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CHAPTER 1 

Introduction 

  This chapter gives an overview of the layered double hydroxide (LDHs). The salient 

points of this section cover the detail of the general introduction, properties, crystal 

structures, and the scope of current research applications. 
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1. Introduction 

1.1. Layered double hydroxide (LDHs) 

Layered double hydroxides (LDHs), also known as “Hydrotalcite-like compounds 

(HTlc)”, “Hydrotalcite-type compounds (HTtc)”, and “Anionic clays”, are the most 

commonly used terminology to describe a wide range of layered materials. In Sweden, 

around 1842 was the first attempt to describe hydrotalcite as having a similar appearance to 

that of the clay-like powder, which is composed of hydroxycarbonate of magnesium and 

aluminum. Later, several hydrotalcite were reported, including that of magnesium and iron, 

and because of their likeness to gold, they are called pyroaurite. The first chemical formula 

of hydrotalcite was put forward by E. Manasse around 1915 in Italy to represent one of the 

naturally occurring layered materials called anionic clays. He considered carbonate ions as 

essential ions that exist in between two hydroxide layers[1,2]. Thus, “LDHs” is used as a 

representative term to designate those common terms in the present context. The unique 

feature of the LDHs properties and their structure is that these materials are distinct from 

“cationic clays”, where the structures are composed of positively charged metal hydroxide 

sheets with interlayer anions localized between them[3]. In the actual chemical 

composition of LDHs, the term layered hydroxycarbonates of magnesium and aluminum 

called “Hydrotalcite” has been used to denote the di- and trivalent magnesium and 

aluminum, and the “carbonate” considered the basic interlayer ions. Hence, the importance 

of such mineral has a general formula [Mg6Al2(OH)16 CO3×4H2O], which is used to 

designate the layered hydroxide materials. Mg, Al, OH, CO3, and H2O denote magnesium, 

aluminum, hydroxides, carbonates, and water molecules[2]. 

Likewise, the chemical composition and general formula of the synthetic LDHs can 

be expressed as; [M2+
1-xM

3+
x (OH)2]x+ (An-)x/n ×yH2O. M2+ and M3+ denote di- and trivalent 

metallic cations (M2+ = Mg, Ca, Ni, Fe, Co, Zn, etc., and M3+ = Al, Fe, Co, Cr etc.). An- and 
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yH2O represent interlayer anions and the overall charge density of LDH layers, and water 

as a neutral molecule. Also, the subscripts x denote the di- and trivalent metallic ratios of 

LDHs i.e, x = MII/MII + MIII[4]. The fascinating feature of LDHs structure is that the 

overall electrical charge sometimes results in excess positive charges triggered by partial 

substitution of M2+/M3+ cations. Simultaneously, the excess charge is compensated by 

charge-balancing anionic species present in the interlayer domain. Hence, in a solid state, 

the overall charge becomes electrically neutral[5]. For the sake of simplicity, one can 

presume that the stacking pattern of LDHs structure commonly exhibits that of the brucite-

like mineral i.e., Mg (OH)2 or Al (OH)3 type, in which the hydroxyl groups (OH) are 

octahedrally coordinated to bimetallic LDH cations. Depending upon the flexibility or 

interchangeability nature of LDH, the structure can be tuned into different unusual 

combinations, which results in a binary, trinary, or ternary LDH system[6]. The 

exchangeable property of LDHs is due to weak forces like covalent bonds, Van der Waals, 

or hydrogen bonding in the interlayer domain[7]. In the present research context, several 

reported literature about the LDH combination to produce hybrid LDH material or 

intercalated LDH nanocomposite has proven to be the leading topic for vast 

applications[5]. 

Some unique properties of LDHs are excellent catalytic, electrochemical, magnetic, 

photocatalytic, intercalation, high thermal stability, high ion-exchange capacity, and high 

surface areas with high positive charges. Another potential or attractive property of LDHs 

that differs from cationic clays is the reconstruction of their structure after undergoing 

structural transformation, called the “memory effect”[8]. Furthermore, it is well known that 

LDHs also act as a “nanoreactor center” in the selected confined region. Because of these, 

they act as a selective anion scavengers, ions-exchanger, polymer stabilizers etc[9]. In 

recently reported literature, all of these properties could be better achieved after calcination 
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reactions. Because of these, LDHs play an important role in diverse chemical applications 

like electrochemical, adsorption, catalytic, intercalation, antimicrobial, sensors, 

photochemistry, water splitting mechanism, flame retardant, biomedical, fuel cells, drug 

delivery, agriculture etc[3,5]. Generally, LDHs are three-dimensional (3D) inorganic 

layered nanocomposites characterized by regular hexagonal, monoclinic or rhombohedral 

stacking placed on top of each other, similar to the graphene layers[10]. Hence, it shows a 

polytypism in crystal geometry. Moreover, it is well known that LDHs are recognized as 

multifunctional nanomaterials that fall under a nano range of micro, meso, or in some 

cases, macro-size[11]. The diversity of pores depends on the precursors and methods used 

in the study, which needs control synthesis procedures. Hence, the study of LDHs gains 

potential applications in the fields of inorganic material science or nanoscience. 

1.2. Crystal structures of LDHs 

As stated, the basic structure of LDHs is similar to that of the naturally occurring 

brucite-like anionic clays where the hydroxyl groups are octahedrally coordinated to the 

bimetallic LDHs forming a plane of paper-like sheets and thereby create a layer-by-layer 

assembly. The crystal structures of hydrotalcite and brucite are shown in Figure 1.1[12,13]. 

The brucite structure consists of a hexagonal closed-packing configuration of OH ions, and 

when M2+ occupies the alternate octahedral sites, the overall LDHs structure becomes 

neutral. Another important point to note is that the LDHs are built up with high positive 

hydroxyl ions due to the isomorphous substitution of divalent species by trivalent cations. 

The excess positive charges developed by metal hydroxide sheets are counterbalanced by 

the intercalated anionic species. In comparison, it is seen that the structure bears a 

resemblance to each other in terms of the geometry and atomic arrangements along ZX 

crystallographic axes[14]. Moreover, the position of metal hydroxide sheets is vertically 

arranged on top of other, separated by the space containing a region called interlayer space. 
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The distance (angstrom or nanometer) between the two metal hydroxide sheets containing 

space is called interlayer/interdomain/interlamellar spacing. Also, the two metal hydroxide 

sheets have several intercalated ions or molecules, which affects the orientations of 

bimetallic hydroxide layers, called interplanar or d-spacing (d00l). This d-spacing 

determines the orientation and distance between the two-layer separation of LDHs 

nanosheets, represented by crystallographic planes[15]. 

 

                                  (a)                                                                (b) 

Figure 1.1. Showing crystal structures of (a) Brucite at 2×2×2 supercell and (b) 

Hydrotalcite at 3×3×1 supercell 

Due to the isomorphous substitution of some of the Mg2+ ions by Al3+ cations, the 

overall structure of LDHs results in positively charged sheets in the octahedral 

configuration. To maintain electrical neutrality, some of the interlayer anions, such as 

CO3
2-, halides, polyatomic etc. are essential[16]. Similar to brucite structure, the stacking 

pattern of LDHs sheets follows the sequence of the hexagonal type, i.e. [AcBZAcB]n 

where A, B represent the hydroxide layers, c represents the layers of bimetallic cations, 

and Z represents the interlayer anions and neutral molecules[4]. It should be noted that the 

d-spacing or basal spacing of the hydroxide layers does not always remain the same. It is 

due to the nature of metallic cations or the number of interlamellar anions that exist in the 

host LDH layers[17]. However, the value of lattice parameters such as a, b, or c and cell 
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angles α, β, γ must lie in the same approximated range by taking hydrotalcite as a common 

reference. In the present context, several reported literature contains information where the 

change in lattice constants varies with the change in precursors or intercalated anions for 

hybrids LDHs nanocomposite[18]. Some of the important factors that could affect the 

crystallographic parameters are the change in atomic radii of di- and trivalent cations[10]. 

Another critical factor affecting the crystal geometry of LDHs is the Jahn-Teller distortion 

for the octahedral complexes. The effects are more susceptible to those metals in the first-

row transition series followed by the second series[19]. 

1.2.1. Flattening of octahedral LDHs structure and geometry distortion caused by the 

Jahn-Teller effect 

It is known that the crystal geometry of LDHs does not always show a regular 

octahedron arrangement of hydroxyl groups around the central metals. However, due to 

some imperfection in the spatial orientation of LDHs atoms, sometimes it crystallizes into 

different geometry[20]. Two important factors critically affect the geometry of LDHs viz. 

pseudo-stacking caused by the arrangement of LDHs atoms and the Jahn-Teller distortion. 

Both factors lead to the flattening of octahedral units and, as a result, reduce the symmetry 

of LDHs crystal from Oh to D3d subgroup[21]. Figure 1.2. and Figure 1.3. shows the Jahn-

Teller effect that might occur on LDHs crystals and compression of the octahedral unit to 

D3d point group[1,22]. LDHs containing transition elements with more unpaired d-

electrons would most likely undergo a distortion. Figure 1.2. illustrates the distortion 

caused by Jahn-Teller effect having only a d4 configuration. However, the effect is less 

likely in LDHs containing a d5 high spin state. This is because distortion will not occur 

when there is no net energy change in eg orbitals, having two degenerate states (dz2, dx2-

y2). Subsequently, in order to stabilize the degenerate states of the orbital, the t2g orbital 

should remain energy neutral because the distortion takes place only in eg energy states. 
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Another important factor for imperfection in LDHs structure is the elongation and 

compression of octahedral units. These two occur parallelly with and without z 

components. When the stabilization of d-degenerate orbitals (lowering in energy) occurs 

along z-components, causing elongation, and conversely, without z-components, causes 

compression of octahedron LDHs geometry[10]. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Illustration of Jahn-Teller effect on LDHs geometry 

 

 

Figure 1.3. Flattening of octahedral (Oh) to D3d point group symmetry 

Jahn-Teller distortion is more pronounced in the case of octahedral and tetrahedral 

complexes[23]. Because of such an effect in the non-linear system, the geometry of LDHs 

undergoes distortion and reduces its symmetry. Transition metals are commonly known to 

exhibit variable oxidation states from +1 up to +8 in their d-subshells. Ligands generally 
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stabilize them at six-coordinate points to satisfy the octahedral valency. Because of this, 

the d-orbitals of transition metals containing unpaired electrons (high-spin) experience 

distortion caused by the Jahn-Teller effect. Studies have proved that the Jahn-Teller effect 

of LDHs can be seen in the transition metals containing copper, nickel, zinc, chromium, 

iron, cobalt, and some alkaline metals like magnesium, calcium, and aluminum due to the 

degeneracy of the octahedral LDHs complex[24]. Jahn-Teller effect is an important 

phenomenon for determining the stability of complexes because it deals with the distortion 

and electronic excitation in the degeneracy of orbitals. 

1.3.  Pseudo-stacking among LDHs polytype 

It is known that the stacking pattern of LDHs sheets generally takes the form of either 

two-layered hexagonal (2H1) or three-layered rhombohedral (3R1) polytypes. Studies have 

shown that the sequence of stacking patterns of LDHs is random, and they usually deviate 

from the ideal structures[25]. The factors affecting the stacking faults could be the 

synthesis procedure, nature of interlayer ion/molecules that reside in the LDH layers, 

symmetry and mode of coordination of the intercalated species, electronic charge, size or 

atomic radii of atoms that could result in pseudo-stacking of LDHs structure[26]. There are 

three possible ways in which the two-layered hexagonal stacking sequence could be 

arranged;...AbC=CbA=AbC... 2H1, ...AbC∼AcB∼AbC... 2H2, ...AbC∼BcA=AbC... 2H3 

In the case of the 2H1 polytype, the cations all occupy b positions, whereas for the other 

two polytypes, the cations alternate between b and c sites. It should be noted that the 

interlayers in the 2H1 polytype are all prismatic, and those in the 2H2 polytype are all 

octahedral, whilst in the 2H3 polytype, both types of interlayers are present. In the case of 

three-layered rhombohedral LDH, nine possible polytypes could be observed. Two of these 

have rhombohedral symmetry (3R):...AbC=CaB=BcA=AbC... 3R1 

...AbC∼BcA∼CaB∼AbC... 3R2 whilst the remaining seven have hexagonal symmetry: 
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...AbC∼AcB∼AcB∼AbC... 3H1 ...AbC∼AcB∼CaB∼AbC... 3H2 

...AbC∼AcB=BcA∼AbC... 3H3 ...AbC∼AbC=CbA=AbC... 3H4 

...AbC∼AcB=BaC∼AbC... 3H5 ...AbC∼AcB∼CbA=AbC... 3H6 

...AbC∼AbA∼BcA=AbC...3H7 

From the above polytypes, the cations are homogenously distributed over a, b and c 

sites in the case of the 3R1, 3R2, and 3H2 polytypes. For the 3R1 polytype, the interlayers 

are all prismatic, and in the case of 3R2, 3H1, and 3H2, they are all octahedral; other 

polytypes involve both types of interlayers. Some authors have also described the large 

number of possible six-layer polytypes, some of which have rhombohedral symmetry (6R) 

and the remainder hexagonal symmetry (6H)[10]. 

1.4.  Powder X-ray diffraction (PXRD) studies 

PXRD is considered an important tool for solving the complex crystal system or 

visualizing the polymorphism among LDHs. As stated, the stacking pattern in most of the 

LDHs sheets results in non-uniform basal spacing (Å), and reports have shown that it is not 

possible to presume the correct orientation of all the reflections peaks obtained from XRD 

measurement or the diffraction planes at each Bragg's positions (2 theta). In most cases, the 

diffraction planes of (hkl) values such as (00l), (10l), (01l), (11l) etc. result in the 

broadening of XRD peaks or peaks become narrow[10,27]. As said, there are various 

possible ways of undergoing pseudo-stacking on LDH layers, which results in the 

mismatch of the correct LDHs sequence. Another important factor in distinguishing 

whether it is rhombohedral or hexagonal geometry is the systematic absences[28]. For 

instance, the selection rules of the miller index when (hkl) value gives rise to unless -

h+k+l=3n (reflections systematically absent), crystallizes to rhombohedral crystal and 

conversely when it is dominated by strong reflection, where -h+k+ #3n, crystallizes into 

hexagonal symmetry, wherein n is called an integer and h, k, and l are the hexagonal miller 
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indices. Reports have shown that a monoclinic crystal system of LDHs is also possible[29]. 

In such a crystal system, the LDHs result in uniform composition of di- and trivalent metal 

hydroxide sheets, however irregular orientation of LDHs interlayer species. As a result, it 

gives one of the 3R rhombohedral polytypes with the space group C2/m. The complete 

stacking sequence results in ...=Ac1B=Ba1C=Cb1A=… type and with the lattice 

parameters a = 5.266, b = 9.114, c = 7.766 Å[3]. Sometimes, it is important to have a close 

view of lattice parameters obtained after indexing and retrieved refinement studies (RF), 

because this will undoubtedly give information about the crystal system. Therefore, to 

ascertain the stacking sequence/layers arrangement/geometry of LDHs, one has to have a 

close look in terms of diffraction lines, peaks intensity, d-spacing values, or lattice 

parameters by taking the Mg-Al hydrotalcite as a common reference[30]. In other words, if 

the synthesized compounds are new, one must follow certain criteria for solving the crystal 

structures. As previously stated, LDHs exhibit polytypism, which means they possess 

polytype structures in terms of stacking sequence and crystal geometry. Therefore, the 

orientation of metal hydroxide layers might result in non-uniform stacking despite it 

crystallizes into the same space group. To understand this, the Mg-Al hydrotalcite can be 

used as a standard reference. In such a case, it crystallizes into two possible geometry; 

hexagonal (2R) and rhombohedral (3R). The possible lattice parameters i.e., a=b= 3.05-

3.07, and c= 23.22-23.3, with the diffraction angles α=90, β=90 and γ=120[31]. However, 

depending on the type of precursors used, the lattice parameters may vary from atom to 

atom. The most crucial factor may be associated with synthesis procedures for obtaining 

the hybrid LDHs composite and the introduction of guest molecules grafted into host 

LDHs molecules. Besides, some factors like heat or temperature might result in a change in 

the polytype of LDHs. At high temperatures might affect the crystallinity, morphology, 

and geometry[32]. 
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1.5.  Nature of M(II) and M(III) cations 

The M2+/M3+ cations determine the key formation of LDHs. Table 1.1 shows the 

possible combination of M2+ and M3+ cations in terms of size and ionic radii. For instance, 

Be2+ is too small for octahedral coordination. Ba2+ and Ca2+ are comparatively large with 

beryllium and magnesium atoms. 

Table 1.1. Ionic radii of some divalent and trivalent cations (Å) 

M2+ Be 

0.30 

Mg 

0.65 

Cu 

0.69 

Ni 

0.72 

Co 

0.74 

Zn 

0.74 

Fe 

0.76 

Mn 

0.80 

Cd 

0.97 

Ca 

0.98 

M3+ Al 

0.60 

Ga 

0.62 

Ni 

0.62 

Co 

0.63 

Fe 

0.64 

Mn 

0.66 

Cr 

0.69 

V 

0.74 

Ti 

0.76 

In 

0.81 

 

From Table 1.1, the trends in metallic radii increase from left to right. Fundamentally, it 

should be noted that a larger or small ionic radius value is incompatible with di and 

trivalent LDH formation. Therefore, to make a possible combination of LDH, the size of 

di- and trivalent metallic radii should not deviate enormously. Therefore, the best way to 

view this is to closely consider the Mg-Al LDH system in terms of size or ionic radius. In 

this LDH combination, the size of ionic radii of the bimetallic Mg and Al cations look 

close in proximity, and the size of M2+ cations should be slightly greater than M3+ cations 

for octahedral coordination[2]. Also, it has been known that a pure LDH could be obtained 

in the divalent and trivalent metallic ratio x = MIII/MII + MIII, which has to be equal to 0.2≤ 

x≤ 0.4. For x value more than the measurable limit results in other unusual LDH 

structures[10]. In some cases, monovalent and trivalent Li-Al LDH combination is also 

reported. The difference with other LDHs is the high charge density in the case of lithium-

aluminium LDH[33]. 
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1.6. Nature and impact of interlayer ions 

The study of layered double hydroxides is an exciting subject. The reason because of 

its high ion-exchange properties, flexibility, or tunable structure, one can opt for the choice 

of interest. The interlayer or inter-domain ions of LDHs can vary from ions to molecules. 

Polyatomic ions such as CO3
2-, NO3, PO4, SO4, OH, ClO3, [Fe(CN)], CrO4 etc. are the 

common ions that can be introduced in the bimetallic LDHs layer. Also, Inorganic halide 

ions such as F, Cl, Br, I and organic molecules or macromolecules like DNA/RNA, 

proteins, carbohydrates, lipids, fats, drugs etc. can be selectively intercalated or exchanged 

in the layers. It is well known that carbonate ions are considered the inherent interlayer 

ions in the bimetallic LDHs layers[3,5]. 

The impacts of interlamellar ions or molecules of LDHs are of great interest and 

have a potential application in the field of nanoscience, which would result in a unique 

nanostructured material in terms of morphology and enhanced applications[16]. In recent 

times, studies have shown that the grafting of guest molecules results in intercalated or 

hybrid LDH nanocomposite. Studies have shown that the introduction of guest molecules 

into LDH layers changes crystal morphology[17]. Because of these reasons, there is a 

slight change in lattice parameters or diffraction planes[34]. Thus, the intercalation of 

various organic or inorganic species in LDHs interlayer domain can be extensively used 

for several nanoscience applications. 

