb organic and
inorganic anions, useful for removing organic pollutants. Adsorption occurs
through electrostatic and hydrophobic interactions. Factors influencing this process
include surface structural groups, surfactant molecular structure, and the aqueous
phase's content of electrolyte, temperature , and pH [9]. As shown in Figure
(2.2).Under low stress circumstances, LDH exhibits outstanding anti-wear

properties; but, in high load scenarios, its load-bearing ability decreases [10].

++ ++ ++ +++++

+++++++++++

QQOQO
) SeRe

+++++++++++

+++++++++++

. Water molecule Q"\”“""

Figure 1.2. Structure of layered hydroxides [9].



1.1.1 Applications

These clays find extensive applications in biotechnology, medicine
(particularly in drug delivery and release), environmental remediation, fuel cells,
sensors, oxygen evolution reaction (OER), catalyst precursors, and energy storage,
among other fields [8]. Moreover, they have been thoroughly investigated in the
domains of photochemistry, separation technology, catalysis, polymer additives,
anticorrosion coatings, and drug delivery for a variety of pharmaceutically active

substances, as well as in cancer treatment [11]. As presented in Figure (1.3).

Antimicrobial
materials

Photo
luminescence

Figure 1.3. Different applications of LDH [7].

Various organic compounds can be incorporated inside the interlayer parts
of the LDH, generating an environment conducive to the integration of metal ions
or complexes. This characteristic enables metal species to immobilize on the outer
layer of LDH, yielding composite materials with improved functions and
characteristics. Thus, employing LDH as metal complexes’ support materials
widens the scope across various domains, including sensors, energy storage,
encompassing electrocatalysis, and environmental applications. Furthermore,
LDH's layered structure offers a unique platform for deliberately introducing
various anions, enhancing its versatility and functionality, capable of altering

LDH's characteristics and functionalities [12].



Stratified layered double hydroxides (LDHs) materials have been regarded
as promising applicants for NTP-catalysis, particularly in processes such as
ammonia synthesis and CO> conversions, as illustrated in Figures (1.4). This is
attributed to their abundant hydroxyl groups and adjustable surface electronic
structure, coordinated unsaturated active sites (which might help with metal
dispersion), and basicity [13][14].

Bare/ Metals loaded/

Surface modified/wbedded

N

Co, ‘/ Layered double \\\ CO, CH,,
+ ’ hydroxide ) CH;0H,
HZO/HZ \ (LDH) // H2

M e

s i

Hybrid/
Heterojunctioned/
Nanoarchitecture

Figure 1.4. "Photocatalytic CO, Conversion with LDHs: Advances in Synthesis
and Efficiency" [15].

LDHs have gained significant attention for removing environmental
contaminants, particularly phosphate ions, due to increasing pollution concerns.
Researchers have studied phosphate ion removal using various sorbents, such as
activated carbon, silicates, iron oxides, and dried plant particles [16].

Compared to other layered materials, layered double hydroxides are thought
to be special because different It is possible to construct hybrid materials, which
have unique properties like catalytic activity, shape-selective ion exchange, high

surface area, and memory effect [7].

1.1.2 Synthesis
While there are many methods for producing LDHSs, urea hydrolysis, ion

exchange, hydrothermal and co-precipitation synthesis are the most commonly



used. To fit certain applications, LDHs can be manufactured using a variety of metal
combinations, depending on the metals integrated and the methods used for
preparation. Additionally, different structural, chemical, and photoelectric
characteristics might arise from these combinations. The introduction of a third
metal has been discovered to modify the optical characteristics, UV-Vis absorbance
spectra and the catalytic characteristics of the LDH in its layered framework [16],
as shown in Figure (1.6).

The hydrothermal methods that rely on ammonium-releasing reagents
(ARRs)—usually urea or hexamethylene tetramine—are especially fascinating
among them due to their ability to generate massive, highly crystalline particles
[17]. In many chemical processes, LDHs and the mixed metal oxide that obtained
from the thermal decomposition process have been employed as in many fields as
essential catalysts, yielding favorable outcomes. Furthermore, LDHs find
application in a diverse range of scientific and technological fields, including PVC
additives, antacids, flame retardants, and hybrid composites [18].

Co-precipitation is frequently accomplished by gradually adding metal
nitrate solutions to a hydroxide and carbonate solution. Due to the slow adding rate,
it may take an hour or longer to precipitate the LDH, which results in an uneven
aging period for the precipitate. When there isn't an extra aging step, as
demonstrated by Valim et al., the crystallite size distribution is wider [19].

The anion exchange method replaces intercalated anions in LDH with target
anions by stirring prepared LDH in the desired anion solution, useful when co-
precipitation is impractical. The reconstruction method uses LDH's shape memory.
Calcining LDH at 400-500°C removes intercalated anions and water, converting
hydroxides to oxides. When dissolved in water or target anion solution these oxides
are regenerate the LDH structure, effectively intercalating specific target anions
[15], as shown in Figure (1.5).

Coprecipitation and hydrothermal synthesis are frequently used in
conjunction with urea hydrolysis. Berber et al. discovered that uniform particles
were produced by adjusting urea content, age, and M2*:M3* molar ratios. In other
investigations, Ni-Al-Mg hydrotalcite was calcined via coprecipitation and urea
hydrolysis [21].
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Figure 1.5. Diagrammatic depiction of the ion exchange/capture mechanism and
LDH structure [20].

Inayat et al. was examined the Zinc-Aluminum LDHSs with nitrate interlayer

anion, using urea hydrolysis for precipitation. They showed that synthesis times

affect the type of interlayer anion which could be either nitrate or carbonate.

However, the steady existence of carbonate from urea limits this method's wide

application [22].

T LDH single layers
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Figure 1.6. Synthesis of LDH single layers by top-down and bottom-up
approaches [24].




It is commonly known that the synthesis process has the ability to alter and
manipulate the structure, composition, and specific features of LDH. The synthesis
process can be primarily divided into two categories: (1) solid-state synthesis
technique and (2) liquid phase synthesis technique. The mechanochemical process
used in the solid state synthesis approach uses both wet and dry milling techniques
[23].

Although using less liquids results in less pollution, this approach is costly
and has significant drawbacks, including nonuniform LDH structure and structural
deformation. On the other hand, because of its affordability, ease of usage, and
capacity to deliver the primary advantages of consistent and comprehensive
structural morphology of layered double hydroxide, the synthesis in liquid phase
technique is a popular and effective strategy. Depending on the type of reaction, the
liquid phase preparation methodology able to be further subdivided into several

synthesis techniques [24].

1.2 Sol Gel Method

Sol-gel processing was created by Ebelman and Graham in the middle of
1800s who examined silica gels. Tetraethyl orthosilicate (TEOS), Si (OC2Hs)s, was
degraded to create SiO> in an acidic environment. The outcome, as these early
researchers observed, was a "glass-like material.” [25]. The sol-gel synthesis
method for LDHs was developed by Prince et al.; it yields materials with confined
pore size distributions ranging from 3 to 4 nm and surface areas up to 290 m2/g, and
particular metallic cations. This results in nano capsule morphology rather of the
usual platelet-like particles [26].

A colloidal system is known as sol where the dispersion medium is in liquid
phase, and the dispersed phase consists of small molecules or particles that have
polymerized within a size ranging from 1 um to 1 nm. On the other hand, a gel is a
network of coherent solid that immobilizes a liquid phase continuously. The
subsequent stages in a sol-gel process involve synthesizing the sol by hydrolysis
process, transitioning it into the state of sol-gel, drying the gel, and converting it
into a calcined substance [27], as shown in Figure (1.7). The method is widely
recognized because it can be easily synthesized at low temperatures. Using
precipitating agents, sols are transformed into gel in this bottom-up method. The

particles shrank in size from Pico to nanometers [1].



The sol-gel process is gaining traction for its advantages: low-temperature
processing ensures higher purity and stoichiometry, volatile precursors yield high-
purity materials, miscible precursors enable homogeneous doping control, and mild
chemical conditions simplify the procedure. It allows for porous material synthesis
through organic incorporation and versatile shaping into monoliths, films, and

fibers. Additionally, at low temperatures, it makes the production of porous and

Heat
- |

nanocrystalline materials easier [28].
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Figure 1.7. Procedures for preparing sol-gel [29].

1.3  Disadvantages of Sol-Gel

Despite its advantages, sol-gel processing has a number of drawbacks,
including poor Kinetics, limited wear resistance, weak bond formation, and a
laborious, drawn-out process that needs extra care during the drying and aging
stages. Because of capillary strains, volume loss during densification may result in
shrinkage and surface cracking. Large-scale applications are limited by costly and
moisture-sensitive precursors, particularly in optical coatings. Furthermore, a
number of chemical processes may result in undesirable byproducts, which lower

the quality of the material [30].

1.4 Magnesium Aluminum Layered Double Hydroxides

Magnesium/Aluminum LDH was the first layered double hydroxide (LDH)
to be found; Hochstetter made this discovery in Sweden. The compound has the
formula MgeAl>(OH)16CO3 4H20. In 1969, Allmann examined the LDH's single-



crystal structure and confirmed its layered structure. Because of the development
of synthetic processes, Researchers have explored substituting the original divalent
metal, such as Mg?*, with alternative divalent cations like Zn?*, Fe?*, Cu?*, as well
as replacing the trivalent metals, exemplified by AI®*, with La®", Fe**, and even
incorporating tetravalent metals such as Sn** and Ti** [31].

Magnesium is the most common M?* metal in hydrotalcites, with aluminum
typically occupying the M3* positions. In Mg-Al hydrotalcite, Al partially replaces
Mg in the brucite structure, creating a charge imbalance that is countered by various
anions namely nitrate, carbonate, sulfate, chloride, and hydroxide, within the
interlayer of LDHs, along with water [32].

By altering the metal species and anions, hydrotalcite's characteristics are
easily changed. Researchers have modified the characteristics of hydrotalcite for
use as catalysts, supports for catalysts, anion exchangers, adsorbents, and plastic
additives by substituting metals including Zn, Co, Cu, Ni, Cr, and Fe for Mg and
Al. Because of its superior catalytic qualities, Mg-Al hydrotalcite, functions
particularly effectively as a heterogeneous catalyst in base-catalyzed processes
[22].

Indeed, the electrocoagulation (EC) technique has been found to produce
Mg-Al LDH in recent investigations, as shown in Figure (1.8). Electrocoagulation
is a branch of electrochemical synthesis processes that offers an economically
viable alternative. It relies on the destabilization of suspended. It entails dissolving

sacrificial metal anodes with ions in solution to create coagulants in situ [12].
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Figure 1.8. Steps of synthesis Mg-Al LDH by electrocoagulation [33].