1.7. Computational/theoretical applications 

Chemistry is the study of how particles behave, react, and the interaction of 

ions/molecules takes place. These interactions of particles or reactions can be best 

visualized and described by some basic or sophisticated solid-state computing software. A 

computation or theoretical simulation studies are essential in defining the electronic 

structure of materials (solids). In the present context, molecular dynamics or quantum-
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based computational models are considered important modules for understanding 

materials' properties at macroscopic or atomic levels[35]. The simulation of the electronic 

structure of materials, including energy minimization, orbitals energy calculation, band 

structure and band gap energy, rotational/translational/vibrational frequencies, electronic 

charges, etc. are considered essential parameters for understanding the complex system of 

materials[36]. Various modules have been popularized in the present day. The most 

popular ones are DMol3, forcite, CASTEP, Gaussian, quantitative structure-activity 

relationship (QSAR), sorption, and many more[37]. All these modules have different uses 

based on the target of the study. Most importantly, these are based on first-principle 

density functional theory (DFT) at a molecular or quantum dynamic level. Nowadays, a 

plane wave basis set and pseudopotential methods are the most popular ones used in DFT 

quantum computing research to understand the dynamics of the electronic structure of 

solids[38]. Besides, many solid-state chemistry/physics programs such as gromacs, 

LAMMPS, desmond, spartan, ABINIT, VASP, quantum espresso, SIESTA etc. are some 

of the basic software packages used in modern days[39]. In the present studies, the 

molecular dynamics (MD) involving DmoL3, Monte-Carlo, Forcite, and Gaussian were 

successively carried out to understand the adsorbate-substrate interaction mechanism, 

binding energy, hydrophobic and hydrophilic nature, and orbital energy 

calculations[40,41]. In any simulation studies, the successive timeline for structure solution 

always starts with designing the molecular structure and proper atomic inputs, followed by 

energy minimization and interaction of matters. During such a process, some important 

energy input parameters involving energy correlation exchange functionals (χc), symmetry, 

atomic charge, basis sets, core electron treatment, approximation, electronic properties etc 

are essential[42]. Therefore, one must properly specify the required energy inputs for better 

results. Currently, the use of expensive energy correlation functional or basis sets has 
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become a powerful choice for obtaining high-accuracy results, despite long operating 

conditions. For instance, the use of PBEO, B3LYP, HSEO3, HSEO6 produces better 

approximation than LDA and GGA exchange functional[43]. Once the energy 

minimization is done, the electronic structure in terms of properties like band structure, 

phonons, orbitals, electronic excitations, the density of states, electrostatics, frequency, 

NMR etc. can be enumerated. 

1.8. Layered double hydroxide as potential adsorbents 

Questions about water treatment were considered the most difficult in the past 

decades. At the same time, the solutions to the question did not meet certain criteria due to 

the limited number of techniques available in the back days. Moreover, the focus on 

designing or developing new functionalized materials was inadequate to overcome such 

problems[44,45]. Fortunately, in this modern era, constant research on developing new 

techniques, low cost and efficient materials has led to wide applicability for the particular 

topic under study. Layered double hydroxides (LDHs) are considered to be nano 

adsorbents[46]. Several novel LDHs hybrid nanocomposites have developed in the present 

days, which are well-characterized nanosorbents that could be used in the study of 

environmental remediation of contaminants or harmful gases present in the 

atmosphere[47,48]. Therefore, it can be used extensively for scavenging various chemical 

species. The ability of the materials to act as potential adsorbent depends on the nature of 

the surface and chemical properties. Because LDHs are characterized by their layer 

structure and built up with a high positive charge, the adsorbent properties are affected by 

surface adsorption or ion-exchange mechanisms[49]. The fact that LDHs act as potential 

nano adsorbents can adsorb the anionic species in several ways. It is because the structure 

of LDHs is composed of di- and trivalent metal hydroxide sheets, and also, the layers 

consist of the anions which reside in the LDHs domain[50]. Therefore, it can potentially 
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adsorb any pollutants within the two layers, i.e. through interlayer ions due to hydrogen 

bonding interactions, or on the main hydroxide layers, i.e. on the metal hydroxide sheets. 

Another potential property of LDHs is the high surface area and diverse pore 

morphology[51]. It is known that LDHs are nanostructured materials with several different 

pores. Several reports also presented that the adsorption or ion-exchange properties of the 

LDH can also be enhanced by making hybrid nanocomposites. For instance, the use of 

organic or inorganic substrates as guest ions or molecules can improve the adsorption 

properties of LDHs. Likewise, in the present situation, researchers put efforts into making 

a hybrid LDHs composite for better performance[52]. These enhanced properties of LDHs 

not only help scavenge pollutants or unwanted species but also help in drug intercalation or 

transport of ions/ molecules. Furthermore, another crucial property of LDHs is the 

‘reconstruction ability’ or ‘memory effect’[53]. This phenomenon helps LDHs to reuse or 

re-adsorbed the anionic species after undergoing structural changes. Several removal 

techniques like membrane filtration, ion-exchange, coagulation, electrochemical oxidation, 

osmosis, biological process etc., have been widely used in the few decades[11,54]. 

However, due to some disadvantages like incomplete removal, expensive, long operating 

conditions, and loss of recycling ability of adsorbents. On the other hand, adsorption is a 

low-cost and efficient removal technique widely used[55]. Another advantage of the 

technique is that it is generally inexpensive, easy to operate, and does not need extreme 

control experiments. 

1.9. Layered double hydroxides as antimicrobial or bactericidal agents 

It is well known that LDHs are good antimicrobial or antibacterial agents. As 

aforementioned, LDHs are built up of high positive charge, and interlayer ions or anions 

increase the exchange capacity with other chemical species. Also, due to the presence of 

active di- and trivalent metallic species, the interaction of most LDHs molecules with 
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microbial cells shows a significant effect on microbial inhibition activity[56,57]. Studies 

have shown that LDHs due to its small size nanoparticles have a direct inhibition effect on 

microbial cells[58]. There are several ways of inhibiting bacterial growth such as the 

nature of antimicrobial metallic elements, particle size, oxidative stress or reactive radicals 

etc. Metals like aluminum, titanium, and tin show less antimicrobial activity. However, 

LDHs produce a synergistic effect against the host cells and therefore, it acts as strong 

antimicrobial or biocidal agents[59]. LDHs show such properties due to the transition 

metals in their composition. It is generally known that transition metals act excellent 

antimicrobial property due to the release of di- or trivalent cations and exhibits variable 

oxidation states[60]. Basically, LDHs contain mixed metal hydroxide sheets with some 

intercalated anions. Besides this, some guest ions or molecules could be introduced 

between the layered structure. The purpose of guest ions intercalation is to establish the 

additive effect, which makes LDHs a potential candidate for microbial activity[61]. In 

addition, various factors enhance the antimicrobial activity of LDHs. Some of the factors 

include di and trivalent metallic LDHs ratio, particle size, particle charge, pore size or 

volumes, and also the nature of anionic species present in the LDHs[59]. Several reports of 

LDHs as antimicrobial towards bacterial strains (gram-positive & gram-negative) showed 

that LDHs containing transition elements showed excellent bacterial inhibition properties. 

The mechanism of bacterial inhibition or killing is because of the factors like small particle 

size, oxidative stress and nature of antibacterial metallic elements etc[62]. 

1.10. Thermokinetic properties of layered double hydroxides 

Kinetic-based thermal reactions called ‘thermokinetics’ is an essential phenomenon 

for understanding the kinetics of thermal reactions of solids, described by some reaction 

models or mechanisms[63]. In thermal analysis, information such as crystal growth or 

nucleation, polymerization, glass transition, melting, and phase changes are essential for 
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understanding solid materials’ degradation properties[64]. In recent decades, the study of 

the thermal decomposition of LDHs was necessary for obtaining the kinetic parameters 

such as activation energy (KJ mol-1) and pre exponential factor (A/S-1)[65]. However, due 

to some drawbacks associated with the TGA/DSC data analysis or the kinetic models, the 

reliability in evaluating the kinetic factors was not enough or considered in accurate. In the 

modern context, with the evolution of various thermal methods, analytical techniques, and 

kinetic models, the study of the thermal properties of materials is quite challenging. 

Another disadvantage associated with it is the use of single isothermal heating data rather 

than non-isothermal heating data[66]. The non-isothermal heating programme is applicable 

for those materials with complex overlapping DSC/TGA heating curves. However, when it 

comes to the accuracy in determining reaction models or mechanisms, it is recommended 

to use non-isothermal data rather than isothermal with multiple heating rates[67]. 

Nowadays, people use multiple heating data non-isothermally to increase the accuracy of 

describing the thermal degradation governed by multiple reaction mechanisms. The kinetic 

models are well-known established models in describing the thermal reaction 

mechanisms[68]. It is generally known that LDHs are the inorganic layered nanocomposite 

that is thermally stable up to 198-200 oC. The first weight loss is usually accompanied by 

the removal of moisture content in the LDHs matrix. In real situations, the kinetics of the 

thermal decomposition mechanism starts from the second and third degradation steps. This 

is due to the presence of kinetics flaws at the temperature until 200 oC[69,70]. 

Fundamentally, it can be stated that LDHs nanocomposites are generally controlled by the 

number of multiple thermal degradation steps as well as undergo a kinetically complex 

process[71]. In previously reported literature, the determination of kinetic degradation 

steps was based on a single heating TGA/DSC data, where such information does not seem 

to be so useful. In the present studies, the focus is on the thorough thermal degradation 
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investigation and further explanation of the understanding of the kinetics of overlapping 

TGA curves. This is because sometimes the thermal degradation of LDHs undergoes a 

multistep reaction and is usually governed by the number of additional peaks components 

called the pseudo-components[72]. Hence, the current studies are on the thorough 

structural degradation investigation of some of the selected LDHs. 

1.11. Aims and objectives of the present research 

In the present research, the aim of synthesizing the compounds using an 

environmentally benign process (green solvents) is the main target in our study. Because 

this will benefit the usage of less toxic chemicals rather than more hazardous ones, which 

could be economical, low energy usage, cost-efficient, and less operating conditions. 

Furthermore, the as-synthesized LDHs product has been used to address some primary 

objectives such as novel nanoadsorbent, kinetic-based thermal reaction models, 

antimicrobial agents, intercalation chemistry, leaching phenomena, crystallography, 

classical mechanics or quantum computation, and so on. To our knowledge, no known 

reports have been investigated using our presently synthesized LDHs for the applications 

in particular. 
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CHAPTER 2 

Materials and methods 

This chapter outlines the importance of the precursors, characterization 

techniques, and the basic methodology employed in the present research. 
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2.1. Introduction 

In recent decades, several LDHs synthesis methods have been reported. Depending 

on the types, nature, and targets of the study, LDHs can be prepared. Nowadays, LDHs can 

be synthesized by two different methods: direct and indirect. Some conventional 

direct/indirect preparative methods, including co-precipitation, hydrothermal, ion 

exchange, urea hydrolysis, salt-oxide, Sol-Gel, memory/rehydration etc. are widely known. 

2.2. Preparation of layered double hydroxides(LDHs) 

2.2.1. Recent synthesis methods 

2.2.1.1. Co-precipitation method 

Overall the synthetic methods available, the co-precipitation procedure is among 

the most commonly used method. In recent days, a number of hydrotalcite have been 

produced using this method. The reason being the co-precipitation method is a facile and 

generally inexpensive method. However, every method has its advantages and 

disadvantages. For instance, pure LDH phase in the given permissible metallic ratios is not 

strictly required in the co-precipitation method, and considering the presence of other ionic 

species may be necessary. Moreover, due to non-homogenous precipitation or fluctuations 

in pH values, co-precipitation does not seem to be the case for obtaining pure LDH. To 

overcome the drawbacks of this, the metal hydroxides should be allowed to precipitate 

either at low or high supersaturation with certain defined pH. Generally, it is known that at 

low supersaturation, the crystal growth dominates then it nucleates, and at high 

supersaturation, crystal nucleation occurs faster, resulting in small-size crystals. However, 

it should be noted that the fluctuations in pH values viz. supersaturation at high, low, and 

constant pH has to be carefully examined. For instance, the formation of LDH crystals at 

increasing pH cannot be achieved since the trivalent cations precipitate at low pH. On the 

other hand, the precipitation of metal hydroxide at decreasing pH seems to be a suitable 
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choice. In present situations, researchers prefer to synthesize LDH materials at constant 

pH. This is because the LDHs synthesized at constant pH show a well-hydrolyzed 

homogenous phase. However, other disadvantages of the co-precipitation is that the 

morphology of the LDHs synthesized using the co-precipitation method shows poor 

crystallinity. Also, this method leads to the uncontrol intercalation of atmospheric carbon 

dioxide (CO2) into LDHs structure, which might hinder the desired counter ions required to 

be intercalated[1,2]. 

2.2.1.2. Hydrothermal/ solvothermal method 

In a hydrothermal (water as solvent)/solvothermal method (organic solvent), a 

suspension of metal oxides or hydroxides containing M2+ and M3+ cations is carried out at 

high temperature and pressure. The hydro/solvothermal method is similar to the co-

precipitation method, which involves the addition of a strong alkali base (precipitating 

agent) into the aqueous phase containing a di- and trivalent mixture. The final mixture is 

then thermally treated and aged for certain minutes or hours. The advantage of the method 

is that the synthesized product of LDHs results in high crystal formation and eliminates the 

toxic by-products. Secondly, a transformation of amorphous to a crystalline product could 

be achieved by this method. However, the disadvantages of the method are as follows: the 

synthesized product might not result in the specified molar ratios, which needs further 

experimental optimization. The synthesized product results in diverse surface morphology; 

however, it is a long operational technique and uses an expensive autoclave, high 

temperature, production of wastewater, highly concentrated alkali base, and difficulty in 

observing crystal growth inside the steel tube[3,4]. 

2.2.1.3. Urea hydrolysis method 

The urea hydrolysis method is similar to the co-precipitation method, where urea 

(CH4N2O) is used as the primary precipitating agent. Unlike other synthetic methods, the 
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urea method yields LDH with carbonate (CO3
2-) as counter anions. The required 

synthesized parameters such as di- and trivalent ratio, temperature, pH, and aging time are 

often adjusted under the hydrothermal condition to control the urea hydrolysis rate, which 

results in LDH with controllable size, morphology, and crystallinity. The advantage of the 

method over the co-precipitation method is the high crystallinity with uniform LDH 

particle sizes. However, the drawbacks of the method are the uncontrollable precipitation 

of carbonate from the atmospheric condition than the amount of the interlayer anions 

needed to be adsorbed by LDHs molecule[2,5]. 

2.2.1.4. Induced hydrolysis method 

The induced hydrolysis method can be achieved in two steps. The first step 

involves the precipitation of M3+ ions in an aqueous solution by adding an alkali base. 

Subsequently, the trivalent precipitate is slowly added to the solution containing divalent 

salts at constant pH, thereby inducing a controlled release of M3+ ions in the solution[6,7]. 

The advantage of the method is that the synthesized compound shows a well-hydrolyzed 

LDH phase. The major drawbacks of the method involve long operation procedures, poor 

crystallinity, irregular LDH morphology, non-uniform particle size, and fluctuations in di- 

and trivalent metallic ratios. 

2.2.1.5. Sol-Gel synthesis 

Sol-Gel is simply a hydrolysis method. During the process, sol to gel-like 

characteristics are transformed, and the appearance of pseudo-solids is seen. The formation 

of LDHs occurs through hydrolysis of the di- and trivalent cations in the presence of strong 

acids (HCl or HNO3) or water and the anions to be intercalated such as carbonate ions, 

sulfate, organic or inorganic anions[1,8]. The pH is a crucial factor for the precipitation of 

hydroxide to take place. Moreover, to obtain the well-hydrolyzed crystal structure and 

well-organized pores morphology, the effect of drying conditions (air, heat or desiccator) is 
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very much important. The drawbacks of it might be less crystallinity or high pore diversity 

arrangement, however, it takes a good control particle size. 

2.2.1.6. Salt-oxide (or hydroxide method) 

A salt-oxide method is a simple solid-liquid method. It involves the addition of 

divalent oxide suspension into the solution containing trivalent hydroxide solution. The pH 

of the mixture should be kept slightly acidic to occur the slow hydrolysis or precipitation 

of divalent metal cations. The anions to be intercalated must be able to form a soluble salt 

with the trivalent cations and should be stable in an acidic medium[9]. The method is 

particularly used when co-precipitation is difficult to achieve. The main drawbacks 

associated with it are that it sometimes results in insoluble salt (by-product), and the 

obtained LDHs possess a slight acidic character rather than the formation of more OH ions. 

Moreover, the LDHs product obtained may have poor morphology or non-homogenous 

precipitate of di and trivalent metallic hydroxides. 

2.2.1.7. Electrochemical deposition method 

In this method, the formation of LDHs occurs through the electrical reduction of 

acid ions (mostly nitrate, chloride, and sulfate ions) on the working electrode with the 

increase in pH value, which induces the precipitation of LDH films. The method is useful 

for depositing LDH films of any desired thickness, morphology, and film density on a 

metal substrate [2]. The limitations of the method includes use high energy consumption, 

expensive technique, non-benign, and poor LDHs morphology. 

2.2.1.8. Ion exchange method 

An ion exchange is considered the most widely used and is an indirect method of 

synthesis of LDHs. It is useful when the co-precipitation method is infeasible for the di- 

and trivalent cations. In the actual procedure, the pre-synthesized or an aqueous solution 

containing LDH ions is allowed to exchange with the salt solution of anions to be 
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intercalated. On the other hand, the guest ions are allowed to exchange with the interlayer 

anions present in the LDH layers, which produces the anions pillared LDHs[3,7]. The 

disadvantages of the method include long experimental procedures, and the major 

drawbacks lie in the incomplete exchange of guest ions with the interlayer anions. 

Moreover, the exchange reaction sometimes results in unpredictable chemical reactions or 

fluctuation in di- and trivalent metallic LDHs ratios. 

2.2.1.9. Rehydration or memory effect 

The fascinating property of LDHs is their ability to undergo reconstruction of the 

original structure, called the ‘memory effect’. In such a method, the collapse of LDHs 

structure brought by calcination at around 400-500 oC could be regenerated with water or 

mild organic solvents. To make the reactions happen, the overall rehydration reaction 

should be carried in an inert atmosphere to prevent interfering ions. In the actual synthesis 

method, the formation of LDHs layer or newly incorporated anionic species occurs through 

ion-exchange mechanisms[2,3]. This method is useful for obtaining several LDH 

combinations containing various organic or inorganic intercalated species. The 

disadvantage of the method is that sometimes the regenerated LDHs structure results in 

loss of crystallinity or non-homogenous crystallization due to the non-selective adsorption 

of various ions/molecules. 

2.2.1.10. Delamination methods 

The delamination methods of LDHs synthesis are considered to be the most 

challenging approaches in modern days. The method can be achieved by two approaches 

viz. ‘top-down’ and ‘bottom-up’. The ‘top-down’ is the most widely used approach. In this 

method, the modification of LDHs with organic or inorganic substrates is carried out by 

intercalation or ion exchange process. In recent days, most researchers have had difficulty 

achieving these two approaches. The difficulty in such approaches is due to the 
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significantly high charge density of LDHs. Therefore, to overcome these, the most 

important criterion is the selection of suitable solvents to delaminate the lamellar sheets. In 

‘bottom-up’ synthesis, co-precipitation of di- and trivalent LDH ions are first carried out in 

the aqueous phase, followed by intercalation of organic substrates in the oil phase. At this 

point, the LDHs act as nanoreactor centers with anions, and as a result, the LDHs solids are 

delaminated to form a single layer[10]. The advantages/disadvantage of this method is that 

this method is considered as a novel engineering method for obtaining the LDHs layers 

with different delaminated/exfoliated forms, however, it is a long operating process, and 

sometimes results in non-efficient adhesion of required anionic species around the 

nanosheets region. 

2.2.1.11. Other methods 

Besides the aforementioned synthetic routes, other methods of LDHs synthesis 

routes such as aging, surface, Chimiedouce, in-situ film growth, and templated synthesis, 

are also known[3]. 