2. AIM AND SCOPE OF THE STUDY

This study has two primary objectives. Firstly, we aim to successfully
synthesize Mgs-x-y ZnxNiy/Al: LDH and Mgs.x.y Zn«Coy/Al1 LDH nanoparticles with
varying concentrations of Mg, Ni and Co by using the sol-gel method under
optimized conditions. Secondly, we intend to thoroughly characterize the
synthesized LDH nanoparticles by applying various analytical techniques, such as
X-ray Diffraction (XRD), Fourier Transform Infrared (FT-IR) spectroscopy,
Ultraviolet-Visible (UV-Vis) spectroscopy and Diffuse Reflectance Spectroscopy
(DRS). Thereafter, the obtained data will be utilized to calculate several optical and
structural properties, such as crystallite sizes, lattice parameters (a and c),
microstrain, positions and displacements of atoms, unit cell volume, optical band

gap energy and dielectric constant.
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3. MATERIALS AND METHODS

3.1  Chemicals

All the chemicals and materials were procured from Merck GMBH.
Magnesium nitrate hexahydrate (Mg(NO3)2-6H20), Zinc nitrate hexahydrate
(Zn(NO3)2:6H20), Nickel nitrate hexahydrate (Ni(NO3)2:6H20), Cobalt nitrate
hexahydrate (Co(NO3)2:6H20), Aluminium nitrate nonahydrate (Al(NO3)3-9H-0),
Citric acid (CsHsO7H20) and Ethylene glycol (C2HeO2). Deionized water was
employed in this experiment. The deionized water utilized in the experiment
underwent a purification process involving distillation. All the reagents were
calculated stoichiometrically and employed without purification.

The magnetically Teflon-coated glasswares were utilized in the experiment.
Prior to use, the glassware underwent a thorough cleaning process. This process
involved washing the glassware with distilled water, followed by rinsing with

ethanol, and then drying the glassware in an oven.

3.2 The Process of Synthesis Mgz-x.yMxM'y/Al; LDH via Sol-Gel

The synthesis process of the double metal substituted compound Mgs-x-
yMxM'y/Al1 LDH through the sol-gel method involved the preparation of numbers
of each MgZnNi/Al LDH and MgZnCo/Al LDH with various stoichiometries. By
adjusting the molar ratio of magnesium to nickel and magnesium to cobalt, the
amount of magnesium was reduced, while the amounts of the substituting metals
nickel and cobalt, were proportionally increased to maintain the total molar count
of all metals in the layered double hydroxide compounds at three across all Mgs.-
yMxM'y/Al; LDH different concentrations. As shown in Table 3.1 and 3.2.

Table 3.1. Mga-x-yZnxNiy/Al; LDH samples.

LDH Name Concentration
MgZnNiAl LDH1 Mg2.89 ZNo.1 Nio.or Als
MgZnNiAl LDH2 Mgz2.67 Zno.1 Nio.oz Al
MgZnNiAl LDH3 Mg2.85 ZNno.1 Nio.os Als

11



Table 3.2. Mgs.x.yZnxCoy/Al1 LDH samples.

LDH Name Concentration
MgZnCoAl LDH1 Mg2.89 Zno.1 Coo.01 Alx
MgZnCoAl LDH2 Mg2.57 Zno.1 Coo.03 Alx
MgZnCoAl LDH3 Mg2.85 Zno.1 Coo.05s Alx

The double metal substituted Mgs.xyZnxMy/Al; LDH synthesizing was
carried out through sol-gel process. Magnesium nitrate hexahydrate, zinc nitrate
hexahydrate, nickel nitrate hexahydrate, cobalt nitrate hexahydrate and aluminium
nitrate nonahydrate were allowed to dissolve in 50 mL of dionized water to obtain
a precursor solution of metal ions. The precursor solutions were prepared in the
desired molar ratios to create the required concentrations for the six LDH samples
of M@s-x.y ZnxNiy/Al1 LDH and Mgs-x.y ZnxCoy/Al; LDH.

The mixed solutions were then subjected to vigorous magnetic stirring for
1 hour at 80°C on a hot plate. During this step, 10 ml of citric acid (CsHgO7-H20,
0.2M) was added sequentially to the mixed solutions. This heating and stirring step,
along with the addition of citric acid, was crucial for the formation of a stable,
homogeneous sol. After that, 2 mL of complexing agent; ethylene glycol was
poured to the homogeneous mixture subsequently and continuously mixed at 150°C
until the solution was completely evaporated, and form the gel-like precursor. The
formed colored gels were then dried in an oven at 105°C for 24 hours.

The dried gels were then ground up and were underwent heat treatment in a
furnace at 650°C for a duration of 4 hours, resulting in the production of the desired
mixed metal oxides (MMOs).

The MMO powders were rehydrated using deionized water. The resulting
mixture was mixed continuously for 6 hours at 50°C. Finally, the homogeneous
solution was introduced to oven and dried for 12 hours at 70°C to successfully
acquire the dry LDH powder samples. Controlling the drying process and thermal

treatment can produce fine, high-surface-area powder materials.
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Figure 3.1. Proceeding of sol-gel to obtain the xerogel.

3.3 Instrumental Characterization Methods of Mgz-x-yZnxMy/Aly
LDH
The characterization of Mgs.x-yZnxMy/Al1 LDHSs includes the use of several

of analytical analysis and techniques, including X-ray diffraction (XRD), Fourier-
Transform Infrared spectroscopy (FT-IR), and UV-Vis spectroscopy. These
techniques collectively provide a detailed understanding of composition, structure,
properties, and behavior of Mg-Al LDHs in different applications.

The XRD analysis reveals the structural properties and also the phase
composition of the Mg-Al LDHs [34]. FT-IR spectroscopy is conducted to
investigate the functional groups and chemical bonding within the Mg-Al LDH
structure [35]. While the UV-Vis analysis has been crucial in evaluating the optical
properties of LDH compounds [36].

3.3.1 X-ray diffractometer (XRD)

X-ray powder diffraction analysis was conducted at room temperature to
investigate the purity and structural characteristics of synthesized materials. X-ray
diffraction patterns were acquired using a Rigaku Multiflex 2 kW diffractometer.

The diffractometer was operated at 200 VAC, 1-phase, 30A, 50Hz power supply.
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1.5418 A wavelength for Cu-Ka radiation was used, and the scans were performed

over an angular range of 5 to 80.

Picture 3.1. X-Ray Diffractometer: Rigaku Multiflex.