2.2.2. Present synthesis method 

2.2.2.1. Metal acetylacetonates as a precursor for the synthesis of LDHs 

Metal acetylacetonates are coordination complexes derived from polyatomic 

acetylacetonate anions. The most interesting feature of acetylacetonate anions (C5H7O2
-) is 

that it acts as a chelating ligand, in which oxygen atoms bind to the metals forming a six-

membered chelate ring[11]. Another important feature of acetylacetonate anion is that it 

acts as an equilibrium keto-enol tautomerism[12]. The general synthesis reactions of 

M(acac) involve the reaction of metal salts (base) with acetylacetone in an aqueous 

medium. This can be represented as: 

 

  
....… (1) 
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From equation 1, it can be seen that the metal cations act as electropositive, 

forming the dissociated protons (H+) and M(acac) complex as the main product. Figure 2.1. 

represents the schematic diagram of equilibrium keto-enol tautomerism and the formation 

of acetylacetonate complexes. The enol form of acac in the polar aprotic solvent is more 

stable than the keto form due to intramolecular hydrogen bonding, which leads to the 

formation of highly stable six-membered rings. Conversely, in the polar protic solvents, the 

keto form of the carbonyl (C=O) groups form hydrogen bonds, which reduces the 

intramolecular hydrogen bonding of the enol form. Basically, in the formation of M(acac), 

the acetylacetonate anion acts as a denticity of ligands[13]. Moreover, because of the 

oxygens and protons dissociation ability or simply electronegativity, the metal cations 

bindwith the acac molecule, forming the metal-coordinated acac complexes. Another 

important property of M(acac) is that the acetyl group (methyl), upon hydrolysis, can 

easily lose and forms a metal hydroxides precipitate, and because of this volatile property, 

many di- and trivalent M(acac) react to form unique structures, called mixed metal 

hydroxides[14]. In the present study, the hydrolysis reaction of metal alkoxides was carried 

out in a non-aqueous medium rather than an aqueous solution. The idea of this is to ignore 

any unwanted by-products during the chemical reactions. Hence, unlike other precursors, 

M(acac) are comparatively less toxic, volatile (acetyl group), inexpensive, thermally stable 

(transition metals), highly soluble in non-aqueous solvents rather than aqueous solution, 

and can be easily hydrolyzed at moderate temperatures (75-95oC)[15]. In terms of 

properties and usefulness, M(acac) shows excellent bonding andcatalytic behavior for the 

preparation and transformation of various organic and inorganic substrates. Moreover, due 

to the hydrolyzableor volatile properties as a result of the calcination process, M(acac) 

could easily lose its acetyl group and form the oxide precipitate. The metal oxides obtained 

are versatile, which can further produce metal nanocomposites[16]. 
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Figure 2.1. Schematic diagram showing keto-enol tautomerism and formation of metal 

acetylacetonate complexes 

Besides properties and advantages, a wide application of M(acac) has been 

reported, such as semiconductors, antioxidants, antimicrobials, optics, polymer science, 

drug delivery, catalysts (homogenous/heterogenous catalysis) for various organic 

transformations like polymerization, hydrogenation, isomerization, coupling reactions etc. 

Various industrial applications were reported, including rubber, paint, and plastic 

technology. The fact being they can be used as an additive or stabilizing agent. In modern 

days, M(acac) complexes are used as important precursors for the production of metal 

nanoparticles at a larger scale. Reports like TiO2 (titanium oxide), ZnO2 (zinc oxide), γ-

Fe2O3/Fe3O4 (magnetite), V2O3 (vanadium trioxide), Ta2O5 (tantalum pentoxide), SnO2 (tin 

oxide)etc, are some of the metal oxides which will have a broader scope in the upcoming 
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days[12,14]. Moreover, the M(acac) complexes act as redox agents used for water-splitting 

mechanisms and electrochemical applications[17,18]. 

2.2.2.2. Soft-Chemical Sol-Gel synthesis of LDHs  

Concurrently, we used the non-aqueous ‘soft-chemical’ sol-gel route. The method 

is similar to that of the Sol-Gel method, where the formation of sol to gel-like appearance 

is obtained[19]. The superiority over other methods is that this method takes the control 

synthesis of the particle size of LDHs formation, resulting in homogenous LDHs 

precipitate, and precipitation of LDHs phase was performed at high supersaturation at 

higher pH (8-9.5). The factors affecting the LDHs nanoparticle size formation mainly 

depend on pH, reflux time (4.5-7 hrs), and temperature (75-95oC). Moreover, the LDH 

prepared from this method results in unique structures in terms of diversity in pore 

morphology (nanopores), which is a special characteristic of the synthesized 

compounds[15]. Hence, taking into account the benefits and drawbacks, the present 

investigation focuses on the synthesis, characterization, properties, and applications of 

LDHs. Moreover, it differs from other reported works in terms of starting precursors and 

synthetic methodology. The methodology is further modified or enhanced through a non-

aqueous benign process. Unlike other precursors or protocols, the current study employs 

the Sol-Gel route of LDHs synthesis and the mixture of ethanol + acetone as our primary 

targets. The advantages of the existing studies rely on the green protocol and the use of 

non-aqueous organic solvents, which prevent the solubilization of carbon dioxide gases 

responsible for carbonate formation in the LDHs layer[20]. This is because greenhouse 

gases (CO2, methane, ethane, CFC) have recently emerged as a major environmental or 

green chemistry problem. The disadvantages of the other protocols have recently been 

associated with the use of highly toxic chemicals, low cost-effectiveness, lengthy operating 

conditions, low precipitation of LDHs particles in solution, low crystallinity, poor surface 
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or crystal morphology, formation of unhydrolyzed residues, uncontrolled atmospheric 

contamination of interlayers ions which might cause the interference in LDHs formation, 

and most importantly the synthesis procedure carried out in aqueous media. Thus, 

overcoming all of these associated concerns is of significant importance. 

 

Figure 2.2. Schematic diagram showing the formation of LDHs nanosheet using the non-

aqueous ‘soft chemical’ Sol-Gel route (present protocol) 

 

Figure 2.2. demonstrates the overall synthesis scheme used in this study. In 

accordance with the current methodology, non-aqueous alcoholysis of acetylacetonate 

complexes results in unique LDH morphology facilitated by nanopore formation. 

Additionally, the synthesized LDHs compound yields a highly crystalline product. Thus, 

the present strategy is concerned with the green synthesis procedure for producing 

materials with high-quality crystalline products and controllable particle size. Last but not 

least, the current study method is improved by using less toxic organic solvents to 

synthesize various LDHs combinations and the use of easily hydrolyzable (typically 70 to 

95oC) metal acetylacetonate compounds as our main precursors. 
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2.3. Characterization techniques used 

• Powder X-ray diffraction (PXRD) studies: Used for crystal morphology and 

formation of LDH phases. 

• Fourier-Transform Infrared spectroscopy (FTIR) studies: Used for bonding 

behavior and determination of functional groups in LDHs. 

• Field Emission Scanning Electron Microscopy (FESEM) studies: Used for surface 

morphologies like pore diversity and stacking of metal hydroxide sheets. 

• High Resolution-Transmission Electron Microscopy (HR-TEM) studies: Used for 

crystal diffraction pattern and type of solid state. 

• X-ray Photoelectron Spectroscopy (XPS) studies: Used for chemical oxidation state 

and determination of molar ratios. 

• Thermogravimetric-Differential Thermal Analysis (TGA-DTA) studies: Used for 

thermal decomposition reactions of LDH. 

• Brunauer-Emmett-Teller (BET) studies: Used for pore surface areas and volume. 

• Zeta potential studies: Used for surface charge analysis. 
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CHAPTER 3A 

Part A: Green synthesis and characterization of mesoporous Ni-Co layered 

double hydroxide 

This chapter describes the synthesis and characterization of a novel mesoporous Ni-Co 

layered double hydroxide (LDH). A green synthetic method was used involving a non-

aqueous ‘soft chemical’ ethanol: acetone mixture in order to avoid interlayer 

contamination by CO2 gas, which is responsible for carbonate formation.  
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3.1. Introduction 

Dinitrophenols are recognized as high-risk chemicals because of their carcinogenic and 

mutagenic effects, among which 2,4-dinitrophenol(2,4-DNP) are nitro derivatives that are 

highly toxic to aquatic animals and humans in many ways[1]. The US environmental 

protection agency listed 2,4-DNP as a priority pollutant, limiting its concentration to as low as 

ten nanograms per liter in freshwater. Some studies have shown that the concentration of 2,4-

DNP, even less than 1ppm in water, causes restrictions on the cell growth mechanism[2]. The 

biggest challenge posed by dinitrophenols is their high solubility and chemical stability, which 

causes them to be highly resistant to degradation for their treatment[3]. It has long been 

recognized that 2,4-DNP causes protoplasmic poisoning in biological systems, demobilizing 

the metabolic “decoupling oxidative phosphorylation” process. Constant DNP exposure 

accelerates and alters normal living cells, causing weight loss, blood cell damage, 

hypertension, hyperthermia, vomiting, headaches, and can even cause death[4]. Several recent 

purification methods have been developed, including membrane filtration[5], ion exchange[6], 

metal oxide-based catalyst[7], photocatalytic degradation[8], electrochemical oxidation[9], 

reverse osmosis[10], etc. These methods, however, require high energy consumption and long 

operational periods. Additionally, the extended degradation duration, reactivity, and oxidizing 

nature of dinitrophenols limit the efficacy of the abovementioned techniques. Therefore, it is 

of significant interest to promote the efficacy of such removal through the use of well-

functionalized materials. The adsorption method is considered cost-efficient or selective in 

removing various pollutants during water treatment. The method’s advantages over other 

techniques are its economical usage, procedural simplicity, cost-effectiveness, and low time 

requirements[11]. Earlier, porous adsorbents such as silica, zeolites, metal-organic framework, 

activated carbons, metal oxides, alumina, resins, etc., were considered promising adsorbents. 
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However, despite the efficiency of these materials as good adsorbents, some limitations could 

be noticed due to the inaccessibility or reduction in the regeneration cycle after adsorption, 

slow selectivity in the adsorption, and a slower rate of the regeneration cycle[12,13]. Many 

adsorbents have limited pore size distribution on the adsorbent surface and electrostatic 

binding affinity towards adsorbates, making them incompatible for adsorption[14]. As a 

counter to these limitations, transition metals containing layered double hydroxide (LDH) can 

show excellent adsorption properties like efficient capture of heavy metal ions and high 

selectivity in adsorption at a faster cycle without requiring any further chemical 

activation[15,16]. Layered double hydroxides belong to a class of inorganic 2D or 3D layered 

materials called anionic compounds or hydrotalcite minerals, characterized by the sequence of 

their layers' stacking pattern. Besides the potential electrochemical, photochemical, catalytic, 

etc., applications of LDH, their ability for adsorption through ion exchange or intercalation 

reactions make LDH interesting and promising candidates for eliminating pollutants from 

aqueous media[17]. Recent studies using LDH composites such as Mn-doped MgAl LDH, 

mixed oxide LDH, Mg/Al LDH have shown good efficiency in the removal of environmental 

contaminants like arsenate[18], Mn2+[19], and metronidazole[20] from aqueous solution. 

LDH-based materials synthesized using hydrothermal, co-precipitation, and mechanochemical 

methods have also been widely studied for the effective removal of radionuclides[21]. The 

enhanced adsorption capacity is due to the exchangeable interlayer anions or intercalation of 

guest molecules between the double metal hydroxide layers. The chemical composition and 

general formula of LDHs can be expressed as [M2+
1-x M

3+
x (OH)2]x+ (An-)x/n. yH2O; where M2+ 

and M3+ represent di- and trivalent cations; (An-) and yH2O represent the exchangeable 

interlayer anions (halides, carbonates, polyatomic ions, etc.) and neutral molecules such as 
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water[22].In addition, the most crucial property of LDH is their ability to undergo 

reconstruction through a process called the ‘memory effect’. This memory effect can be 

achieved by rehydration or by reactions with solution-containing organic acids, which allow 

the LDH materials to reorganize or transform into their original structure even after 

undergoing structural changes during adsorption[23]. In view of the relevance of these 

materials, the present work aims toward the synthesis of super-fine Ni-Co LDH nanosheets as 

potential adsorbent material. The synthesis of Ni-Co LDH was considered particularly 

important because of its high selectivity and efficient removal of several pollutants like dyes, 

heavy metal ions, etc. Moreover, Ni2+ and Co3+ bearing double hydroxides have gained 

attention because of their applications in different areas such as electrochemical applications, 

an intercalated pillared catalyst for organic reactions, etc[24]. Their applicability in many 

fields can be attributed to the inherent nanosheets containing tailored or tunable heteroporous 

structures. The methodology employs a ‘Soft-Chemical’ sol-gel route using an 

environmentally benign solvent (ethanol: acetone) mixture to minimize the use of high 

temperature, electrical energy, and corrosive chemicals during synthesis[25,26]. The 

greenness of the methodology is enhanced further through the use of acaetylacetonate 

compounds. The method helps mitigate one of the major drawbacks associated with the usual 

high pH aqueous phase synthesis of LDH, which is carbonate formation. Most procedures 

involve the use of Ni and Co salts leading to the creation of an alkaline reaction medium, 

which easily facilitates the adsorption of atmospheric CO2 leading to carbonate formation. To 

circumvent this problem, metal-organic precursors like acetylacetonates of nickel and cobalt 

were used as active reagents in this methodology. Unlike the other precursors, 

acetylacetonates containing nickel and cobalt hydroxides can be easily hydrolyzed at moderate 
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temperature (75-95oC) in the presence of ethanol and acetone mixture[27]. This method of 

synthesis could be superior to several other preparative methods, including ion exchange, 

hydrothermal, urea, salt-oxide, etc., since all of these involve high-energy costs and time-

consuming processes[28]. In order to establish the Ni-Co LDH as an efficient adsorbent, 

experiments were conducted, which have been discussed in the ensuing sections. Thereafter, 

to support the experimental result obtained, theoretical molecular simulation studies were 

conducted to understand the adsorption mechanisms, such as the nature of interactions, 

binding energies, and chemical stability of the adsorbate-adsorbent complex[29]. To our 

knowledge, there are no known reports on the theoretical-based molecular dynamic (MD) 

simulation for the adsorption studyof2,4-DNP by Ni-Co LDH. 

3.2. Materials and methods 

3.2.1. Characterization techniques used 

All the chemicals were purchased from Merck, Sigma Aldrich, and S. D. Fine Chem. 

Solvents were distilled before use while the substrates and reagents were used without further 

purification. The formation of the LDH phase of the synthesized mesoporous Ni-Co LDH was 

investigated by a powder X-Ray diffractometer operated at 20oC, 20-60 kV (voltage), using 

Cu-K alpha radiation at the wavelength λ=0.154 nm (Rigaku Japan, model: Ultima IV). The 

measuring range of 2theta (2θ) and scan rate was maintained at 2-70o with the step size of 

0.02o. 

The surface morphology of the synthesized compound was examined using Field 

Emission Scanning Electron Microscopy (FESEM), operated at 20oC, with an acceleration 

voltage of0.5 to 30 kV (Carl ZEISS Microscopy, Germany, model: ZEISS, SIGMA). Also, the 

crystal morphology was examined using High-Resolution Transmission Electron Microscopy 

(HRTEM), operated at 20oC, 200-300 kV (JEOL, Japan, model: JEM-2100 



Chapter 3A                                               Green synthesis and characterization of Ni-Co LDH 

50 
 

PlusElectronMicroscope). FT-IR analysis was conducted to identify the various functional 

groups present on the Ni-Co LDH composite, obtained in the IR range 4500-500 cm-1, using 

KBr pellets (Perkin Elmer, model: Spectrum 100). The chemical composition, oxidation states 

or molar ratios of the compound were confirmed using X-Ray Photoelectron Spectrometer 

(XPS) operated at 28oC (RT). The surface of the sample was irradiated using Al 

Kα (excitation source) in ultrahigh vacuum (UHV) conditions ≤5x10-10mbar (Thermo Fisher 

Scientific Pvt. Ltd., UK, model: ESCALAB Xi+). The thermal degradation profile of the 

synthesized compound was studied at the heating rate of 5oC/min, within the degradation 

range of 50-800oC (M/S TG-DTA Instrument, model: Q-600). BET surface analysis was 

carried out to understand the specific surface area or pores volume using N2 gas adsorption at 

77 K (Quantachrome USA, model: Autosorb-iQ Station 1). Before analysis, the sample was 

degassed at 110oC for 1hour. Furthermore, the zeta potential analysis was used to determine 

the surface charge properties of the synthesized Ni-Co LDH, operated in the range 10‐90oC 

(Malvern Instrument, model: Zetasizer Nano ZS). For adsorption studies, the concentrations 

for 2,4-DNP were obtained at λ= 360 nm (absorption wavelength), using a UV-Vis 

spectrophotometer (PerkinElmer, USA, Model: LAMBDA 365). 

3.2.2. ‘Soft Chemical’ Sol-Gel synthesis of mesoporous Ni-Co LDH 

1:1 molar ratio of Ni(acac)2 and Co(acac)3 were dissolved in 60 cm3 of 1:1 ethanol: 

acetone mixture and refluxed at 95oC for 2 hours. The formation of the metal hydroxides 

precipitate and maintenance of the pH of the mixture at 9.5 was facilitated by adding a few 

drops of NH4OH, and finally the solution was refluxed for ≈5 hours to get Ni-Co LDH. 

Subsequently, 5 cm3 of 2M HCl was added to complete the hydrolysis reaction of metals 

hydroxide sol, followed by stirring at room temperature for 45-50 minutes. The quasi-solid or 

gel obtained was then filtered off using Whatman no.42 filter paper, washed with approx. 15 
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cm3alcohol, and finally dried in a vacuum desiccator containing silica grains [25]. Similarly, 

the synthesis procedure was iterated for different molar ratios of 1:2, 2:1, and 3:1 respectively. 

 

Figure 3.1. Schematic diagram showing the formation of mesoporous Ni-Co LDH nanosheets 

by non-aqueous ‘soft chemical’ Sol-Gel route 

3.3. Result and discussion 

3.3.1. Characterization of mesoporous Ni-Co LDH 

3.3.1.1. Powder X-ray diffraction (PXRD) study 

The PXRD diffraction pattern of the mesoporous Ni-Co LDH is shown in Figure 3.2. 

The scan rate was performed at 2θ.min-1. The present study illustrates the novel mesoporous 

Ni-Co LDH by varying the stoichiometric molar ratios of 1:1, 1:2, 2:1, and 3:1 (M(II): M(III)). 
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Figure 3.2. PXRD pattern of mesoporous Ni-Co LDH at different molar ratios of: (a) 1:1, 

(b)1:2, (c) 2:1, (d) 3:1 at 368 K, and (e) after adsorption of 2,4-DNP from aqueous solution 

From Figure 3.2, it can be seen that the diffraction patterns of mesoporous Ni-Co LDH 

(varied molar ratios) exhibited the formation of hydrotalcite-like LDH phases (JCPDS code: 

00-040-0216)[30]. It is found that the variation in stoichiometry ratios significantly impacts 

metal hydroxide phases. In the case of 1:1 and 1:2 Ni:Co ratios, the formation of α-Co(OH)3 

phase appears at almost the same diffraction angle at the onset peak of around 11.04o angle. 

The inclusion of a higher cobalt ratio has no impact on peak position. The variation in Ni ratio, 

on the other hand, results in a marginal change in peak position at a higher Bragg’s angle. It is 

due to the increase in the Ni radius compared to Co atoms[31]. In general, the synthesized 

mesoporous Ni-Co LDH appears to be well-hydrolyzed co-existent phases. The planes 

denoted as (003), (006), (012), (104), (015), (018), (110) represent the various crystallographic 

planes obtained at every 2θ intervals. The appearance of some minor peaks at (002)*, (1010)*, 

(001)* planes show the co-existence of Ni and Co hydroxide in minute quantities. From the 
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obtained result, it can be stated that a decrease in the intensity peaks of Ni-Co LDH towards 

the higher Bragg’s angles confirmed the formation of LDH or hydrotalcite-like compounds. It 

is clear from Figure 3.2 that the 3:1 Ni-Co LDH molar ratio represents a better LDH phase 

formation than the other molar ratios. Therefore, further application study has been carried out 

using a 3:1 ratio. 