3.3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectrophotometer Perkin Elmer was performed to record the
infrared spectrum of final products’ in the wavenumber ranging between of 4000 to
400 cmt. To prepare the samples for IR analysis, a pellet was made using a 0.1500:
0.0010 (weight/weight) ratio of potassium bromide (KBr) to the product. The
sample pellet was created by pressing the product and oven-dried, spectroscopic
grade KBr.

Picture 3.2. FT-IR Spectrophotometer: Perkin Elmer and SETARAM (SENSY -
Sevo) apparatus.
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3.3.3 Ultraviolet-Visible Spectroscopy

UV-Vis spectra were obtained using a Perkin Elmer Lambda 35 single-
beam spectrophotometer, operating over a wavelength range of 200 to 900 nm. The
program used to plot the graphs is WinLab Data Processor. The obtained data were
utilized to determine the band gap energy of synthesized materials by constructing

a Tauc plot using OriginLab software.

[ .

Picture 3.3. UV-Vis Spectrophotometer: Perkin EImer Lambda 35.
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4. RESULTS AND DISCUSSION

4.1. The Efficacy of the Sol-Gel Technique for Synthesizing Mgs.
x-yZNxMy/Al1 LDH and the Impact of Concentration Variations
This sol-gel technique facilitated the fabrication of the desired double metal-

substituted Mgs-x.yZnxMy/Al; layered double hydroxide, where the magnesium
(Mg) was partially replaced by two different metal cations (Zn and Ni/Co) and
aluminum (Al), resulting in the targeted compositional ratios.

In the layered double hydroxides (LDHS), the precursors that contain nitrate
(NO3) or chloride (CI") are the most appropriate for the ion exchange process. The
LDH precursor containing carbonate anions was formed during the sol-gel
synthesis process [37]. Whereas the carbonate anions are firmly integrated within
the interlayer spaces of the LDH composition and typically do not undergo direct
anion exchange [38][39].

In the synthesis of Mgs.x.yZnxMy/Al1 LDH, varying the relative amounts of
Mg, Ni and Co can lead to the crystal structure change, layer stacking, and the
distribution of cations within the layers [40][41]. These structural modifications can
then influence the electronic, optical, and magnetic properties of the LDH material,
making it suitable for a wide-ranging application [42][43].

Explanation the color change of MgsxyZnxMy/Al1 LDH in response to
concentration variations necessitate considering the interplay between the LDH
structure and external influencing factors. The concentration of LDHs can
significantly impact their properties. Specifically, an increase in the concentration
of Mgz-x.yZnxMy/Al1 LDHs can result in deeper colors [44]. The increase in cobalt
concentration resulted in a more intense pink hue in the sample, while increasing
the nickel concentration resulted in an enhancement of the green
color in the sample. This alteration in color is attributed to the morphological
variations that LDHs undergo under different conditions [45].

The morphologies of LDH materials can be altered by adjusting factors such
as the Mg?"/M?* molar ratio, which can subsequently influenced the optical
properties of the LDHSs. Alteration in the molar ratio can lead to variations in the
size, shape, and crystallinity of the LDH particles, ultimately influencing their color
[46].
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Figures (4.1-4.9) illustrate the three distinct sample concentrations of
synthesized materials obtained at each stage of the Mgsxy Zn«Niy/Al; LDH

synthesis process.

Figure 4.2. Dried gel of A) Mg2.89 Zno.1 Nio.o1 Al1, B) Mg2.87 Zno.1 Niooz Al1,C)
Mg2.85 Zno.1 Nio.os Al1 obtained after being heated at 150°C for 24 hours.

Figure 4.3. Mixed metal oxides (M MO) of A) Mg2.s9 Zno.1 Nio.o1 Al1, B) Mga.s7
Zno1 Niooz Aly, C) Mg2e5 Zno.1 Nio.os Ali obtained after being heated at 650°C for
4 hours.
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Figure 4.4. A) MgZnNi/Al LDH1, B) MgZnNi/Al LDH2, C) MgZnNi/Al LDH3.

Figure 4.6. Wet gel of A) Mg2.890 Zno.1 Coo.o1 Al1, B) Mg2.87 Zno.1 Coo.03 Aly,
C) Mg2.ss5 Zno.1 Coo.05 Als.

18



NN ’ J
¥ . | N Y.
N . 3 H
h S— o il

Figure 4.7. Dried gel of A) Mg2.89 Zno.1 Coo.01 Al1, B) Mg2.87 Zno.1 C0oo.03 Aly,
C) Mg2.85 Zno.1 Coo.05 Als.
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Figure 4.8. Mixed metal oxides of A) Mgz Zno.1 Coo.01 Al1, B) Mg287 Zno.1
Coo.03 Al1, C) Mg2.85 Zno.1 C0o.05 Al1.

Figure 4.9. A) MgZnCo/Al LDH1, B) MgZnCo/Al LDH2, C) MgZnCo/Al
LDH3.
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4.2. X-Ray Diffraction (XRD) Analysis

To conduct a thorough analysis of the structural variations in Mgax-
yZnyMy/Al: layered double hydroxide during its synthesis, MgZnCo/Al LDH1 was
chosen as a representative case study. In this regard, X-ray diffraction analysis was
conducted on xerogel and metal mixed oxide (MMOQO) samples. As shown in Figures
(410 and 4.11) The X-ray diffraction (XRD) patterns obtained from the
MgzZnCo/Al LDH1 sample, which was subjected to a temperature of 650°C, show
the formalization of mixed metal oxides from the precursor gel during the heating
process. The XRD patterns exhibit two distinct peaks, in particular the sharp peak
between 40-50 26° which corresponds to the existence of a mixed metal oxide
(MMO) phase. These peaks are completely correlated as to that of magnesium oxide
(JCPDS No. 96-100-0054) [47]. A reasonably crystalline magnesium oxide is
formed. The high-temperature treatment of LDHs led to the water molecules
removal in the interlayer (dehydration) creating anhydrous phases, and also
minimized the anions that exist there for charge balance maintenance. As a result,
the hydroxyl groups ((OH) are excluded from the brucite-like layers [48][49]. The
xerogel sample did not show any clear or distinct signal in the analysis, as expected.
Xerogels are highly porous, amorphous materials that often lack long-range order,
making it challenging to obtain well-defined signals in analytical techniques such
as X-ray diffraction or spectroscopic methods. The lack of a clear signal in the

analysis was the predictable outcome for this type of sample.
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Figure 4.10. XRD pattern of MgZnCo/Al xerogel
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Figure 4.11. XRD pattern of MgZnCo/Al mixed metal oxides

The Figures shown below (4.12 and 4.13) illustrate the X-ray diffraction
patterns for the three different concentrations of MgZnCo/Al LDH and MgZnNi/Al
LDH. The similarity in the XRD patterns across the six samples suggests that they
likely have a common structural backbone, despite potential variations in their
specific compositions. The observed diffraction patterns were the characteristic d-
lines that were often discussed in layered double hydroxide materials and
literatures. The distinct diffraction peaks observed in the Mgs.xyZnxMy/Al; LDH
samples, particularly the two peaks around 60 26°, are indicative of the presence of
the hydrotalcite phase, as identified by the (JCPDS No. 20-0700). The well-defined
and intense nature of these peaks suggests the presence of pure, highly ordered
crystalline material. These observations indicate that the sample has a layered
double hydroxide structure with different metal ions have substituted into the layers
to varying amounts.

The X-ray diffraction (XRD) data reveals a higher average intensity for the
Nickel LDH samples (average of 2300 a.u) compared to the Cobalt LDH samples
(average of 1800 a.u). This observation suggests an enhanced degree of crystallinity
in the Nickel LDH samples [50], indicating a more organized arrangement of atoms

within a well-defined crystalline structure [51]. This is due to the nickel's smaller
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atomic radius compared to cobalt, resulting in a higher level of structural

arrangement within the hydroxide layers.
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Figure 4.12. XRD Patterns of MgZnNi/Al LDH.

—— MgZnCoAl LDH1
—— MgZnCoAl LDH2
—— MgZnCoAl LDH3

MMij — .MA\‘ W IFAJKWMWMMWWMWMMh . Moo o

Intensity (a.u.)
e
S~
=
—

i?
1
§

\
J)( ULJ
I I I I I I I I
10 20 30 40 50 60 70 8

20°
Figure 4.13. XRD Patterns of MgZnCo/Al LDH.
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4.3. Fourier-Transform Infrared Spectroscopy (FT-IR) Analysis

The FT-IR spectra of the xerogel as shown in Figures (4.14 and 4.15) exhibit
an absorption peak near to 3459 cm, this peak is abroad which corresponds “OH
group stretching vibration of the metal hydroxide, while the sharp strong band
around 1366 cm™ corresponds NO®* groups. Figures (4.16 and 4.17) represent the
FT-IR spectra of mixed metal oxide samples. The magnesium oxide nanoparticles
exhibit a chemisorption phenomenon where H>0 and CO2 molecules are adsorbed
onto their surfaces. A wide peak is observed around 3435 cm, indicating the
stretching vibrations of O-H in the water molecules adsorbed on the MgO layer
surface [52]. In addition, bands around 1737 cm™ suggest the bending vibrations of
these adsorbed water molecules at the surface [53], while a peak corresponding to
NO? appears at 1366 cm™ [54]. Furthermore, the low-frequency peaks between
450-800 cm™t in both xerogel and MMO spectra are potentially associated with the
stretching of metal-oxygen bonding [55].
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Figure 4.14. IR spectra of MgZnNi/Al xerogel.

Where the red line symbolizes the first concentration, the green line
symbolizes the second concentration, and the blue line symbolizes the third

concentration.
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Figure 4.16. IR spectra of MgZnNi/Al Mixed Metal Oxides (MMO).

Where the red line symbolizes the first concentration, the green line
symbolizes the second concentration, and the blue line symbolizes the third

concentration.
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Figure 4.17. IR spectra of MgZnCo/Al Mixed Metal Oxides (MMO).

With reference to Figures (4.18 and 4.19), the FT-IR spectra of MgZnNi/Al-
NO3z and MgZnCo/Al-NOs reveal several considerable absorption bands. A strong
and broad band appeared at 3459.8, 3457.7 and 3436.3 cm™ respectively in
MgZnCo/Al LDH samples IR spectra. As well as, for MgZnCo/Al LDH comparable
high-intensity, broad peaks appeared approximant at 3490 cm™. These observed
peaks correspond to hydroxyl groups (OH") stretching vibrations in the brucite-like
layer, likewise for the vibrations caused by the stretching of oxygen-hydrogen
bonding in interlayer water molecules. Moreover, a strong, sharp peak at 1366 cm"
Lis associated with the vs vibrational mode with Dsh symmetry in the nitrate groups
(NO3") [56], as shown in Figure (4.20).

The peak near to 1651 cm™ indicates the bending vibrations of water
molecules in the interlayer. Additionally, few absorption peaks between 450 and
750 cm™ are associated with stretching modes of metal-oxide bonding. These peaks
have low intensity and low frequency [56]. Furthermore, the presence of H2O-NO3
bridging vibrations was inferred from the shoulder peak around 2900 cm™ [57].
Presented in Figure (4.18 and 4.19), the red line symbolizes the first concentration

(Mg2.89ZNno1M’001), the green line symbolizes the second concentration
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(Mg287Zn01M’003), and the blue line symbolizes the third concentration
(Mg2.85ZNn0.1M’0.05), where M’ is Nickle or Cobalt.