The PXRD pattern of Ni-Co LDH after the adsorption of 2,4-DNP from an aqueous 

solution is depicted in Figure 3.2(e). It is observed that the original diffraction pattern is 

maintained even after adsorption. However, the diffraction planes for (003) and (006) were 

slightly shifted to higher Bragg’s angles obtained at 12.12o, 24.2o, and the intensity peaks 

became narrower or reduced to some extent, which signifies that despite adsorption, the 

crystalline structure of the Ni-Co LDH is preserved. Thus 2,4-DNPis well adsorbed on the 

LDH surface or layers[32]. Moreover, the (012) or (110) planes diminished, which show that 

some component of the crystal structure of LDH transforms due to adsorption[33]. 

3.3.1.2. Fourier-transform infrared spectroscopy (FT-IR) analysis 

The FT-IR spectrum of the Ni-Co LDH is shown in Figure 3.3. The broadband that 

emerged at 3426 cm-1can be attributed to the stretching vibration of the hydroxyl (OH) groups. 

The strong, intense peak recorded at around 1617 cm-1represents the bending mode of 

interlayer water molecules[34]. In the Figure shown, the presence of the carbonate phase is not 

observed, which generally ranges from 1500-900 cm-1. This is an important finding as it 

proves that the deintercalation of the carbonate phase occurs, which could be due to the 

inhibition of CO2 gas due to hindrance by non-aqueous solvents during alcoholysis reaction 

with precursors. The representative peak at 752 cm-1 (generally from 800- 450 cm-1) is the 

M=O stretching (M= Ni, Co; O= oxygen)[35]. 
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Figure 3.3. FT-IR spectra of mesoporous Ni-Co LDH (3:1) and(a) before adsorption(b) after 

adsorption of 2,4-DNP from aqueous solution 

The FT-IR spectrum of Ni-Co LDH after adsorption of 2,4-DNP from an aqueous 

solution is shown in Figure 3.3(b). It can be seen that the symmetric stretching vibration of 

physically absorbed water molecules or OH stretching was recorded at 3420 cm-1, comparable 

to the original Ni-Co LDH (Figure 3.3(a)). The absorption band at this region becomes slightly 

extended compared to the parent structure, which may be due to the presence of firmly 

adsorbed water molecules during the adsorption process[36]. The IR shoulder band at 2992 

cm-1 (Figure 3.3(b)) or 2988 cm-1 (Figure 3.3(a)) represents the asymmetric bridging of OH 

with water. The medium sharp peak, attributed to interlayer water molecules or lattice water 

(bending vibration) was obtained at 1656 cm-1, slightly lower than the original structure. In 

addition, the sharp band assigned at 1556 cm-1 can be attributed to the carbonate peak formed 

during the adsorption process[2]. Furthermore, the broadband obtained at 1009 cm-1 ≈ 1000 

cm-1 or below appear due to metal oxides (MO) stretching or metal hydroxides (MOH) 

bending vibrations in the Ni-Co LDH layers(original structure). 
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3.3.1.3. Field emission scanning electron microscopy study (FESEM) 

The surface morphology of the mesoporous Ni-Co LDH was characterized using 

FESEM. From the FESEM images of Figure 3.4 (a), (b), (c), and (d) at different resolutions, it 

was observed that the obtained mesoporous nanosheets exhibit a dense jelly-like coating 

layered one on top of the other, containing pores of different sizes which is a special 

characteristic of the synthesized Ni-Co LDH. The pores are densely packed with mesopores, 

which vary in size from 33±11 nm as seen in Figure 3.4 (a), (b), (c), (d). 

 

 

 

(a) (b) 

(d) (c) 
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Figure 3.4. Showing mesoporous FESEM microscopy image of 3:1 Ni-Co LDH: Resolution at 

(a)1µm,(b)2µm, (c) 300 nm, (d) 200 nm, (e) 1μm (after adsorption) and (f) 200 nm (after 

adsorption) 

The characteristic pore formation of mesoporous Ni-Co LDH might be due to the 

drying process favored by the alcogel property of the material[25]. Figures 3.4(a), (b), (c), and 

(d) show SEM images of the Ni-Co LDH, dried at 55oC, revealing well-defined pores. 

However, it has been known that drying conditions cause material shrinkage, particularly in 

LDH and porous materials in general[37]. Hence, the as-synthesized Ni-Co LDH maintains its 

pore stability in the material structure. It has been known that LDH complexes filled with 

nanopores (porosity) can be considered a good choice for different applications like 

electrochemical, ion exchange, or adsorption[38]. Figure 3.4(e) and (f) depict the surface 

morphology of mesoporous Ni-Co LDH after 2,4-DNP adsorption. It can be observed that 

plate-like/rod-like morphologies which were seen in the virgin mesoporous Ni-Co LDH are 

retained even after adsorption (Figure 3.4 (a), (b), (c)). However, it can be noticed that the 

morphological organization of the Ni-Co LDH nanosheets collapses into loosely spaced or 

stacked up forms, distributed in different directions, resulting in a rough surface (2,4-DNP 

well-adsorbed on the LDH surface) (Figure 3.4 (f)[39]. Importantly, it is apparent from Figure 

(e) (f) 



Chapter 3A                                               Green synthesis and characterization of Ni-Co LDH 

57 
 

3.4(f) that the metal hydroxide sheets are filled with mesopores, thereby proving that the Ni-

Co LDH retains its pore structure even after undergoing adsorption[40]. 

3.3.1.4. High-resolution transmission electron microscopy study (HRTEM) 

Figures 3.5 (a), (b), (c), and (d) represent the HRTEM images of the mesoporous Ni-

Co LDH (3:1). It is evident from Figure 3.5 that the synthesized mesoporous Ni-Co LDH 

exhibits well-hydrolyzed Ni(OH)2 and Co(OH)3 phases characterized in the form of diffraction 

planes. The selected area electron diffraction (SAED) Ni-Co LDH diffraction planes showed 

that diffracted rings tend to be a set of concentric rings. Moreover, according to the study 

results, lattice planes are scattered in the crystallographic lattice, along with certain dark bands 

containing pores called nanopores[41]. The orientation of LDH matrices separated by two 

metal hydroxide layers determines the basal spacing d(00l). The (006), (012), (015), and (018) 

plane refers to the interlayer basal spacing of the synthesized mesoporous Ni-Co LDH. Figure 

3.5(c) shows that the diameter of separation between the two layers was 0.259 nm, which 

corresponds to the (012) plane. The result agrees with the (012) Ni-Co LDH diffraction plane 

(Figure 3.2). The crystallite size of the synthesized mesoporous Ni-Co LDH was determined 

using Scherrer's formula and was determined to be 9.5 nm. 
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Figure 3.5. HR-TEM microscopy images of Ni-Co LDH (3:1):  Resolution at (a) 100 nm, (b) 

10 nm, (c) 2 nm, (d) SAED at 2nm, (e) 20 nm (after adsorption), (f) 10 nm (after adsorption) 

and (g) 5 nm (after adsorption) 
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Figure 3.5(e), (f), and (g) display TEM images of Ni-Co LDH after 2,4-DNP 

adsorption from an aqueous solution. As seen in Figure 3.5(e), (f), and (g), the lattice fringes 

or interlayer spacing of the mesoporous Ni-Co LDH decrease or becomes narrow due to 2,4-

DNP adsorption, confirming the retention of its crystallinity despite some crystal characters 

being lost[42].The lattice plane and crystallite size were found to be 0.382 nm which 

corresponds to the (006) plane, and the size of the crystal increased to 10.3 nm, which is larger 

than the original Ni-Co LDH. The smaller the crystallite size, the broader will be the diffracted 

peaks. 

3.3.1.5. X-Ray photoelectron spectroscopy (XPS) study 

The photoelectron spectroscopy study was carried out to understand the existence of 

the chemical state of the mesoporous Ni-Co LDH (3:1), and is presented in Figure 3.6. It is 

seen from Figure 3.6(a) that the Ni 2p binding energy gives two distinct photo-emission lines, 

Ni 2p3/2 (855.3 eV) and Ni 2p1/2 (872.4 eV), confirming Ni(OH)2 in +2 states. The 

broadband arose at 861.2 eV due to the paramagnetic effect of Ni in its valence orbital, or so-

called ‘shake-up satellite’. This phenomenon occurs when the Coulombic potential changes 

unexpectedly, and as a result, the photo ejected electrons pass through the valence band. 

Similarly, the presence of Coin trivalent oxidation states is shown by two spectral lines of 

Co(OH)3, namely Co 2p 1/2 (779.9 eV) and Co 2p 3/2 (796.1 eV). In the case of Co(OH)3, the 

satellite peak was found on the extreme left at higher binding energy (Figure 3.6(b)[43]. 

Furthermore, the binding energies of 531.4 eV and 532.3 eV (Figure 3.6 (c)) demonstrate that 

the core-level spectrum of O 1s contains two oxygen species (O1 and O2) intercalated into 

bimetallic Ni-Co LDH, i.e., metals bonded to oxygen and surface interlayer oxygen as water 

molecules. 
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Figure 3.6. XPS spectra of 3:1 mesoporous Ni-Co LDH: (a) Ni 2p, (b) Co 2p and (c) O 1s 

3.3.1.6. Thermogravimetric (TGA) analysis 

The thermal degradation profile of mesoporous Ni-Co LDH (3:1) is shown in Figure 

3.7. The Ni-Co LDH thermogram was obtained at the heating rate ofβ = 5 ℃/min. It was 

observed that the pyrolysis reaction of Ni-Co LDH shows three major mass loss curves 

without involving the lower temperature range until 170oC. The temperature from 50 to 174oC 

correlates to the volatilization of moisture content or feebly adsorbed gases from the Ni-Co 

LDH matrix. The most noticeable difference at the onset temperature (first weight loss) 

from174 to 273oC (42.35%) implies the complete removal of weakly adsorbed interlayer water 

molecules. The most important weight loss occurs in the second stage, at around 274 to 405oC 

(a) 

(c) 

(b) 
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(34.46 % mass loss). The physio-chemical change at this step involves dehydroxylation and 

complete degradation of interlayer ions bonded in the Ni-Co LDH surface. 

 

Figure 3.7. TGA degradation profile of the mesoporous Ni-Co LDH (3:1) 

Similarly, the temperature at around 405 to 485oC (19.69% mass loss) or above 

indicates the degradation of the main Ni-Co hydroxide layers[44]. This final step involves the 

thermal conversion of the chemically bonded heterovalent hydroxide layers into their 

respective oxide phases. The 3.5% mass loss refers to the amount of residue left during the 

pyrolysis process. 

3.3.1.7. BET surface and Zeta potential analysis of the mesoporous Ni-Co LDH 

BET surface and Zeta potential analysis are the two important surface characterization 

techniques used in porous materials and surface charge analysis. It has been calculated that the 

synthesized mesoporous Ni-Co LDH having the pore area and pore volume was found to be 

109 m2g-1 and 1.63 cm3g-1. Moreover, the Barrett-Joyner-Halenda (BJH) pore size distribution 

of the synthesized Ni-Co LDH, which has a pore diameter of 9.5 nm corresponds to a 

mesoporous structure[45]. 
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According to the Zeta potential (ζ) dissemination analysis, the nature of the surface 

charge properties of the mesoporous Ni-Co LDH nano sheets is favored by positively charged 

as +38.21 mV. The surface basicity of Ni-Co LDH nano sheets could be due to the segregation 

of more OH- than H+ ions during hydrolysis reactions of divalent and trivalent Ni/Co (acac)x. 

In order to understand the electrostatic interaction of LDH with guest ions (electrical charge), 

the isoelectric value (IEP) was studied. From the calculated result, i.e., IEP=8.7, in which pH 

equals IEP value, becomes electrically neutral[46]. The utility of this is in studying ion 

exchange or adsorption phenomena. 

3.4. Conclusion 

The present study involves the synthesis of mesoporous Ni-Co LDH using an 

environmentally benign non-aqueous ‘Soft Chemical’ sol-gel method as an alternative 

approach. The novelty of the synthetic methodology is that it avoids the generation of CO2 

through the use of mild non-aqueous ethanol: acetone solvent system. The synthesized Ni-Co 

LDH exhibits typical ‘Hydrotalcite’ like nanosheets and is highly developed with mesopores 

of various sizes, as observed from the experimental surface characterization results (FESEM). 

The crystal morphology analysis by PXRD and HRTEM showed the synthesized compound is 

a crystalline material and the crystallite size was found to increase from 9.5 nm to 10.3 nm. 

The FTIR result showed the carbonate phase was absent in Ni-Co LDH, indicating the 

deintercalation of carbonate ions. 
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CHAPTER 3B 

Part B: Applications of adsorption study on 2,4-DNP removal from aqueous 

solution: A theoretical study complemented by first principle DFT Monte-

Carlo approach 

This chapter explains the removal of 2,4-dinitrophenol (2,4-DNP) from aqueous solution by Ni-

Co LDH. Various adsorption models involving equilibrium, kinetic and thermodynamic 

parameters as well as theoretical molecular dynamic simulation (MD) studies were used to 

describe the adsorption process. 

 

 

The text of this chapter has been published as: 

A.R. Sangtam, P. Saikia, R.L. Goswamee, D. Sinha, U.B. Sinha, Green synthesis of 

mesoporous Ni-Co layered double hydroxide and its application for removal of 

2,4-dinitrophenol from water: a theoretical study complemented by the first 

principle density functional theory-Monte-Carlo approach. J. Environ. Chem.  

Eng.  10 (2022), 108378.  https://doi.org/10.1016/j.jece.2022.108378. 

https://doi.org/10.1016/j.jece.2022.108378


Chapter 3B                               Adsorption study on 2,4-DNP removal from aqueous solution 
 

72 
 

3.6. Experimental Section 

3.6.1. Adsorption studies 

The present study underlines the adsorptive removal of 2,4-dinitrophenol from the 

aqueous solution using a mesoporous Ni-Co LDH (3:1). The batch adsorption parameters such 

as pH, contact time, dosage, concentration, and temperature were determined to optimize the 

overall adsorption mechanism. Briefly, a 500 ppm stock solution was prepared by dissolving 

500 mg of 2,4-DNP in double distilled water. Accordingly, solutions of different ppm varying 

from 10, 30, 60, 90 mg.L-1 (50 ± 40) were prepared. The other batch parameters such as 

adsorbent dose of 0.01, 0.035, 0.055, 0.085, 0.1 g (0.055 ± 0.045), contact time of 30, 60, 90, 

120, 150, 180, 210, 240, 280 (155 ± 125 mins), pH of 2, 4, 6, 8, 10, 12 (7 ± 5) maintained by 

0.2 M NaOH or 0.1 M HCl, and temperature of 30, 40, 50oC (40 ± 10) were also varied. Before 

the adsorption studies were conducted, the mesoporous Ni-Co LDH was dried in an air oven at 

65 oC for 1h to ensure the removal of any moisture or gases adsorbed on the LDH surface. The 

batch adsorption experiment was done in triplicate, and the mean value of the findings was used. 

The experiments were performed in a fume hood to minimize contamination. 

After optimizing the batch adsorption parameters, the optimal 2,4-DNP concentration of 

30 mg.L-1 and equilibrium dose of 26.45 mg.g-1 (0.055 g adsorbent) were chosen as the standard 

for the present study. The adsorbate concentrations before and after were quantified using a 

photo spectrometer at the UVmax absorption wavelength of λ=360 nm. The removal efficiency 

(%) of the adsorbate was calculated as: 

% of 2,4 − DNP removal =
(Co − Ce)

Co
× 100                 (1) 
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Where, Co and Ce represent the initial and the equilibrium concentration of adsorbate 

(𝑚𝑔. 𝐿−1). The amount of 2,4-DNP adsorbed at equilibrium time qe(mg. g−1) can be expressed 

as: 

qe =
(Co − Ce) × V

m
                            (2) 

Where, qe is the equilibrium adsorption capacity,  m and V represent the mass of adsorbent 

(𝑔) and volume of solution in liters (cm3)[1]. 

For evaluation of equilibrium parameters, Langmuir, Freundlich, and 

Dubinin−Radushkevich isotherm models were applied. The linearized form of the Langmuir 

equation can be expressed as: 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+

1

𝑞𝑚𝐶𝑒
                         (3) 

The parameters 𝑞𝑚(𝑚𝑔. 𝑔−1) 𝑎𝑛𝑑 𝐾𝐿(𝐿. 𝑚𝑔−1) representing the Langmuir adsorption 

constants, refers to the maximum adsorption capacity in terms of monolayer coverage and free 

energy of adsorption related to an interaction affinity between adsorbate and adsorbents. The 

plot of  
𝐶𝑒

𝑞𝑒
  vs 𝑞𝑒 yields a straight line. The feasibility of Langmuir adsorption isotherm can be 

described by the 𝑅𝐿 (separation factor) value and can be calculated as: 

𝑅𝐿 =
1

(1 + 𝐾𝐿 × 𝐶𝑜)
                                (4) 

The value of 𝑅𝐿describes the nature of the adsorption process. If 𝑅𝐿 > 1 

(unfavorable),𝑅𝐿 = 0 (irreversible), 𝑅𝐿 = 1 (linear), 0 < 𝑅𝐿 < 1 (favourable) 

Freundlich adsorption isotherm is an empirical model based on multilayer adsorption on 

a heterogeneous surface. The linearized form of the equation can be represented as: 

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
  𝑙𝑜𝑔 𝐶𝑒                     (5) 
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The parameters 𝐾𝐹(𝐿. 𝑚𝑔−1) and 𝑛 (𝑚𝑔. 𝑔−1) are Frendulich adsorption constants and 

correspond to adsorption capacity and intensity. The plot of 𝑙𝑜𝑔 𝑞𝑒 vs 𝑙𝑜𝑔 𝐶𝑒 yields a straight 

line[2]. Dubinin-Radushkevich (D-R) isotherm model assumes physical adsorption of adsorbate 

(usually organic molecules) on microporous adsorbents. It is also based on multilayer adsorption 

and explains the Van der Waals interaction of adsorbate-substrate molecule, giving rise to a 

maximum monolayer adsorption capacity. The linearized equation of the D-R model can be 

expressed as: 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚 − (𝛽𝜀2)                               (6) 

Plot of 𝑞𝑒 𝑉𝑠 𝜀2 yields a straight line. The adsorption potential 𝜀 = 𝑅𝑇 ln (1 +
1

𝐶𝑒
) .The 

parameters 𝑞𝑒(𝑚𝑔. 𝑔−1) and  𝛽(𝑚𝑜𝑙/𝑔)2 correspond to the maximum amount of adsorbate 

adsorbed on the adsorbent surface and the activity coefficient used for obtaining the mean 

sorption energy[3]. The mean sorption energy can be calculated as: 

𝐸𝑚 =
1

√2𝛽
                                           (7) 

Evaluation of kinetic parameters was determined using pseudo-first and pseudo-second-

order based on the Lagergen model. Similarly, the intra-particle kinetic model is based on 

Weber-Morris’s theory. The linearized form of the pseudo-first and second-order can be 

independently represented as: 

log [𝑞𝑒/(𝑞𝑒 − 𝑞𝑡)] = 𝑘1𝑡                        (8) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
                                       (9) 

The quantities 𝑘1(𝑚𝑖𝑛−1), 𝑘2(𝑚𝑖𝑛−1)and 𝑞𝑒(𝑚𝑔. 𝑔−1) represent the pseudo-first and second-

order constants. 𝑞𝑒 and 𝑞𝑡 represent the amount of adsorbate adsorbed at equilibrium and 
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equilibrium time ′𝑡′. The plot of log (𝑞𝑒 − 𝑞𝑡) vs ′𝑡′ and  
𝑡

𝑞𝑡
 vs ′𝑡′ would yield a straight line. 

The linearized form of the intra-particle diffusion model (Weber-Morris) can be described as: 

𝑞𝑡 = 𝑘𝑖𝑑𝑡0.5 + 𝐶                      (10) 

The variables 𝑘𝑖𝑑(𝑚𝑔. 𝑔−1𝑚𝑖𝑛0.5) and 𝐶(𝑚𝑔. 𝑔−1) represent the intra-particle rate 

constant and boundary layer thickness. Plot of 𝑞𝑡(𝑚𝑔. 𝑔−1) 𝑉𝑠 𝑡0.5gives a linear plot[4].The 

thermodynamic of adsorption of 2,4-DNP by the mesoporous Ni-Co LDH involves the 

calculation of activation energy 𝐸𝑎(𝐾𝐽. 𝑚𝑜𝑙−1), standard Gibbs free energy ∆𝐺𝑜(𝐾𝐽. 𝑚𝑜𝑙−1), 

enthalpy ∆𝐻𝑜(𝐾𝐽. 𝑚𝑜𝑙−1), and entropy ∆𝑆𝑜(𝐽𝐾−1. 𝑚𝑜𝑙−1). Considering the following 

expression: 

𝑙𝑛𝐾𝐷 = (
∆𝑆𝑜

𝑅
) − (

∆𝐻𝑜

𝑅𝑇
)                         (11) 

∆𝐺𝑜 = −𝑅𝑇 𝑙𝑛𝐾𝑏                                        (12) 

ln 𝑘𝑎 = 𝑙𝑛𝐴 − (
𝐸𝑎

𝑅
)

1

𝑇
                                 (13) 

Equation (11) can be used to calculate the standard entropy and enthalpy from the Van’t 

Hoff plot of 𝑙𝑛 𝐾𝐷 vs  reciprocal (
1

𝑇
). Similarly, standard Gibbs energy of adsorption can be 

evaluated using the equation (12). The Arrhenius parameters  

𝐸𝑎(𝐾𝐽. 𝑚𝑜𝑙−1) and 𝑙𝑛𝐴(𝑚𝑖𝑛−1) can be obtained from the linear plot of ln 𝑘𝑎 vs  reciprocal 

temperature[5]. 

3.6.2. Theoretical molecular simulation of 2,4-DNP adsorbed on mesoporous Ni-Co LDH 

surface 

The MD simulation study of dinitrophenol adsorbed on Ni-Co LDH surface was 

investigated using BIOVIA material studio modules such as adsorption locator (Monte-Carlo 

approach) and DFT-based DMoL3 calculation[6]. DFT-Based DMoL3 Monte-Carlo simulation 
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was employed in the present study to understand physio-chemical adsorption parameters such 

as binding energy, energy minimization, nature of adsorbate-adsorbent interaction, orbital 

energy, chemical stability, or reactivity in terms of energy gaps, etc.[7]. The energy 

minimization or Molecular Dynamic (MD) calculation was performed using the adsorbate-

substrate complex’s periodic and non-periodic crystal systems. The comparison of both systems 

was made in terms of the same or different energy minimization functionals. Briefly, before 

energy simulations, the supercells containing (2a×2b×2c), (3a×3b×2a) P1 cell symmetry with 

the (006) and (003) mesoporous Ni-Co LDH planes was constructed using the 3D atomistic 

window located in the Material Studio. The main focus of building 2,4-DNP adsorption at 

various LDH planes was to establish the most stable receptors on the hydroxide layers, i.e., 

contact points at different hydroxyl terminals. The intermolecular interactions between 2,4-DNP 

and would arise due to the charge densities of LDH atoms on the configurational or lattice space 

in a solid-liquid media[8]. The cells containing both the crystal systems were then minimized 

(adsorbate and substrate, individually) using DMoL3 meta GGA energy exchange functional. 

Later, the cells containing optimized adsorbate and adsorbent structures were introduced in the 

adsorption locator to find out the low energy configuration and determine the active binding site 

of the adsorbate. Moreover, the subsequent procedure for the cells containing the optimized 

adsorbate-adsorbent complex was used for orbital energy calculations[9]. 

3.6.3. Adsorption-desorption regeneration study 

In the present study, the usefulness of Ni-Co LDH as an adsorbent was assessed for its 

efficacy as well as cost-effectiveness. Therefore, besides the adsorption modeling in terms of 

economic importance and cost-efficiency, a study was conducted to determine the regeneration 

adsorption cycles. Briefly, the optimal amount of Ni-Co LDH containing 0.05 g was saturated 

with the adsorbate concentration (2,4-DNP) containing 30 mg/L (50 cm3) and was equilibrated 
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for 5 hours. After the adsorption equilibrium was established, the Ni-Co LDH residues were 

collected by centrifugation and washed several times with deionized water (to ensure removal 

of excess 2,4-DNP), and dried in an air oven at 65oC. Subsequently, the desorption procedure 

was carried out using the adsorbent (reused) dispersed in such as NaOH and NH3 solutions 

containing different concentrations. After the desorption run was completed, the resulting 

mixture containing the Ni-Co LDH and desorbent residues was separated by centrifugation, 

washed with deionized water, and the release of 2,4-DNP was analyzed. The regeneration 

procedure was repeated until the fifth cycle. The amount of adsorption/desorption 

concentrations were measured using a spectrophotometer. Referring eq.1, the desorption 

removal % of 2,4-DNP release can be expressed as: 

𝑅𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 % = 100 ×
𝑄𝑑𝑒𝑠

𝑄𝑎𝑑𝑠
                             (14) 

Where, 𝑄𝑎𝑑𝑠 and 𝑄𝑑𝑒𝑠 represent the amount of 2,4-DNP adsorbed and released on the Ni-Co 

LDH surface at equilibrium[10]. 

3.7. Result and discussion 

3.7.1. Adsorption isotherm 

The various equilibrium modeling parameters for 2,4-DNP adsorption by a mesoporous 

Ni-Co LDH at 303 K, 313 K and 323 K, respectively is shown in Table 3.1. From the Langmuir 

and D-R adsorption parameters shown in Table 3.1. and Figure 3.8. (a), (c), the value of 

𝐾𝐿(Langmuir) and 𝑞𝑒 (D-R) increases with an increase in temperature (K). Also, the mean 

adsorption energies 𝐸𝑚 for D-R lie between 0.337- 0.415 J mol-1. 
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Table 3.1. Evaluation of equilibrium parameters 

Langmuir 𝑸𝒎𝒂𝒙(𝒎𝒈. 𝒈−𝟏) 𝑲𝑳(𝑳. 𝒎𝒈−𝟏) 𝑹𝑳 𝑹𝟐 

 

 

303 K 

 

 

 

 

313 K 

 

 

 

 

323 K 

 

 

36.95 

 

 

 

 

51.17 

 

 

 

 

53.67 

 

 

1.49 

 

 

 

 

1.56 

 

 

 

 

2.31 

0.06 (10𝑚𝑔. 𝐿−1), 

0.02 (30 𝑚𝑔. 𝐿−1),  

0.01 (60𝑚𝑔. 𝐿−1), 

0.007 (90𝑚𝑔. 𝐿−1) 

 

0.041 (10𝑚𝑔. 𝐿−1), 

0.014 (30𝑚𝑔. 𝐿−1), 

0.0071 (60𝑚𝑔. 𝐿−1), 

0.0047 (90𝑚𝑔. 𝐿−1), 

 

0.062 (10 𝑚𝑔. 𝐿−1), 

0.021 (30 𝑚𝑔. 𝐿−1), 

0.011 (60 𝑚𝑔. 𝐿−1), 

0.0074 (90𝑚𝑔. 𝐿−1), 

 

 

0.9588 

 

 

 

 

0.9662 

 

 

 

 

0.9558 

Freundlich 𝒏 𝟏
𝒏⁄  𝑲𝒇 𝑹𝟐 

303 K 

313 K 

323 K 

1.808 

2.125 

2.164 

2.412 

3.025 

3.071 

2.522 

2.675 

2.681 

0.9995 

0.9997 

0.9998 

D-R model 𝜷(𝒎𝒐𝒍/𝒈)𝟐

× 𝟏𝟎−𝟑 

𝒒𝒆(𝒎𝒈. 𝒈−𝟏) 𝑬𝒎(𝑱𝒎𝒐𝒍−𝟏) 𝑹𝟐
 

303 K 

313 K 

323 K 

3.04 

3.32 

4.38 

63.04 

64.38 

67.36 

0.337 

0.387 

0.415 

0.9474 

0.9485 

0.9558 

 

It was observed that the correlation factor (𝑅2)  in the case of Langmuir and D-R were 

found to be less compared to Freundlich isotherm. Apparently, from the calculated parameters 

and Figure 3.8. (b), the Freundlich represents the best fitting model. It was found that the value 

of 𝐾𝑓 (2.522-2.681) and 𝑛 (1.808-2.164) increases slightly with the rise in temperature. It 

indicates that the interaction of adsorbate-adsorbent follows multilayer adsorption on the 

heterogeneous surface. The active binding site becomes stronger with the temperature rise, and 

the adsorption becomes endothermic[11]. The correlation coefficient (R2) lies between 0.9995-

0.9999. 
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Figure 3.8. Isotherm modeling: (a) Langmuir, (b) Frendulich, and (c) Dubinin–Radushkevich 

at different temperatures (K) 

3.7.2. Adsorption kinetics 

The adsorption kinetic models are shown in the Table 3.2. From the calculated results, 

the pseudo-second order was the best fitting model with R2 = 0.9997. This model assumes that 

the adsorption rate is proportional to the square of the vacant adsorption sites. Hence, the 2,4-

DNP molecule adsorbed on the adsorbent surface dramatically influences the reaction rate. 

Moreover, from the calculated 𝑞𝑒 values, the pseudo-second order model gives closer 

experimental values than those of the pseudo-first-order kinetic with the rate determining step 

(a) 

(c) 

(b) 
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assumed to be chemisorptions[12]. The intra-particle diffusion model shows three stages: 

boundary layer diffusion, intra-particle, and equilibrium, as shown in Figure 3.9.(c). 

Table 3.2. Calculation of kinetic parameters 

Lagergren Pseudo-first 

order 
𝒌𝟏(𝒎𝒊𝒏−𝟏) 𝒒𝒆(𝒎𝒈. 𝒈−𝟏) 𝑹𝟐 

303 K 

313 K 

323 K 

-1.6×10-2 

-1.63×10-2 

-1.57×10-2 

0.993 

1.052 

1.036 

0.9725 

0.9758 

0.9772 

Langergren Pseudo-

second order 
𝒌𝟐(𝒎𝒊𝒏−𝟏) 𝒒𝒆(𝒎𝒈. 𝒈−𝟏) 𝑹𝟐 

303 K 

313 K 

323 K 

0.99×10-3 

1.02×10-3 

1.04×10-3 

29.66 

29.79 

29.72 

0.9995 

0.9992 

0.9998 

Intraparticle diffusion 

model 
𝒌𝒊𝒅(𝒎𝒈. 𝒈−𝟏𝒎𝒊𝒏−𝟎.𝟓) 𝑪(𝒎𝒈. 𝒈−𝟏) 𝑹𝟐 

 

303 K 

 

 

 

313 K 

 

 

 

323 K 

1.38 

1.4 

1.43 

 

1.54 

1.56 

1.57 

 

1.68 

1.73 

1.77 

10.03 

10.12 

11.05 

 

15.82 

15.91 

16.14 

 

17.57 

17.69 

17.7 

0.9884(𝑘1) 

0.9882(𝑘2) 

0.9885(𝑘3) 

 

0.9872(𝑘1) 

0.9985(𝑘2) 

0.9988(𝑘3) 

 

0.9983(𝑘1) 

0.9987(𝑘2) 

0.9989(𝑘3) 
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Figure 3.9. Kinetic modelling: (a) pseudo-first order, (b) pseudo-second order, and (c)Weber-

Morris hypothesis at different temperatures (K) 

 From plot 3.9(c), the lines of the slopes represent the rates of adsorption. The values of 

diffusion constants 𝑘1 and 𝑘2 are much higher than 𝑘3. The higher the slope, the faster will be 

the adsorption.  

 Therefore, it can be concluded that the rate of adsorption of adsorbate-adsorbent 

interactions is governed by a boundary layer diffusion (dominating step)[13]. 

 

 

(a)

) 

(b)

) 

(c)

) 
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3.7.3. Adsorption thermodynamics 

Thermodynamic parameters determine the processes occurring in the adsorption 

process. The change in thermodynamic quantities such as free energy, enthalpy, and entropy 

determine the reaction feasibility and mechanism of the adsorption process. From Figure 

3.10.(a) and Table 3.3., the Arrhenius activation energy and pre-exponential factor of the 2,4-

DNP adsorption were found to be 𝐸𝑎 = 66.74(𝑘𝐽 𝑚𝑜𝑙−1) and 𝑙𝑛𝐴(𝑚𝑖𝑛−1) = 1.43 × 102 in the 

temperature range 295-323 K. Moreover, from the calculated Table 3.3. and Figure 3.10., it can 

be seen that the positive value of Gibbs energies and enthalpy change indicates that the 

adsorption process is non-spontaneous and endothermic. It further confirms the adsorption 

process accompanied by chemisorption[14]. Moreover, the positive values of ∆𝐺𝑜 and ∆𝐻𝑜 

suggest that the adsorption occurs better at low thermodynamic temperatures. The positive value 

of ∆𝑆𝑜 also indicates that an increase in temperature increases disorderness of the adsorption 

system. 

 

Figure 3.10. Thermodynamic parameters: (a) Arrhenius activation energy plot and (b) Van 

Hoff plot of enthalpy and entropy 

 

 

(a)

) 

(b)

) 
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Table 3.3. Evaluation of thermodynamic and Arrhenius parameters 

LDH-2,4-DNP complex 

∆𝑯(𝒌𝑱 𝒎𝒐𝒍−𝟏) 0.65 

∆𝑺(𝑱𝑲−𝟏 𝒎𝒐𝒍−𝟏) 0.0225 

∆𝑮(𝒌𝑱 𝒎𝒐𝒍−𝟏) 0.62  (295 K) 

0.60  (303 K) 

0.56  (313 K) 

0.49  (323 K) 

Activation Energy 

𝑬𝒂(𝒌𝑱 𝒎𝒐𝒍−𝟏) 

66.73 

Pre-exponential factor 

𝐥 𝐧 𝑨 (𝒎𝒊𝒏−𝟏) 

1.43× 102 

 

Table 3.4. Comparison of adsorption parameters of the present study with reported literature 

 

 

Adsorbent 

 

 

 

 

Adsorbate 

Experimental conditions  

 

Ref. 

Adsorbent 

dosage 

(g) 

Equilibrium 

time 

(mins/hrs) 

Conc. 

(mg/L) 

Adsorpti

-on 

Capacity 

(mg/g) 

pH 

Molecular 

imprinted 

polymers 

(MIP) 

2,4-DNP 0.05 - 10 3.50 6 [15] 

βCD-TDI 2,4-DNP 2 120 10 3.895 4 [16] 

βCD-HDI 2,4-DNP 2 120 10 3.438 4 [16] 

Dried 

sludge 

2,4-DNP 0.5 60 50 4.35 7 [17] 

Modified 

sludge 

2,4-DNP 0.5 60 50 4.75 7 [17] 

Microwave

-d sludge 

2,4-DNP 0.5 60 50 5.49 7 [17] 

SilprSP3NI

mB 

2,4-DNP 0.025 180 50 51.81 4 [18] 

CA-MIP 2,4-DNP - 60 10 ≈4 7 [19] 

PS-MIP 2,4-DNP - 120 10 ≈3.5 5 [19] 

Char ash 2,4-DNP 1 - 40 7.55 9 [20] 

MgAl-

mixed 

oxide 

PhOH 0.10 20–25h 100 25.5 5, 10 [21] 

Ni-Co 

LDH 

2,4-DNP 0.05 150-180 

 

30 53.67 2,4,6 Prese

-nt 

study 
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Table 3.4. represents a comparative study of adsorption parameters of the present study 

with some earlier reported literature. Contact time, adsorbent dose, and adsorption capacity are 

essential parameters to measure the efficiency of an adsorbent. From Table 3.4., it can be 

observed that the present synthesized adsorbent i.e., Ni-Co LDH has a higher adsorption 

capacity of 53.67 mg/g at a dosage of 0.05 g. 

3.7.4. Adsorption locator 

In this study, we used the Compass II force field with ultra-fine grid resolution to study 

2,4-DNP preferential adsorption on Ni-Co LDH. The simulation resulted in varied energy values 

of adsorbate deposited on (003) Ni-Co LDH supercells. Adsorption energies can be calculated 

as: 

𝐸𝑎𝑑𝑠 = 𝐸𝐿𝐷𝐻+2,4 𝐷𝑁𝑃 − (𝐸𝐿𝐷𝐻 + 𝐸2,4 𝐷𝑁𝑃)                  (14) 

Where, 𝐸𝐿𝐷𝐻+2,4 𝐷𝑁𝑃 represents the energy of adsorbate plus substrate and 𝐸𝐿𝐷𝐻 + 𝐸2,4 𝐷𝑁𝑃 

represents individual energies of adsorbate and substrate[22]. The maximum adsorption distance 

of the adsorbate-substrate was precisely set at 9.00 Å[8]. 

3.7.5. Prediction of adsorbate-substrate binding site interactions and calculation of      

adsorption energy parameters 

The intramolecular adsorption of 2,4-DNP on the (003) Ni-Co LDH surface as indicated 

by the number of dots by field values is shown in Figure 3.11 (c). In this figure, the green dots 

indicate the most probable binding sites on the adsorbent surface in contrast to the red ones. The 

blue dots represent the accumulation of unreacted water molecules. According to recent 

literature, the adsorption locator module calculates the adsorbate-adsorbent interaction behavior 

and predicts the actual binding sites of molecules based on the nature of the interaction[9]. From 

the results generated, the sorption processes were found to occur through OH-terminal facing 
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upward and downward towards adsorbate molecules. According to Table 3.5. and simulated 

results (Figure 3.11.), the LDH molecules may react with 2,4-DNP molecules in several ways. 

These might occur due to an interchange of interlayer ions or molecules between the dual 

hydroxide layers or as a consequence of OH- terminals representing the upper/ lower layers[23]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Optimized structures of Ni-Co LDH (a) (2a×2b×2c) and (b) (3a×3b×2c) 

supercells, (c) 2,4-DNP molecule adsorbed on (2a×2b×2c) (003) Ni-Co LDH plane and (d) 

visualized structure of (c) 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 3.5. Calculated energy parameters obtained by Monte-Carlo Simulation Method 

(MCSM) 

Ni-Co 

LDH 

2,4-

DNP 

Total 

energy 

Adsorption 

energy 

Rigid 

adsorption 

energy 

Interaction 

distance (Ao) 

Substrate 

binding sites 

Total 

interactions 

Nature of 

interaction 

2-

layer 

1-mol 

 

-92.7 

(kcal/mol) 

 

-137.83 

(kcal/mol) 

 

-144.81 

(kcal/mol) 

1.45(NO2ads-

OHsubs) 

1.62 (OHads-

OHsubs) 

1.59 (NOads-

OHsubs) 

OHter-(lower) 

 

OHter-(both) 

 

 

OHter-(upper) 

3 Hydrophobic 

         

3-

layer 

1-mol -177 

(kcal/mol) 

 

-373 

(kcal/mol) 

 

-212 

(kcal/mol) 

 

1.16 (NO2ads-

OHsubs) 

 

OHter-(Both) 

 

 

5 Hydrophobic 

     1.27 (NOads-

OHsubs) 

 

OHter-(Both) 

 

  

     1.39 (OHads-

OHsubs) 

 

OHter-(Both) 

 

  

     2.05(CHads-

OHsubs) 

 

OHter-(upper) 

 

  

     1.46 

(COads-

OHsubs) 

OHter-(lower) 

 

  

 

Consequently, the interaction binding sites were determined through OH-terminals lying 

on the top, middle, or margins. These connect the adsorbate molecules through hydrophobic 

affinity. The solvent or non-polar molecules (water) do not influence hydrophilic adsorbate 

molecules. As a result, the interaction may be said to be hydrophobic interaction. From Figure 

3.11(d), it can be seen that the molecule of adsorbate dissociates into different fragments. These 

fragments are created in the system and typically react with the solvent molecules[24]. Due to 

the high intermolecular force exerted on the substrate layer, adsorbate fragments containing NO2 

or OH- radicals tend to draw towards the adsorbent (LDH) surface. Table 3.5. depicts the 

computation of bond distances between adsorbate and substrate. It was found that the length of 

the interaction of 2,4-DNP-LDH increases in the order OHsubs-CHads>OHsubs-COads>OHsubs-

OHads>OHsubs-NOads>OHsubs-NO2ads. The shorter the bond distance, the greater would be the 
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adsorption affinity[25]. From Table 3.5. it can be observed that an increase in the Ni-Co LDH 

molecule increases the order of 2,4-DNP adsorbed on Ni-Co LDH layers. On the other hand, 

through simulated annealing, the 2,4-DNP molecule dissociates into small components and form 

fragments on the LDH complex interface which is referred to as adsorption by fragments. 