The diverse vibrational modes of the various functional groups and bonds,
as well as their approximate absorption ranges in MgZnNi/Al LDH and
MgZnCo/Al LDH, are visually depicted in Figure (4.20).
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Figure 4.18. IR spectra of MgZnNi/Al LDH.
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Figure 4.19. IR spectra of MgZnCo/Al LDH.
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4.4. UV-Vis absorbance spectroscopy and Diffuse Reflectance
Spectroscopy (DRS) Analysis

To thoroughly investigate the optical properties of MgaxyZnxMy/Als
layered double hydroxide during its synthesis, MgZnNi/Al LDH was selected as a
representative case study. In this context, UV-Vis absorbance spectroscopy and
diffuse reflectance spectroscopy were performed on xerogel samples and metal
mixed oxide samples (MMOs), as well as on the nickel LDH samples. As shown in
Figures (4.21 to 4.26).

UV-Vis absorption spectra of magnesium hydroxide and magnesium oxides
are recorded within the range of 200-400 nm as shown in Figures (4.21-4.24). The
Mg(OH). shows a sharp absorption peaks around 255 and 332 nm [58], while an
intense peaks appeared around 260 and 387 nm confirming the presence of MgO
[59]. The UV-Vis data analysis of MMO demonstrated a direct correlation between
concentration and absorbance. Notably, the third concentration exhibited a

significantly higher absorbance compared to the other concentrations.
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Figure 4.21. UV-Vis absorbance spectra of MgZnNi/Al Xerogel.
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Figure 4.22. UV-Vis reflectance spectra of MgZnNi/Al xerogel.
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Figure 4.23. UV-Vis absorbance spectra of MgZnNi/Al MMO.
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Figure 4.24. UV-Vis absorbance spectra of MgZnNi/Al MMO.

The distinct peaks that attributed to the pi-pi transition of zinc
and nickel metals during the metal substitution process in MgZnNi/Al LDH [60]

are discernible in the ultraviolet-visible absorbance spectra (presented in Figure
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4.24) and UV-Vis reflectance spectra (shown in Figure 4.25). Despite being a
transition element known for exhibiting color, nickel’s absorbance peaks were
observed within the ultraviolet spectrum, specifically between 200 and 400
nanometer [61]. This observation corroborates the notion that nickel exhibits a high
degree of structural arrangement within its hydroxide layers [62]. MgZnNi/Al LDH
samples show sharp and intense absorption peaks respectively around 258.9 and
375.8 nm for MgZnNi/Al LDH1, 258.8 and 368.7 nm for MgZnNi/Al LDH2, 258.8
and 375 nm for MgZnNi/Al LDH3. As well as, sharp and intense reflection peaks
showed respectively around 260.3 and 377.1 nm for MgZnNi/Al LDH1, 259.8 and
367 nm for MgZnNi/Al LDH2, 259.2 and 377.8 nm for MgZnNi/Al LDH3.

Based on the UV-Vis data, it is evident that MgZnNi/Al LDH2
demonstrates a significantly higher absorbance compared to other samples,
indicating a potentially higher concentration of LDH structural within that
particular sample. Meanwhile, it shows a redshift towards longer wavelengths on
MgZnNi/Al LDH1 and MgZnNi/Al LDH3 peaks.
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Figure 4.25. UV-Vis absorbance spectra of MgZnNi/Al LDH.
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Figure 4.26. UV-Vis reflectance spectra of MgZnNi/Al LDH.

The UV-Vis absorbance and reflectance spectra of MgZnCo/Al LDH were
acquired over the wavelength range of 200-900 nm, as shown in Figures 4.27 and
4.28, respectively. The absorption spectra reveal that Co-LDH1, which has the
lowest cobalt concentration, exhibits the highest absorbance. This is followed by
Mg2.85ZNn0.1C00.0s/Al1 and Mg2.87Zno.1C00.03/Al1, indicating that lower cobalt
concentrations contribute to greater light absorption. Conversely, the reflectance
spectra show an inverse relationship, where Co-LDH1 reflects less light compared
to the other samples. This suggests that the materials with higher absorbance have
lower reflectance, consistent with the inverse relationship between absorption and
reflectance properties.

This observation also suggests effective substitution of transition metals into
the host materials, as evidenced by the undetectable peaks in the visible region of
the UV-Vis absorbance and reflectance spectra. This indicates that the transition
metals are well-integrated and do not introduce additional visible light absorption
features. Additionally, the low concentration of d- metal ions might contribute to
the lack of observable peaks in the visible range, suggesting that their presence does

not significantly alter the optical properties in that region.
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Figure 4.27. UV-Vis absorbance spectra of MgZnCo/Al LDH.
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Figure 4.28. UV-Vis reflectance spectra of MgZnCo/Al LDH.
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4.5.  Structural and Optical Properties

By utilizing the obtained UV-Visible data and XRD data, several structural
and optical properties were meticulously calculated and are presented in (Tables 4.1
and 4.2) These properties include lattice parameters (a and c), crystallite sizes (D),
microstrain (g), positions and displacements of atoms (u), unit cell volume (v), band

gap, and dielectric constant ().

Table 4.1. Values of lattice parameters (a and c), crystallite sizes (D) and
microstrain (g).

Sample Name D (nm) c(A) a(A) €
MgZnNiAl LDH1 9.14 23.130 3.0555 16.5417
MgZnNiAl LDH2 8.14 23.090 3.0534 18.9062
MgZnNiAl LDH3 8.58 23.440 3.0574 19.1071
MgZnCoAl LDH1 8.89 23.330 3.0570 18.0982
MgZnCoAl LDH2 0.86 23.750 3.0645 15.7568
MgZnCoAl LDH3 6.85 23.420 3.0571 23.9041

Table 4.2. Values of volume of the unit cell (v), positions and displacements of
atoms (u), band gap and dielectric constant ().