However, when the Ni-Co LDH surface increases and conversely decreases the adsorbate 

species, the periodic system of the 2,4-DNP has enough space to interact with the host molecules 

without undergoing the fragment's adsorption. As a result, the adsorption energies yield negative 

energy values. 

3.7.6. Molecular orbital energy calculation 

A computation analysis of frontier orbital energy provides information about the energy 

excitation from the ground state to the excited state of atoms. The energy difference (E) is the 

most influential property that governs the orbital energies of the different complexes. The 

energy difference of frontier orbitals can be calculated as follows: 

∆𝐸𝑖𝑛𝑑/𝑔𝑟𝑝 = 𝐻𝑂𝑀𝑂𝑖𝑛𝑑/𝑔𝑟𝑝 − 𝐿𝑈𝑀𝑂𝑖𝑛𝑑

𝑔𝑟𝑝
                           (15)        

 

Where 𝐻𝑂𝑀𝑂𝑖𝑛𝑑/𝑔𝑟𝑝 and 𝐿𝑈𝑀𝑂𝑖𝑛𝑑/𝑔𝑟𝑝 represent the energy state for the 

individual/group of Ni-Co LDH- 2,4-DNP complex. The mGGA energy correlation functional 

was employed to understand the complex system’s orbital. The electronic ground orbital was 

treated using all-electron relativistic with the DNP basis set[26]. The result of the molecular 

orbital energy calculations is shown in Table 6., and Figure 3.12. shows the energy minimization 

of Ni-Co LDH and 2,4-DNP interactions using the DmoL3 DFT-method. 
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Table 3.6. Calculation for the frontier molecular orbital energies of adsorbate-substrate 

complex and energy gaps from the DMoL3 metaGGA-TPSS energy functional 

Complex HOMO LUMO HOMO-LUMO 

(2a×2b×2c) Ni-Co LDH 

supercell 

-53.68 eV -39.37 eV 14.31 eV 

(3a×3b×3c) Ni-Co LDH 

supercell 

-99.13 eV -59.18 eV 39.95 eV 

2,4-DNP molecule -25.82 eV -23.18 eV 2.64 eV 

(2a×2b×2c) Ni-Co LDH- 

2,4-DNP 

-146.31 eV -89.22 eV 57.09 eV 

(3a×3b×2c) Ni-Co LDH- 

2,4-DNP 

-170.12 eV -107.10 eV 63.02 eV 

 

Table 3.6. demonstrates that the frontier HOMO molecular orbitals of Ni-Co LDH (substrate) 

or 2,4-DNP (adsorbate) molecules produce a more significant negative value than the LUMO 

energy state. The bonding orbital, which is more stable than the anti-bonding orbital, has a 

higher energy level. However, if the ground state orbitals yield an energy value larger than zero, 

it correlates to less stability and, as a consequence, weakens the chemical bonds. According to 

the simulated results, the Ni-Co LDH energy gap produces large values with the increases in 

surface layer as compared to 2,4-DNP, which gives small energy gap values. The crucial 

distinction between a small and big energy gap implies chemical stability or reactivity.  

As a consequence, the substrate (Ni-Co LDH) is chemically more stable than the 

adsorbate (2,4-DNP). On the other hand, 2,4-DNP molecules are more reactive than Ni-Co LDH 

molecules. When 2,4-DNP and Ni-Co LDH molecules interact, the chemical stability of the 

composite adsorbate/substrate is greater than that of the individual adsorbate/substrate as the 

energy gaps expand linearly. 
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Figure 3.12. Showing: (a) Minimized (2a×2b×2c) Ni-Co LDH supercell, (b) Electrostatic 

interactions of Ni-Co LDH(006) plane-2,4-DNP(1-molecule) complex, (c) 2,4-DNP adsorbed on the 

surface containing (3a×3b×2c) Ni-Co LDH supercell 

3.7.7. Adsorption-desorption and regeneration study 

The adsorption-desorption process of the adsorbate 2,4-DNP molecule was studied on 

the Ni-Co LDH surface in order to assess its regeneration capacity. The LDHs, in general, is 

composed of a variety of interlayer ions, and the ease of LDHs interlayer ions exchange happens 

due to the presence of weak hydrogen bonds between the two metal hydroxide layers, due to 

electrostatic interaction between the adsorbent and adsorbate which may be established resulting 

in desorption of 2,4-DNP. When NaOH was used for desorption, it was observed that due to its 

strong affinity towards Ni-Co LDH layers, the NaOH acts as a good desorbent as the 

regeneration cycle progresses, as shown in Figure 3.13. In the case of ammonia, the binding 

(a) 
(b) 

(c) 
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affinity of NH4
+ ions towards the Ni-Co LDH layer is relatively lower, hence, it doesn't have 

sufficient energy to release the 2,4-DNP at a faster rate. This could be due to irreversible 

chemical adsorption (according to kinetic and equilibrium modeling) that may be established in 

the host Ni-Co LDH layer. Thereafter it was found that the adsorption property of Ni-Co LDH 

shows an excellent removal capacity of 2,4-DNP as the cycle increases from LDH-1 to LDH-4, 

which is about 80-96% removal in 180 minutes (differ by only 8 to 9%). Further increase in the 

number of cycles does not have much impact on 2,4-DNP adsorption. This could be due to the 

contribution of pores, which become less accessible or become more saturated at the end of 

adsorption. 

 

Figure 3.13. Ni-Co LDH regeneration cycles from 1-5 steps. Parameters (pH-9.5, conc-

30mg/L, temperature 30℃, and contact time180 minutes) were fixed 
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3.8. Conclusion 

As confirmed by the results of the adsorption analysis (experimental), the synthesized 

mesoporous Ni-Co LDH acts as an excellent adsorbent for removing 2,4-dinitrophenol from the 

aqueous solution, making it a suitable absorbent with the potential for environmental 

remediation. The maximum adsorption capacity was found to be 53.67 mg/g at 323K. The 

adsorption process was found to be heterogeneous (Freundlich adsorption isotherm), favorable, 

non-spontaneous, and endothermic (thermodynamic modeling) and the adsorption mechanism 

is favored by the chemisorption process (pseudo second order).  

The most promising and excellent adsorption property of Ni-Co LDH is that the 

adsorption capacity increases with the subsequent increase in the adsorbent dosage, and the 

equilibrium adsorption can be attained within 150-180 minutes. The regeneration study showed 

that the mesoporous Ni-Co LDH has excellent removal affinity towards 2,4-DNP, having 

regeneration from cycles 1 to 4 within 150-180 minutes. Furthermore, theoretical molecular 

dynamic simulation (MD) revealed that the nature of adsorbate-substrate (2,4-DNP- Ni-Co 

LDH) interactions were hydrophobic interactions. DFT-based DMoL3 approach showed that the 

adsorbate-substrate energy gap (eV) increases with the increase in the interfacial region, 

explaining the high chemical stability after the adhesion of adsorbate molecules. 

In conclusion, the unique properties shown by the synthesized mesoporous Ni-Co LDH 

suggest that the synthesized compound would have importance in different applications such as 

efficient adsorbent in environmental remediation, intercalation (exchangeable property), 

electrochemical (pore diversity), antimicrobial (biocidal property), etc. To our knowledge, the 

2,4-DNP adsorption from an aqueous medium by the mesoporous Ni-Co LDH represents the 

first investigation in the present study. 
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CHAPTER 4A 

Part A: synthesis and characterization of a Co(II)-Co(III) LDH and 

Ac@Co(II)-Co(III) LDH nanohybrid 

This chapter describes the detail synthesis and characterization of a highly mesoporous Co(II)-

Co(III) LDH and its nanohybrid through a sol-gel route with non-aqueous ethanol: acetone 

mixture as greener reagents. The compounds were characterized using PXRD, FESEM, 

HRTEM, FTIR, XPS, TGA-DTA, etc. 
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4.1. Introduction 

Layered double hydroxides (LDHs) are well-known nanosized or nanostructured 

inorganic compounds containing metal hydroxide in the main layers characterized by the 

stacking of double hydroxide sheets, separated by the space containing ions called interlayer 

anions[1,2]. The chemical composition and formula of layered double hydroxides (LDHs) can 

be represented as follows: [M2+
1-x M

3+
x (OH)2]x+ (An-)x/n × yH2O, wherein the M2+ (Mg, Ca, Ni, 

Fe, Co, etc.) and M3+ (Al, Co, Fe, Cr, etc.) denote divalent and trivalent metal ions, and An- and 

yH2O represent the interlamellar ions and water molecules[3]. LDHs exhibit excellent 

properties, including ion exchange, intercalation, memory effect, catalytic, etc. Besides the 

properties shown by LDHs, the material can be used as important precursors in many 

applications such as electrochemical, adsorption, thermal, photocatalytic, and biological 

applications such as drug carriers, antimicrobial agents, etc. The fact about LDHs, which makes 

it more interesting, is that they are built up with highly positively charged metal hydroxide 

sheets, high surface area, and high ion exchange capacity. These diverse properties make the 

LDHs potential candidates for various applications[4,5]. The present study emphasizes a green 

synthesis of Co(II)-Co(III) LDH or Ac@Co(II)-Co(III) LDH nanohybrid using the non-aqueous 

Sol-Gel route. The greenness of the present methodology is that it uses non-corrosive metal 

acetylacetonates as the main precursors. Unlike other methods of synthesis of LDH where metal 

salts are taken as precursors and are subjected to hydrolysis in a highly alkaline medium 

resulting in the formation of soluble alkaline metal salts like NaCl, Na2SO4 as by-products, 

thereby requiring subsequent elaborate purification methods. However, in the present method, 

there is the formation of acetylacetonate as a by-product which can be easily separated from the 

products by filtration and low-temperature distillation, thereby rendering the procedure green. 
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The acetylacetonate complexes can be easily hydrolyzed at moderate temperature, with the use 

of ethanol: acetone mixture as ‘mild organic solvents’. The present methodology further 

emphasizes the controlled co-precipitation of individual cobalt hydroxide phases stabilized in a 

non-aqueous acetone and ethanol mixture. This di- and tri-valent molar ratio in a given range, 

basically x= 0.2-0.5 ratio[6], has so far been a difficult objective to achieve because cobalt-

containing divalent and trivalent LDHs combinations were rare to obtain as purely hydrolyzed 

separate phases earlier. This might have been due to an unstable trivalent Co3+ state in the 

aqueous medium, easily oxidized to a divalent Co2+ state, or in the presence of complexing 

reagents, Co2+ becomes unstable in LDH complex[7]. Therefore, the present study reports the 

unusual combination of divalent and trivalent cobalt hydroxide, which would result in a unique 

cobalt LDH, and in view of the ease of synthesis and greenness, the present methodology can 

be considered superior to various other methods such as hydrothermal, ion-exchange, salt-oxide, 

co-precipitation, etc[6,8]. Subsequently, the synthesized cobalt LDH and its nanohybrid were 

characterized using FESEM and HRTEM for morphological, PXRD and HRTEM for 

crystallographic information, FTIR, XPS, TGA-DTA, BET, and Zeta potential for bonding 

complex, chemical oxidation state and molar ratios, thermal degradation properties, pore areas 

and pore volumes, and zeta for surface charge analysis of the synthesized compounds. The 

antibacterial properties of Co(II)-Co(III) LDH or Ac@Co(II)-Co(III) LDH nanohybrid were 

thereafter assessed in order to study the applications of these compounds as antimicrobial 

agents. The advantages of cobalt LDH in the present study is that, unlike other LDHs, it is 

comparatively less toxic, cost-effective, and shows a diverse morphology. In other words, LDH 

containing cobalt precursor is considered unique because it is rarely reported in LDHs research. 

From the study’s point of view, the applicability of cobalt LDH is not restricted to the specific 
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target in the study. On the other hand, it can also be applied to different fields of study due to 

its flexibility and versatility. In addition, LDH containing cobalt oxides (nanocomposite) 

exhibits high catalytic, oxidizing, electrochemical and acts as biocidal agents[9]. Also, they are 

particularly important in the current study in terms of microbial applications due to their reported 

biological activities[10,11]. So far, different LDHs combinations include Mg-Al LDH, Co-Al 

LDH, Zn-Ti LDH, Cu-Al LDH, Ni-Al LDH, Mn-Al LDH, and silver nanoparticles intercalated 

LDH nanocomposite or lysozymes@LDH or antibiotics@LDHs, etc. had been used in 

antibacterial studies[12-15]. The general mechanism of how the LDHs function as important 

antimicrobial precursors is affected by important factors like the nature of metallic ions, high 

basicity and positively charged metal hydroxide sheets, nature of guest ions/molecules hosted 

into LDH composite, di- and trivalent metallic LDH ratios, high ion exchange capacity, high 

surface area, and nature of interlayer charged ions etc[12,13,16]. In recent times, acetylacetone 

inhibition property towards microbes has been tested as an excellent antimicrobial agent, and 

reports revealed that hydrazide Schiff@ metal acetylacetonates had been used as a targeted drug 

against bacterial strains[17]. It is believed that metal nanoparticles containing antibacterial 

metallic or transition elements such as Ag, Zn, Cu, Co, Mn etc. are superior to most antibiotics 

as the particle size falls in the nanosize range, and they have biocidal properties, high 

permeability or penetrability against the bacterial cell membrane[18-20]. However, drawbacks 

still arise due to long operating procedures or a lack of greener approaches. Another drawback 

for most antibacterial agents is the lack of strong inhibition properties against any bacterial 

strains. Hence, transition metal-containing an effective combination of Co(II)-Co(III) LDH or 

Ac@Co(II)-Co(III) LDH nanohybrid would produce some practical outputs for the study of 
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antibacterial activity. To our knowledge, no known reports for the organic acetylacetone@ 

Co(II)-Co(III) LDH have been used as an antibacterial agent or other LDH in particular. 

4.2. Materials and methods 

4.2.1. Chemicals and reagents 

All chemicals and reagents in the study were of analytical grade. Co(II) and Co(III) 

acetylacetonates, acetylacetone, ammonia hydroxide solution, phosphate-buffered saline(PBS), 

dimethyl sulfoxide solution (DMSO), MTT indicator, hydrochloric acid, ethanol, acetone, silica 

gel (230-400 mesh particle size) were purchased from Sigma Aldrich, Merck. Ethanol and 

acetone were further distilled in the presence of magnesium turning and iodine.  

 4.2.2. Non-aqueous sol-gel synthesis of Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH  

0.021 M of Co(C5H7O2)2 and 0.007 M of Co(C5H7O2)3 were dissolved in 80 cm3 of 1:1 

ethanol-acetone mixture and refluxed at 95oC for 2 hours. The precipitation of metal hydroxide 

sol was obtained at a pH of 10.5 by adding a few drops of ammonium hydroxide solution and 

refluxed for 5 hours to get Co(II)-Co(III) LDH. To complete the hydrolysis reactions of di- and 

trivalent metal hydroxides, 5 cm3 of 2M HCl was added and left stirring at room temperature 

for 45 minutes[21]. The gel obtained was filtered out using the Whatman no.42 filter paper and 

dried in a vacuum desiccator containing silica gel. Subsequently, the pre-synthesized Co(II)-

Co(III) LDH was further intercalated with 2,4-pentandione (acetylacetone). Briefly, 1:3 LDH 

to Pent-2,4-dione molar ratio was treated and refluxed at 70oC for 7 hours [22]. A gel-like 

compound was obtained, filtered out, washed several times with distilled alcohol, and dried in 

a vacuum desiccator containing silica.  
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Figure 4.1. Schematic diagram showing the intercalation reaction of the synthesized cobalt 

LDH with acetylacetone (1:3 molar ratio) 

4.2.3. Characterization techniques 

The powder diffractogram profile of the synthesized compounds was characterized using 

a Rigaku powder Diffractometer with the Cu-K alpha radiation (λ=0.154 nm, Rigaku Japan, 

model: Ultima IV). The surface morphologies of the synthesized products were investigated 

using Carl ZEISS-Field Emission Scanning Electron Microscopy (Germany, model: ZEISS, 

SIGMA) and High Resolution-Transmission Electron Microscopy (Japan, model: JEM-2100 

Plus Electron Microscope). The presence of various functional groups in the samples was 

examined using FTIR spectroscopy (Perkin Elmer, model: Spectrum 100). The measurement of 

molar ratio and oxidation states of the co-existing di- and trivalent cobalt hydroxide phases were 

confirmed using X-Ray Photoelectron Spectroscopy (Thermo Fisher Scientific Pvt. Ltd., UK, 

model: ESCALAB Xi+). The surface area and pore volume of the samples were characterized 

using BET N2 adsorption at 77K (Quantachrome USA, model: Autosorb-iQ Station 1). 
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Moreover, Zeta potential study was carried out to understand the surface charge properties of 

the synthesized products (Malvern Instrument, model: Zetasizer Nano ZS), and the thermal 

decomposition profile of the synthesized samples was obtained using TGA-DTA at the heating 

rate of 5oC/min (M/S TG-DTA Instrument, model: Q-600). 

4.3. Results and discussion 

4.3.1. Intercalation reactions of Co(II)-Co(III) LDH with acetylacetone 

In the present study, the intercalation reactions of the synthesized cobalt LDH with 

acetylacetone were carried out at the reflux temperature of 70oC. Figure 4.1 is a schematic 

representation of the reactions. It is seen in the PXRD (Figure 4.2 (b)) that the nanohybrid cobalt 

LDH produces an effect or slight shift in the diffraction pattern at higher Bragg’s angles and 

also causes a reduction in peak intensity or peaks become broader. Also, the FESEM and FTIR 

studies confirmed that the interactions of the cobalt LDH with acetylacetone produce a 

significant change in the morphology into highly transformed nanopores and also cause a 

significant shift in the OH functional group at the higher infrared region. The effect of such a 

shift is due to the strong hydrogen bonding interaction of the acetylacetone molecule with the 

host LDH complex[23]. 

4.3.2. Powder diffractogram profile of Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH 

nanohybrid 

The powder diffractogram profiles of the Co(II)-Co(III) LDH and intercalated 

Ac@Co(II)-Co(III) LDH nanohybrid are shown in Figure 4.2(a) & (b) respectively. It can be 

observed from Figure 4.2(a) that the Co(II)-Co(III) LDH diffraction pattern is analogous to that 

of the Mg-Al LDH material, which is characterized by the uniform stacking sequence of layers 

after every peak interval PDF: 00-014-0191[24,25]. It can be observed in the case of the 

currently synthesized Co(II)-Co(III) LDH that the PXRD pattern consists of high-intensity 00l 
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type reflection peaks such as (003), (006), (009) etc. at periodic intervals of d-spacings with 

gradual proportionate reduction of intensities at higher Bragg’s angles, and also the ionic radii 

which is similar to the trend seen in Mg-Al type LDH[6,26]. The presence of a highly noticeable 

peak followed by other peaks occurs at low Bragg’s position, indicating a high crystallinity at 

higher pH[27,28]. Moreover, it was observed that the synthesized products show very distinct 

hydrolyzed peaks of Co(II)/Co(III) phases. The most intense peak was obtained at the 2θ of 8.42 

Å followed by other peaks of the Bragg's angles obtained at 16.26o, 25.4o, 30.46o, 37.64o, 44.2o, 

and 52.34o (A) respectively.  