Sample Name v (A9 U Band gap | Dielectric

(eV) Constant
MgZnNiAl LDH1 187.0343 72.2395 3.054 7.9165
MgZnNiAl LDH2 186.4749 72.0242 3.050 7.9223
MgZnNiAl LDH3 189.7524 73.2857 3.042 7.9340
MgZnCoAl LDH1 188.8321 72.9315 3.054 7.9165
MgZnCoAl LDH2 193.1662 74.5997 3.068 7.8964
MgZnCoAl LDH3 189.5660 73.2140 3.062 7.9050

The XRD data obtained for MgZnNi/Al LDH samples and MgzZnCo/Al
LDH samples were utilized to calculate the crystallite size and lattice parameters
(given in Table 4.1). The Debye-Scherrer equation was used to determine the

average crystallite size [63][64]. The Debye-Scherrer equation is:
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= BCost

Where D denoted the crystallite size, K is the Scherrer constant which equal to 0.9,
M is the X-ray wavelength (1.5406A), 0 is the Bragg’s angle and B represents the
full width at half maximum (FWHM) [65]. The crystallite size of Mgzx.yZnxMy/Aly
layered double hydroxide samples varied between 6.8 and 9.9 nm. Generally, the
average crystallite size of MgZnCo/Al LDH samples was larger than that of
MgZnNi/Al LDH samples, which is in high alignment with the XRD data. This is
consistent with the larger atomic radius of cobalt. The largest crystallite size
observed for MgZnNiAl LDH was 9.14, while that for MgZnCoAl LDH was 9.86,
confirming the formation of nanosized materials. LDHs with highest crystallite size
exhibit improved stability and enhanced mechanical properties such as hardness
and strength [66][67]. Furthermore, the measurements did not reveal any consistent
correlation between the change in concentration and the average crystallite size of
Mgz-x-yZnxMy/Al LDH.

The lattice parameters (a and c) of Mgs.x.yZnxMy/Al; LDH samples were
examined by using Bragg’s equation. The lattice constants were calculated by
analyzing the positions of X-ray peak associated with lattice plane reflections (hkl)

[70] , where, the lattice constant for a is a = b = 2d, while for c is ¢ = 3d.

1 3K +hk+k ﬁ

+
a4 a° ¢’

As presented in (Table 4.1), the third concentration of Nickel in Mgz.x-
yZnxNiy/Al; LDH (y = 0.05) corresponds to the highest values of a and c lattice
parameters. In contrast, for Mgs-x.yZnxCoy/Al1 LDH, the second concentration (y =
0.03) exhibits the maximum values of the a and c lattice parameters. Additionally,
an inverse relationship was observed between the structural lattice parameters and
the crystallite size. Furthermore, the atomic packing factor (c/a) was calculated

using the a and c parameters’ values and are listed in the (Table 4.3) below:
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Table 4.3. Values of the atomic packing factor (c/a).

Sample Name cla
MgZnNiAl LDH1 7.5699
MgZnNiAl LDH2 7.5620
MgZnNiAl LDH3 7.6666
MgZnCoAl LDH1 7.6316
MgZnCoAl LDH2 7.7500
MgZnCoAl LDH3 7.6543

As illustrated in (Table 4.1), the microstrain values of Mgs.x-yZnxNiy/Al;
LDH ranged from 16.5 to 19.2, while those of Mgs-x.yZnxCoy/Al; LDH ranged
from 15.7 to 24. the microstrain value demonstrated a positive correlation with the
increasing concentration of nickel, reaching its peak at the third concentration (y =
0.05) of the LDH. This observation suggests that the crystalline lattice experienced
the highest degree of distortion at this specific concentration. Conversely, the
microstrain value for cobalt increased when the cobalt concentration was increased
fromy =0.01 toy = 0.05, but it dropped significantly to its lowest point at y = 0.03.

The unit cell volume, along with the positions of the atoms and their
displacements were determined using the values of the a and c lattice parameters,
as demonstrated in (Table 4.2). The volume of unit cell was calculated using the
equation v = V3/2.a%, while the positions and displacements of the atoms were
calculated using the equation u = a%/3c? + 0.25 [68][69]. The maximum unit cell
volume for MgZnNi/Al LDH was observed at the third concentration, while it was
at the second concentration for MgZnCo/Al LDH. This indicates that the chemical
pressure should be at a minimum at these specific concentrations [71]. With respect
to the behavior of the positions of the atoms and their displacements, the atomic
locality of the atoms was significantly and irregularly altered with an increase in
the quantity of the substituting metals (nickel and cobalt), as presented in Table 4.2.
Furthermore, the measurements indicated a similarity in the values of dielectric
constant of all the examined LDH samples, which ranged from 7.89 to 7.94.

Notably, the dielectric constant exhibited a positive correlation with the nickel
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amount, reaching its peak aty = 0.05. Conversely, for cobalt, the dielectric constant
generally decreased as the cobalt concentration increased, with its maximum value
occurring at y = 0.01. These observations suggest that the highest electrical energy
storage ability for MgZnNi/Al LDH and MgZnCo/Al LDH is achieved at their
highest dielectric constant value.

The optical band gap energy of MgZnNi/Al LDH and MgZnCo/Al LDH at
varying concentrations was computed using UV-Visible absorbance data. This were
achieved using a Tauc plot, where the x-axis intercept of the curve (representing
the energy in eV) was determined and recorded, as demonstrated in Figures (4.29
and 4.30).

2. 5 Y T v T g | I
—— Mg2.89 Zn0.1 Ni0.01 Eg=3.054 eV
—— Mg2.87 Zn0.1 Ni0.03 Eg=3.050 eV
~ Mg2.85 Zn0.1 Ni0.05 Eg=3.042 eV
2.0 +
D
§ 154
3
NA
>
§ 1.0
0.5
0. 0 I " 1 " I . 1 ) I ] 1 I

— . —
3.00 3.02 304 306 308 310 3.12 3.14 316 3.18 3.20
Energy (eV)

Figure 4.29. Tauc plot for MgZnNi/Al LDH band gap energy.
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Figure 4.30. Tauc plot for MgZnCo/Al LDH band gap energy.