                         

Figure 4.2. Powder diffractogram profile of (a) Co(II)-Co(III) LDH and (b) intercalated 

Ac@Co(II)-Co(III) LDH nanohybrid (*= acac) 

From the powder XRD profile (Figure 4.2(b)), it can be observed that the organic 

acetylacetone intercalated Co(II)-Co(III) LDH nanohybrid shows a slight change in basal 

spacing (d00l) of the parent Co(II)-Co(III) LDH peaks position, confirming the intercalation of 

acetylacetone molecule in the LDH composite[29]. Though the effect of the intercalated 

acetylacetone molecule does not produce a remarkable change in the parent cobalt LDH pattern, 
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it causes a reduction in the intensity of peaks and becomes broader i.e., the compound becomes 

less crystalline[30,31]. Consequently, the peaks with the asterisks mark obtained at 13.32o, 

18.08o, 23.1o, 31.24o, 40.62o and 47.7o denote acetylacetone intercalated into the LDH 

nanocomposite. The Debye–Scherrer formula i.e. 𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 was used to calculate the crystallite 

size of the synthesized compounds. The crystallite size was calculated corresponding fortwo 

peaks viz. (003) and (110) diffraction planes and were found to be 11.38 nm (cobalt LDH) and 

10.7 nm (intercalated cobalt LDH)[32]. As a result of intercalation, the size decreases slightly, 

leading to the broadening of the diffracted peaks. Furthermore, Table 4.1 and 4.2 show the 

calculations of d-spacing (interplanar spacing). 

Values obtained for both Co(II)-Co(III) LDH and intercalated Ac@ Co(II)-Co(III) 

LDH, respectively. The calculation of interplanar spacing for a hexagonal crystal system can 

be expressed as:           

1

𝑑2
=

4

3 
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
=

4 𝑠𝑖𝑛2𝜃

𝜆2
                             (1) 

 

Table 4.1. Comparison of observed and calculated d-spacing values of Co(II)-Co(III) LDH 

Peak 

index 

2θ 

(observed) 

2θ 

(calculated) 

2θ(obs-

cal 

d-values 

(observed) 

d-values 

(calculated) 

d-

values(obs-

cal) 

100.*I/Imax a,b c Cell angles 

1 8.42 8.4183 0.0017 10.507 10.49468 0.01232 100 8.066 15.26 α=β=90, γ=120 

2 16.263 16.2596 0.0004 5.458 5.44689 0.01111 39.5    

3 25.442 25.4012 0.0388 3.527 3.503555 0.023445 34.06    

4 30.484 30.4615 0.0185 2.935 2.932086 0.002914 26.72    

5 37.628 37.6173 0.0027 2.395 2.38914 0.00586 14.43    

6 44.235 44.2012 0.0288 2.064 2.047344 0.016656 5.78    

7 52.344 52.3375 0.0025 1.757 1.746601 0.010399 5.47    
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The variables 𝑎 and 𝑐 are the hexagonal lattice constants, and (ℎ, 𝑘, 𝑙) represent the diffraction 

planes. 𝜆 = wavelength and 𝑠𝑖𝑛𝜃 is Bragg’s angle[33]. 
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 From the calculated values presented in Tables 4.1 and 4.2, it can be observed that the 

change in the lattice parameters in the case of intercalated Ac@Co(II)-Co(III) LDH becomes 

large. The large lattice constant can be attributed to the change in the atomic radius of the 

intercalated acetylacetone molecule in the cobalt LDH complex[22]. Moreover, it is seen that 

the d-spacing values of cobalt LDH did not show a significant change. These constant d-spacing 

values of LDH may be attributed to the fact that the intercalation of acetylacetone molecules 

into LDH does not affect the interlayer spacing of the parent LDH. On the other hand, 

acetylacetone molecules get intercalated into the LDH surface but not between the two 

hydroxide layers and are connected by hydrogen bonding. 

4.3.3. FT-IR analysis 

The FT-IR spectra of the Co(II)-Co(III) LDH and intercalated Co(II)-Co(III) LDH 

nanohybrid are shown in Figure 4.3. It is seen in Figure 4.3 (a) that the broad spectrum at 3420 

cm-1 corresponds to the stretching vibrations of polar OH groups in cobalt LDH composite. The 

IR shoulder peak at 2992 cm-1 could be due to the asymmetric bridging of C-H groups, resulting 

from during alcoholysis reaction of ethanol and acetone mixture. The band at 1620 cm-1 

represents the bending mode of interlayer water molecules. The band at 1405-1521 cm-1 may be 

attributed to interlayer anions, mostly carbonate stretching. The IR range from 400-1021 cm-1 

is due to the metal oxides stretching[34]. 
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Figure 4.3. FTIR spectra of: (a) Co(II)-Co(III) LDH & (b) Ac@ Co(II)-Co(III) LDH 

 From the spectra, it can be observed that the OH stretching in the case of Ac@Co(II)-

Co(III) LDH is shifted to 3682 cm-1, and a medium broad peak at 2998-2922 cm-1 can be 

observed. This medium broad peak could be due to the asymmetric C-H stretching vibration 

originating from the acetylacetone bonded in LDH composite (Figure 4.3(b)). The large shift in 

OH peak position in the intercalated LDH is due to the acetylacetone molecule bonded in the 

LDH composite, which is responsible for stabilizing the LDH structure[35]. The medium 

broadband at 1575 cm-1 and 1380 cm-1 is due to the deformation mode of interlayer water 

molecules and the asymmetric stretching vibration of C=O (carbonate) groups in the intercalated 
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LDH complex. Furthermore, the IR range at 900 to 500 cm-1 corresponds to M=O (metal oxides) 

vibrations in the LDH composite[36]. 

4.3.4. FE-SEM study of the Co(II)-Co(III) LDH and nanohybrid 

The field emission scanning electron microscopy (FESEM) images of Co(II)-Co(III) 

LDH and intercalated LDH nanohybrid are shown in Figure 4.4 (a),(b),(c) & (d). Figure 4.4 (a) 

& (b) of the Co(II)-Co(III) LDH revealed that the synthesized cobalt LDH exhibits flakes of 

nanosheets highly composed of mesopores. The occurrence of such pore diversity is obviously 

due to the process being favored by the alcogel property, which involves the evaporation of the 

physiosorbed interlayer water molecules during drying[37]. 

 

 

 

 

 

 

 

Figure 4.4. Showing the high-resolution FESEM images of: (a) Typical Co(II)-Co(III) LDH 

nanosheets at 2μm, (b) Mesopores at 200 nm, (c) Intercalation effects of acetylacetone with 

Co(II)-Co(III) LDH, and (d) Formation of micropores at 50 nm 

Similarly, Figure 4.4 (c) & (d) show the development of highly transformed meso to 

micropores characteristic after the intercalation reaction of acetylacetone reacted at 70oC. 

Qualitatively, the nanocomposite has pores filled with a number of spherical micropores, which 

gives unique characteristics to the synthesized material[3,38]. Similar reported work has shown 

that this highly transformed meso to microporous cobalt LDH is due to the fact that 
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acetylacetone molecules, through keto-enol tautomeric effect, can undergo a transformation in 

surface morphology favored by the oxidation process [23]. 

4.3.5. HR-TEM study 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.5. HRTEM images of Co(II)-Co(III) LDH: Resolution at (a) 100 nm, (b) 50 nm, (c) 20 

nm, (d) 5 nm & (e) Selected area electron diffraction (SAED),(f) nanohybrid at 2nm, and (g) 

SAED 

High resolution-transmission electron microscopy (HR-TEM) of Co(II)-Co(III) LDH 

and nanohybrid  images at different resolution is shown in Figure 4..5 (a), (b), (c), (d), (e), (f) & 

(g). Figure 4.5 (a), (b) & (c) represent the formation of hexagons cobalt LDH platelets of 

different sizes. From the figures, it can be observed that the synthesized cobalt LDH and its 

nanohybrid are highly crystalline[39,40]. From Figure 4.5 (d) & (f), it is seen that the lattice 

strips have a value of 0.382 nm & 2.32 nm, which represents the d-spacing of LDH crystal at 

(012) & (015) planes. Moreover, from Figure 4.5 (e) & (g), it is observed that the selected area 

electron diffraction (SAED) represents various lattice planes viz. (003), (009), (012) & (015) for 

Co(II)-Co(III) LDH and (012) & (015) for nanohybrid, respectively, which are in agreement 

with the diffractogram result (Figure 4.2). The SAED diffraction pattern of Co(II)-Co(III) LDH 

and nanohybrid show that the diffracted planes tend to be a set of concentric rings indicated by 

various planes.  

 

 

 

(g) 
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4.3.6. X-ray Photoelectron spectroscopy studies 

XPS analysis was conducted to understand the chemical composition and existence of 

the chemical oxidation state of mesoporous Co(II)-Co(III) LDH and its nanohybrid. The broad 

scan XPS spectra of Co(II)-Co(III) LDH and intercalated cobalt nanohybrid are shown in Figure 

4.6 (a). It is observed that a slight change in cobalt Co2S and Co2P position before and after 

intercalation reactions could be noticed i.e., at 782 eV (parent cobalt LDH) and 780 eV 

(intercalated). This indicates an isomorphous substitution of di- and trivalent cobalt atoms 

within the LDH layers, which might result in new chemical bond formation[41]. Literally, the 

cobalt atoms are octahedrally coordinated to hydroxyl groups in their octahedral configuration. 

However, the binding energy of carbon did not show any shift in XPS spectra at 284 eV (in both 

parent and intercalated). This could be attributed to the fact that the carbon is chemically bonded 

to an oxygen atom in the form of C=O as an interlayer anion between the LDH layer without 

forming new bonds.  Moreover, it is evident from the full XPS survey that there is a co-existence 

of Co 2s, Co 2P3/2, O 1s, and C 1s elements present in the sample. In order to visualize more 

clearly, the 2p cobalt peaks of the Co(II)-Co(III) LDH and intercalated nanohybrid are shown 

in Figure 4.6 (b) & (c), respectively. The binding energy that emerged at 782 eV and 784 eV 

corresponds to the co-existence of divalent and trivalent cobalt hydroxide phases[42]. The Co 

2p1/2 spectra at around 797 eV in both Co(II)-Co(III) LDH and intercalated showed the lack of 

a Co2+ state. On the other hand, the Co3+ state appears more significant in both cases. 
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          (a)       (b) 

 

 

    (c)                   (d) 
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       (e) 

Figure 4.6. (a) Full XPS survey of Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH, (b) Co 2p 

peaks of  Co(II)-Co(III) LDH, (c) Co 2p peaks of Ac@Co(II)-Co(III) LDH, (d) O1s peaks of 

Co(II)-Co(III) LDH and (d) O1s peaks of Ac@Co(II)-Co(III) LDH 

 

These observations prove that the mesoporous cobalt-layered double hydroxide and its 

nanohybrid are strongly dominated by the formation of trivalent cobalt cations rather than 

divalent cations[43]. This unique feature might be due to the fact that during the formation of  

Co(II)-Co(III) layered structure, Co(III) ions take positions in isomorphous sites. Further, 

mechanistically it can be suggested that the Co2+ ion, which is more stable in an aqueous 

solution, becomes easily oxidized to a trivalent state due to the presence of acetylacetone, which 

even though it acts as a complexing agent, possesses inherent oxidizing properties. As a 

consequence, some of the divalent Co2+ ions are oxidized to trivalent states due to the 

intercalation effect[44]. Moreover, the results proved that the formation of mesoporous cobalt 

LDH sheets occurs due to the reduction of Co2+ ions during the synthesis. The binding energy 

at around 803-804 eV indicates the satellite peak formation. The satellite peak occurs when the 

Coulombic potential changes unexpectedly, and as a result, the photo-ejected electrons pass 
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through the valence band[45]. Furthermore, the binding energies of Co(II)-Co(III) LDH 

recorded at 533 eV, 531 eV, and 529 eV indicate that the core-level spectrum of O 1s produces 

three elemental oxygens (O1, O2, and O3) bonded into bimetallic Co(II)-Co(III) LDH, i.e. O-M, 

O-H, and surface interlayer oxygen as water molecules (Figure 4.6(d)). Similarly, the 

intercalated Ac@cobalt LDH bears two elemental oxygens (O1 & O2). The absence of one 

oxygen-deficient was seen in the intercalated Co LDH, which might be due to the loss of 

interlayer oxygen atom (Figure 4.6(e)[46].  

4.3.7. Thermogravimetric (TGA) analysis 

Thermal pyrolysis reactions give knowledge about the thermal degradation behavior of 

the material. The present study investigates the thermal decomposition properties of the newly 

synthesized Co(II)-Co(III) LDH and its intercalated complex or nanohybrid. The Heating curves 

were obtained at the heating rate of  𝛽 = 5oC.min-1. Figure 4.7 depicts the thermal 

decomposition profile of the synthesized compounds. It can be seen that the TGA curves of both 

compounds exhibit characteristics analogous to the family of LDHs. All LDHs show a 

degradation pattern of three significant steps[47]. The temperature recorded at 150-245oC, 

which is the first step, corresponds to the 13.5% mass loss of the weakly bonded water 

molecules. The temperature below 50-150oC was excluded from the study. It represents the 

volatilization of loosely adsorbed gases or moistures from the parent LDH[23]. The second 

weight loss from 246 to 460oC represents a huge weight transition. The second weight loss at 

47.29 % indicates the dehydroxylation or anions (H2O or OH molecules) bonded in the Co(II)-

Co(III) LDH matrix. 
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Figure 4.7. TGA profile of Co(II)-Co(III) LDH and of Ac@Co(II)-Co(III) LDH 

Similarly, the temperature from 462 to 542oC (19.2% mass loss) and above represent the 

collapse of the main hydroxide layers, resulting in the formation of divalent and trivalent cobalt 

oxide phases. Furthermore, it was observed that the degradation curve of Ac@ Co(II)-Co(III) 

LDH shows decomposition at a higher temperature than that of the parent LDH. This could be 

due to various gases or moisture adsorbed in the nanohybrid LDH and, most importantly, 

acetylacetone substrate bonded in the LDH composite, which had a stabilizing effect on the 

LDH structure. 

4.3.8. BET and Zeta potential surface analysis 

The measurement of surface areas or pore volume can be accomplished using a surface 

BET analysis. The BET N2 adsorption was carried out at 77 K. Figure 4.8 (a), (b) show the BET 

and BJH pore size distribution. The surface area and pores volume of the Co(II)-Co(III) LDH 

were found to be 88 m2.g-1 and 1.37 cm3g-1, respectively, and for the intercalated nanohybrid, it 

was 169 m2.g-1 and 1.26 cm3g-1. The formation of a large surface area could be due to the 

acetylacetone which was intercalated into the parent LDH, causing the nanocomposite to 

undergo a redox process and release physisorbed interlayer water molecules[23,44]. 
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Figure 4.8. BET, BJH pore size distribution, and Zeta potential analysis of Co(II)-Co(III) LDH 

and Ac@ Co(II)-Co(III) LDH 

The BJH pore size distribution further confirmed that the synthesized cobalt LDH and 

its nanohybrid correspond to a mesoporous material with pore diameters <50 nm. The Zeta 

potential (ζ) measurement helps to understand particles’ charge properties as a function of pH. 

The results of the study showed that the synthesized Co(II)-Co(III) LDH and Ac@ Co(II)-

Co(III) LDH were found to be inherently built up with positively charged particles, which were 

+35.14 mV and +37.2 mV for intercalated and Co(II)-Co(III) LDH, respectively. Hence, it can 

have an affinity toward negatively charged anionic species. The surface basicity of the 

synthesized compounds could be due to the organization of more OH- ions during the 
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alcoholysis reactions of di- and trivalent cobalt acetylacetonate precursors. Furthermore, the 

isoelectric point recorded at IEP=7.4 and 8.2, in which pH equals IEP values, becomes globally 

neutral[32].   

4.3.9. Formation of active LDH cobalt nanoparticles and particle size effect on antibacterial 

activity 

  

        `           (a)               (b) 

  

            (c)      (d) 

Figure 4.9. Particle size and pores area analysis of: (a), (b) Co(II)-Co(III) LDH, and (c), (d) 

Ac@Co(II)-Co(III) LDH 
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In the present study, the relation of particle size of active cobalt LDH nanoparticles and 

its nanohybrid to its inhibition potential on bacterial strains is explored. Mechanistically it can 

be explained that the partial substitution of di- or trivalent metals within the LDHs structure 

results in positive charge metal hydroxide sheets. Likewise, in the defined reaction media, the 

synthesized cobalt LDH and its nanohybrid produce electrostatic interaction due to the strong 

binding affinity of active cobalt LDH nanoparticles toward the host cells. In other words, the 

formation of active cobalt LDH nanoparticles is the inherent property of LDHs which arise from 

the positively charged LDH nanosheets. Figure 4.9 (a), (b), (c), and (d) show the particle size 

and pores area analysis of the synthesized Co(II)-Co(III) LDH and its nanohybrid. It can be 

noticed from Figure 4.9 (c), (d) that the effect of intercalation of acetylacetone molecules into 

cobalt LDH decreases the particle size from 38.93 to 29.86 nm (average). Moreover, the 

diameter of the area of the pores increases in the case of intercalated cobalt LDH. 

Fundamentally, the decrease in particle size and increase in pore areas have a significant effect 

on antibacterial activity. This is because the smaller the particle size or larger the pores area, the 

greater would be the antibacterial activity against bacterial cells. 

4.4. Conclusion 

The present study reports the green synthesis of a highly mesoporous Co(II)-Co(III) 

LDH and Ac@ Co(II)-Co(III) LDH nanohybrid through the Sol-Gel method and the use of non-

aqueous ethanol: acetone solvent as an alternative greener approach. Results revealed that the 

synthesized compounds exhibit a typical LDH structure analogous to Mg-Al hydrotalcite as 

confirmed by PXRD, FESEM, HRTEM, XPS, TGA-DTA etc. From the study, it can be 

concluded that cobalt LDH nanoparticles synthesized in the non-aqueous Sol-Gel method 

provide a promising alternative greener approach for obtaining materials with greater pore 

diversity. 



  Chapter 4A                                                                                Synthesis and characterization 

120 

 

+ 

References 

[1] V. Rives, Layered Double HydroXides: Present and Future, Nova 

Publishers,2001. 

[2] X. Bi, H. Zhang, L. Dou, Layered double hydroxide based nanocarriers for drug                                                                                                       

delivery, Pharmaceutics(2014). https://doi.org/10.3390/pharmaceutics6020298. 

[3] Q. Wang, D. Ohare, Recent advances in the synthesis and application of layered 

double hydroXide (LDH) nanosheets, Chem. Rev. 

(2012).https://doi.org/10.1021/cr200434v. 

[4] S. Daniel, S. Thomas. 2020. Layered double hydroXides: fundamentals to 

applications, in: Layered Double HydroXide Polymer 

Nanocomposites.10.1016/b978-0-08-101903-0.00001-5. 

[5] R. Sharma, G.G.C. Arizaga, A.K. Saini, P. Shandilya, Layered double hydroxide                                          

as multifunctional  materials for environmental remediation: from chemical 

pollutants to microorganisms, Sustainable Mater. Technol. 

(2021).https://doi.org/10.1016/j.susmat.2021.e00319. 
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CHAPTER 4B 

Part B: Study of Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH  

nanohybrid as antibacterial agents 

In this chapter, antibacterial evaluation studies using a well-diffusion method, broth serial 

dilution method (MIC/MBC), and time-kill efficacy test were carried out to study the inhibition 

effect of synthesized compounds against the two bacterial strains viz S. aureus(gram-positive) 

and E. coli (gram-negative).  
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4.6. Materials and method 

4.6.1. Determination of antibacterial activity of the Co(II)-Co(III) LDH and Ac@Co(II)-   

Co(III) LDH  

 The in vitro antibacterial study of the synthesized compounds was done against 

Escherichia coli and Staphylococcus aureus. The preliminary antibacterial activity of the 

compounds was determined by studying the zone of inhibition using the agar well diffusion 

method[1]. Subsequently, the minimum inhibition concentrations (MIC) of the compounds 

were determined by the two-fold broth dilution method. Nutrient agar and nutrient broth were 

used for the experiments[2]. The compounds were dissolved in dimethyl sulphoxide (DMSO) 

to obtain a 10 mg/ml stock solution. The target strains used in the investigation were Gram-

negative bacteria Escherichia coli (TLTE11), and Gram-positive bacteria Staphylococcus 

aureus (TLTE03) acquired from the Microbiology Laboratory (Department of Botany, 

Nagaland University, Lumami, India). All the strains were grown in nutrient broth and 

incubated at 37oC overnight. The antibiotic streptomycin was used as the reference drug.  