Based on the measurements obtained (given in Tabel 4.2), the band gap
energy of Mgsx.yZnxNiy/Al: LDH is in the range of 3.042-3.054 eV [72], exhibiting
an inverse correlation with the nickel concentration as the band gap energy
reasonably reduced when the amount of the nickel in the layered double hydroxide
composition increased. Conversely, the optical band gap energy of Mgsx-
yZnxCoy/Al1 LDH is in the range of 3.054-3.068 eV, the band gap energy increased
to reach maximum value when the cobalt amount increased fromy = 0.0l toy =
0.03 before experiencing a slight decrease at y = 0.05. Moreover, upon examining
the acquired the optical band gap energy values for MgZnNi/Al LDH and
MgznCo/Al LDH, which exceed 3 eV, indicating the difficulty in exciting the s
orbital electrons within the valence band, as a result, it can be inferred that these
materials should be categorized as insulators and generally exhibit poor
electrical conductivity. The optical band gap energy of MgZnM’/Al LDHs can be
manipulated by structural alterations, which are influenced by the changes in
morphology, particle size [73] and the incorporation of various metal cations [74],

ultimately affecting the photocatalytic properties.
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Furthermore, it's interesting to mention that the optical band energy of
cobalt samples was consistently higher than the optical band gap energy of nickel
samples with maximum band gap energy value (Eg = 3.054 eV) of nickel LDHs
was equivalent to that of the minimum of cobalt LDHSs. This observation indicates

that the nickel LDHSs appear to exhibit better electrical conductivity [75].
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5. CONCLUSIONS

The targeted compounds MgZnNi/Al LDH and MgZnCo/Al LDH
nanoparticles were successfully fabricated via the sol-gel method, where the
magnesium was partially replaced by two different metal cations (Zn?* and
Ni%*) in the first LDH, likewise, (Zn?* and Co?*) in the second LDH.

All three different desired concentrations of Mgs.x.yZnxMy/Al: LDH (where,
M = Ni or Co) nanoparticles were synthesized by varying the molar ratios
of Mg to Ni and Mg to Co. Basically, the precursor metals cations solutions
were prepared, followed by the controlled procedure of the sol-gel process
to acquire LDH powders. Varying the molar ratio led to changes in the
structural properties of LDH particles, moreover, influenced the depth of
their colors.

The synthesized LDH samples underwent characterization using various
characterization techniques, including FT-IR spectroscopy, X-ray
diffraction, and ultraviolet-visible spectroscopy. These techniques
collectively offered a thorough understanding of the composition, structural
and optical properties of the double metal substituted Mgsx.yZnxMy/Al;
LDH.

XRD data showed the presence of LDH structure and revealed similar
patterns for the MgZnNi/Al LDH samples and MgZnCo/Al LDH samples,
suggesting that they have a common structural backbone despite potential
differences in their specific compositions.

XRD data revealed that Nickel LDH samples have higher crystallinity than
Cobalt LDH samples due to nickel's smaller atomic radius compared to
cobaltss.

The FT-IR data showed the distinct bands corresponding to the different
vibrational modes of the functional groups within the LDH structure,
notably (OH) and (NOs3) groups.

The UV-Vis absorption and reflection spectra of MgzZnNi/Al LDH
exhibited peaks corresponding to pi-pi transitions of nickel and zinc metals.
However, the nickel absorbance observed within the ultraviolet region

suggests a high degree of structural arrangement.
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The XRD data were utilized to calculate the crystallite sizes’ values, lattice
constant, volume of unit cell, positions and displacements of the atoms,
microstrain and the atomic packing factor (c/a).

The computed values revealed that the average crystallite size of
MgZnCo/Al LDH samples was larger than the crystallite size of MgZnNi/Al
LDH samples, which equals to 9.86 nm and 9.14 nm, respectively. This
confirmed that both materials fall within the nanoparticle range and
indicating their effective formation at the nanoscale level.

An inverse relationship was observed between the structural lattice
parameters and the crystallite size. Furthermore, the atomic packing factor
(c/a) was calculated using the values of the a and ¢ parameters.

The maximum unit cell volume for MgZnNi/Al LDH was observed at the
third concentration, while it was at the second concentration for MgZnCo/Al
LDH. This indicates that the chemical pressure should be at a minimum at
these specific concentrations.

Microstrain values for MgZnNi/Al LDH ranged from 16.5 to 19.2, while
those for MgZnCo/Al LDH varied from 15.7 to 24.

The UV-Vis data were utilized to calculate the band gap energies for both
MgZnNi/Al LDH and MgZnCo/Al LDH which found to be exceeded 3 eV,
indicating them as insulators with poor electrical conductivity.

The band gap energy of MgZnNi/Al LDH ranges between 3.042-3.054 eV.
It shows an inverse relationship with the nickel concentration, as the band
gap energy decreases with the increase of nickel concentration.

The Mgs-xyZnxCoy/Al LDH optical band gap energy’s values are higher
than nickel containing LDH ranges from 3.054 to 3.068 eV, increasing as
the cobalt concentration rises fromy = 0.01 to y = 0.03, followed by a slight
decrease at y = 0.05.

The dielectric constant of Mgs.x.yZnxM’y/Al (M: Ni or Co) LDH exhibited
a positive correlation with increasing nickel concentration, peaking at
y=0.05, while decreasing with high cobalt concentrations, maximum at y =
0.01. Despite these variations, the dielectric constant values across all

examined samples remained closely aligned, ranging from 7.89 to 7.94.
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