4.6.2. Time rate kill assay 

Time rate kill bacterial experiment was carried out similar to the contact time study 

[3], and the studies were performed at 30 minutes intervals. Bacterial cells (0.5 MacFarland, 

~108 CFU/ml) in phosphate buffer saline (PBS) were prepared from a fresh bacterial broth 

culture. Then, the LDHs at their respective MICs were added to the solution and incubated at 

37oC in a shaker incubator. Following each 30 minutes interval, i.e., at 0, 30, 60, 90,120, 150, 

180, and 210 minutes, 100µL of the solution medium was pipetted out and spread over the 

nutrient agar plates. The plates were then incubated overnight at 37oC. Subsequently, the 

number of visible bacterial colonies was counted as colony-forming units (CFU) to determine 

the time rate of the kill.  
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4.7. Results and discussion 

4.7.1. Antibacterial activity of the Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH 

The results of the antibacterial tests performed against E. coli and S. aureus are shown 

in Tables 4.3 and 4.4. The antibacterial evaluation of the synthesized cobalt LDHs showed that 

they possessed good bactericidal properties. There are reports available to suggest that 

compounds containing cobalt ions with other transition metals show an effective bactericidal 

property [4], and this has been proved through our studies also. However, this work further 

assesses the bactericidal property of intercalated Co(II)-Co(III) LDH. The result obtained 

showed active inhibition towards the bacterial strain understudy, revealing that Ac@Co(II)-

Co(III) LDH nanohybrid has potential as an antibacterial agent. 

Table 4.3. Zone of inhibition (mm) of the synthesized compounds 

Compound (10 mg/ml) Gram-positive Gram-negative 

S. aureus 

 

E. coli 

Ac@Co(II)-Co(III) LDH 22 mm 

 

25 mm 

Co(II)-Co(III) LDH 17 mm 

 

19 mm 

Streptomycin 30 mm 31 mm 

 

 

 

 

 

 

Figure 4.10. Zones of inhibition of S.aureus growth by (a) Co(II)-Co(III) LDH (b) Ac@Co(II)-

Co(III) LDH; against E.coli by (c) Co(II)-Co(III) LDH (d) Ac@Co(II)-Co(III) LDH 

 

(a) 

S. aureus S. aureus 

(b) 

E. coli 

(c) 

E. coli 

(d) 
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The inhibitory action of cobalt LDH and its nanohybrid might be due to the small LDH 

nanoparticles attributed to the increase in surface area of the bimetallic cobalt 

oxides/hydroxides[5]. Therefore, the smaller the size of the nanoparticles, the greater would be 

the bactericidal effect. Additionally, intercalated acetylacetone onto host molecules may boost 

inhibitory efficacy since acetylacetone molecules have been reported to be antimicrobial in a 

recent study[6]. The antibactericidal impact of intercalation of the nanohybrid is depicted in 

Figure 4.10. 

Table 4.4. Minimum inhibitory concentration (MIC) of the compounds 

Compound S. aureus E. coli 

Ac@Co(II)-Co(III) LDH 39 µg/ml 18.5 µg/ml 

Co(II)-Co(III) LDH 78 µg/ml 39 µg/ml 

Streptomycin 9.7 µg/ml 9.7 µg/ml 

 

The MIC study was conducted to optimize the minimal effect of sample concentration. 

It is observed that the MIC was found to be more significant in the case of cobalt LDH 

nanohybrid than that of the parent Co(II)-Co(III) LDH as shown in Tab.4.4. The more 

substantial impact of a such compound against bacterial strains can be attributed to the 

effective combination of divalent and trivalent cobalt ions or acetylacetone intercalated into 

the host LDH molecule. 

4.7.2. Time-kill bacterial assay  

Time kill bacterial or antibacterial efficacy test is considered the most appropriate and 

effective method of determining the bactericidal effect[1]. In the present study, the synergistic 

effect of organic acetylacetone@Co(II)-Co(III) LDH and pre-synthesized Co(II)-Co(III) LDH 
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against E. coli and S. aureus were tested to understand the dynamic interaction between 

antibacterial agent and bacterial strains. From the results obtained it can be seen that both S. 

aureus and E. coli become completely inactive after a certain point of time, indicating the 

bactericidal property of the synthesized compounds. S. aureus, when treated with Ac@Co-Co 

LDH took 180 min for their cells to become completely inactive, while it took 210 min when 

treated with Co(II)-Co(III) LDH. The colony forming unit (CFU) of the bacteria was 

determined, and a graph of the CFU/ml was plotted against time, as shown in Figure 4.11(e).  

           

Figure 4.11(a). Colony forming units of S. aureus after treatment with Co(II)-Co(III) LDH 

 

0 min 30 min 60 min 90 min 

120 min 150 min 180 min 210 min 
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Figure 4.11(b). Colony forming units of S. aureus after treatment with Ac@Co(II)-Co(III) LDH 

 

 

Figure 4.11(c). Colony forming units of E. coli after treatment with Co(II)-Co(III) LDH 

0 min 30 min 60 min 
90 min 

120 min 150 min 180 min 

0 min 30 min 60 min 90 min 

120 min 
150 min 

180 min 
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Figure 4.11(d). Colony-forming units of E. coli after treatment with Ac@Co(II)-Co(III) LDH 

The effect of the killing of bacteria requires the effective control of particle sizes in 

addition to the bactericidal effect of the compounds used. It is because the smaller the particle 

size, the easier would be the diffusion of LDH nanoparticles on the host membrane, and the 

stronger would be the antibacterial effect[7]. 
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Figure 4.11(e). Colony foming units (CFU) of bacterial strains (a) E. coli & (b) S. aureus 

 Mechanistically it can be explained that the cobalt LDH and its nanocomposite, being 

nanoporous materials, can combat bacterial infection through the destruction of the cell 

membrane due to oxidative stress or high permeability of reactive cobalt nanoparticles across 

the cell membrane into the cytoplasm or nucleoplasm of the host cells[1,4]. It is evident that 

cobalt oxides/cobalt hydroxides or cobalt LDH as nanoparticles produce cobalt radical and 

reactive oxygen species (ROS) in the form of hydroxyl, peroxide, or superoxides[8]. 

Fundamentally, the electrostatic interaction of negatively charged (bacteria) with LDH 

nanoparticles produces a synergistic effect. Consequently, the LDH nanoparticles penetrate the 

cell membrane of the bacteria due to the strong electrostatic force exerted on the cell surface, 

and as a result, the cobalt radicals being biocidal agents, toxify the cytoplasm of the bacteria 

cell. This inhibits the growth and cell division of the cell cycle and, as a result, leads to 

changes in the shape or size of the host cells resulting in death[9]. It is observed in the study 

(b) 
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that the effect inhibition property of nanocomposite has a stronger effect on E. coli than on S. 

aureus. 

4.8. Conclusion 

The synthesized compounds, Co(II)-Co(III) LDH and Ac@Co(II)-Co(III) LDH 

nanohybrid, were tested as antibacterial agents, and the results showed an effective 

bactericidal agent against the two E. coli (gram-negative) and S. aureus(gram-positive) strains, 

and both were found to be more effective against E. coli. The inhibition effect on the two 

bacteria strains was observed to be more pronounced in the case of Ac@Co(II)-Co(III) LDH 

nanohybrid than in the parent cobalt LDH. 
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CHAPTER 5 

A non-isothermal thermokinetic degradation study of the mesoporous Ni-

Co layered double hydroxide using isoconversional approaches 

This chapter explores thermokinetic behavior of the mesoporous Ni-Co LDH using various 

isoconversional approaches. Furthermore, preexponential factors, kinetic degradation 

models and mathematical deconvolution analysis (MDA) were thoroughly studied. 
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5.1. Introduction 

            Thermal analysis of materials is considered a fundamental approach to 

understanding the thermal reactions of solids governed by physical or chemical processes. 

The earlier studies on thermal applications reported that thermal analysis using TGA or DSC 

techniques give the materials decomposition process accompanied by their respective mass 

losses and the thermochemical processes responsible for determining the thermal process 

viz. stability of materials, melting, crosslinking, crystallization etc. [1]. In modern days, this 

thermal analysis based on kinetic models is regarded as an advanced approach, which gives 

important knowledge in practical applications like a supercapacitor [2], reaction model 

determination such as nucleation, diffusion, power laws etc. [3], production of fuel or clean 

energy [4], metal oxide precursors [5], catalytic activity [6] etc. Hence, the present study 

emphasizes thermokinetic investigation of the synthesized compound using Ni-Co LDH as 

the target of the present study. 

            Layered double hydroxides (LDHs), also called anionic clays, belong to a general 

class of clay-like inorganic layered materials characterized by the stacking sequence of metal 

hydroxide sheets separated by interlayer domains. The interlayer domain contains mainly 

anionic charged species such as carbonates, halides, oxo-ions, polyatomic ions, water, etc. 

Speaking of their properties, LDHs exhibit excellent common properties such as catalytic, 

thermal, adsorbent, ion-exchange, intercalation, etc [7]. Besides, applications of LDHs such 

as adsorption, electrochemical, antimicrobial, thermal, oxygen evolution reaction (OER) etc. 

are widely known [8,9]. The chemical composition and structural formula of LDHs can be 

expressed as; [M2+
1-xM

3+
x (OH)2]x+ (An-)x/n ×yH2O. The M2+ and M3+ imply the di- and 

trivalent metallic cations (M2+= Ni, Mg, Zn, Fe etc.) and (M3+=Al, Co, Fe etc.). An- and yH2O 

represent the interlayer ions and amphoteric molecules like water. In addition, the unique 
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and most promising properties shown by LDHs are that they undergo a reconstruction 

process called the 'memory effect' after the entire structural transformation and possess a 

high ion exchange capacity with other anions like halides, polyatomic anions, 

macromolecules etc [10]. 

            The present study emphasizes the investigation of the thermokinetic properties of 

the synthesized compound as the main objective. In recent times, the traditional method of 

kinetic analysis on LDHs contains information where the evaluation of kinetic parameters 

were subjected to single heating data or isothermal (ΔT=constant). This inconsistency or 

unreliability in traditional kinetic procedures may lead to a large deviation in kinetic 

information [11-13]. Therefore, good care must be taken for the reaction models to be 

determined. For these reasons, the present study focuses on the use of 

isoconversional/model-free kinetics approaches to evaluate kinetic parameters. The logical 

behind for using these approaches is that kinetic parameters could be reliably determined at 

a constant extent of conversion (α), and it is more convenient to use the non-isothermal 

TGA/DSC heating data with different heating rates (β), as suggested by ICTAC 

recommendation [14]. In terms of material undergoing a multi-stage degradation reaction, 

the isothermal heating process might result in inaccurate estimation for determining kinetic 

parameters. The major disadvantage of the isothermal heating data is the limited 

temperature range; sometimes, it might result in an incomplete conversion range at a 

specified temperature [3,15]. Thus, it does not allow the flexibility of the materials 

undergoing various degradation stages. The advantages of the isothermal approach seem to 

be useful when a material undergoes a single step thermal degradation or can be described 

by one step kinetic model. However, it might not be so reliable in predicting the kinetic 

parameters, when any materials undergoing multiple reactions or governed by individual 
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components called a “pseudocomponents", due to unchanged in global temperature or non-

flexibility of materials degraded at the undesired temperature. In addition, the recently 

reported literature on LDHs were made a prediction based on the physical observations or 

thermal degradation behavior of LDHs but not with all the kinetic information in detail [16-

18]. Another insufficient explanation of the thermokinetic behavior of LDHs is the use of 

kinetic models and, most importantly almost never the explanation of overlapping 

TGA/DSC curves, which affects the physio-chemical thermal degradation characteristics of 

LDHs [19-21]. Therefore, we critically analyzed the kinetics of overlapping peak 

parameters using mathematical deconvolution analysis (MDA) and also the presence of 

individual peak components called the pseudocomponents, affecting the thermal 

degradation curves of LDHs [22]. Fundamentally, some literatures had reported that since 

the area of any kinetic analysis are based on indirect experimental measurement of the 

reaction rates, and therefore in many cases, the algorithms or mathematical models used are 

incapable of describing the reaction rates obtained from the experiment and the estimated 

theoretical rates. Hence, these types of studies are only valid to describe the 

phenomenological thermokinetic behaviour of some process or models [23]. Accordingly, 

the present studies also give the knowledge about how a synthesized compound could 

exhibit a number of degradation reactions or stages that would occur [24]. In such situation, 

a series of degradation pathway should follow some of the processes, which has to be 

reliably based on theoretical prediction and similarities with those parameters/values 

obtained from experimental measurements [25,26]. 

            The mesoporous Ni-Co LDH was used as the representative to understand how 

commonly occurring LDHs exhibit a thermal degradation characteristic via described by 

reaction models f(α). The pyrolysis reaction of a mesoporous Ni-Co LDH is crucial in the 
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present study due to its broader application in different fields such as supercapacitors [27], 

electrochemical sensors [28], photocatalysts [29], oxygen evolution reactions (OER) [30], 

adsorption [31], antimicrobial [32], etc. Therefore, the present study still requires Ni-Co 

LDH as an important precursor for understanding the thermal degradation properties for 

different applications. Secondly, the evaluation of kinetic parameters in the lower 

temperature range from 50-198 oC was omitted due to the presence of physisorbed gas or 

moisture phases, which cannot be described by kinetic models. Critically, several 

isoconversional models or model-free methods like Friedman, Flynn-Wall-Ozawa (FWO), 

Kissinger-Akahira-Sunose (KAS), and advanced non-linear Vyazovkin were chosen to 

determine the activation energies 𝐸𝑎(𝑗𝐾. 𝑚𝑜𝑙−1) obtained from these models [33]. The 

calculation of activation energies in the present study were compared experimentally and 

theoretically. Also, preexponential factors and the kinetic reliability for the determination 

of reaction models 𝑓(𝛼) were determined using the kinetic compensation effect (KCE) and 

the master plot method. To our knowledge, no known reports were available using our 

present objectives. 

5.2. Experimental 

5.2.1. Materials and Synthesis 

            In the present study, required chemicals like Nickel (II) acetylacetonate and Cobalt 

(III) acetylacetonate (95 % and 99.9%), Hydrochloric acid (99%), Ammonium hydroxide (≥ 

99.99 %), ethanol (96%), acetone (99.5%), Silica (230-400 mesh particle size) were 

purchased from Sigma Aldrich. All chemicals used in the study were of analytical grade. 

The synthesis procedure for the mesoporous Ni-Co LDH was according to our previously 

reported non-aqueous ‘soft chemical’ Sol-Gel route [31]. 
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5.2.2. Characterization techniques 

            Powder X-ray diffraction (Rigaku Japan, model: Ultima IV, CuKα radiation at 

λ=0.154 nm, voltage: 20-60 kV) and TGA-DTA (M/S TG-DTA Instrument, model: Q-600, 

pyrolysis range 50-800 oC) equipment were used to determine the Ni-Co LDH formation 

and its thermal degradation properties. The non-isothermal experiment was carried out at 

four heating rates 𝛽 = 5, 10,15, and 20o 𝐶/𝑚𝑖𝑛𝑠, respectively. 

5.2.3. Computation of activation energies 

            The theoretical computation of activation energies was carried out to understand the 

complex numerical integration. The series of activation energies were obtained in the 

conversion range 𝛼 = 57.5 ± 32.5. Simultaneously, the various isoconversional models, 

including non-linear Vyazovkin were performed. MATLAB software was used for the 

computation of activation energies. 

5.2.4. Kinetic models used 

            Different kinetic models involving nucleation, diffusion, reaction-order model, and 

geometrical contraction were used to explain the reaction models f(α). Table 5.1 represents 

the algebraic expressions of kinetic models. 

5.2.5. Kinetic Theory 

            In the present study, various isoconversional or model free-methods, including 

differential and integral methods viz Friedman, KAS, FWO, and non-linear Vyazovkin were 

used to evaluate the activation energies of the mesoporous Ni-Co LDH degradation. 

Defining the Arrhenius rate constant; 𝑘(𝑇) = 𝐴𝑒(− 
𝐸

𝑅𝑇
)
, the solid-state reactions of a single 

stage give the expression [34]: 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) =   𝑘(𝑇) = 𝐴𝑒(− 

𝐸

𝑅𝑇
) 𝑓(𝛼)              (1) 
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            The variables 𝐴, 𝐸 are the kinetic parameters i.e., preexponential factor and activation 

energy. ′𝑅′ 𝑎𝑛𝑑 ′𝑇′ represents the gas constant and Arrhenius temperature. 𝑘(𝑇)= 

temperature dependence rate constant of the reaction process; 𝑓(𝛼)= extent of conversion 

described by the reaction models. 𝛼= fraction of a total mass loss in the process and can be 

expressed as: 

𝛼 =
𝑚𝑜 − 𝑚𝑡

𝑚𝑜 − 𝑚∞
                 (2) 

𝑚𝑜, 𝑚𝑡 , and 𝑚∞ represent the initial weight, reactants weight at time ′𝑡′, and final weight at 

the end of the pyrolysis process [35]. 

            Equation (1) represents the differential kinetic equation, which applies to both the 

isothermal (𝑇 = 𝐶𝑜𝑛𝑠𝑡)or non-isothermal (𝑇 = 𝑇(𝑡) heating programmed. Assuming 𝛽 =

𝑑𝑇

𝑑𝑡
= 𝐶𝑜𝑛𝑠𝑡(𝑛𝑜𝑛 − 𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙), the equation (1) can be re-formulated as: 

𝛽
 𝑑𝛼

𝑑𝑡
=

𝑓(𝛼)

𝐴𝑒𝐸/𝑅𝑇
                 (3) 

Integrating equation (3) w.r.t ′𝑑𝑡′ , change in 𝑇 = 𝑇(𝑡)as a function of time, becomes 

𝑔(𝛼) ≡ ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

= 𝐴 ∫ 𝑒(− 
𝐸

𝑅𝑇
) 𝑑𝑡

𝑡

0

              (4) 

Equation (4) represents the integral form of the kinetic expression, which can be used to 

deduce the various integral kinetic parameters at any temperature programmed.         

Replacing 𝑑𝑡 = 𝑑𝑇, and introducing 𝑇 = 0 𝑡𝑜 𝑇 w.r.t the constant heating rate, the above 

expression can be written as: 

𝑔(𝛼) =
𝐴

𝛽
∫ 𝑒(− 

𝐸

𝑅𝑇
)

𝑇

0

 𝑑𝑇            (5) 

Equation (5) represents the explicit value of the heating rate programmed. However, due to 

some limitations in the process and approximations, equation (5) does not provide a true 
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analytical solution. Therefore, the modern integral method replaces the above conditions i.e. 

it makes use of numerical integration for obtaining the various kinetic parameters called the 

kinetic triplets [𝐴, 𝐸𝑎, 𝑓(𝛼)𝑜𝑟 𝑔(𝛼)] [3]. 

• Isoconversional/Model-free Kinetics 

            According to ICTAC kinetic recommendation [15], Isoconversional kinetics analysis 

not only describes the evaluation of kinetic triplets at a constant extent of conversion but 

also provides knowledge about the kinetic degradation stages. The reliability of such kinetic 

analysis uses multiple heating data. The equation (1) through isoconversional principle can 

be expanded in the form of the partial derivative as: 

[
𝜕 𝑙𝑛(

𝑑𝛼

𝑑𝑡
)

𝜕𝑇−1
]

𝛼

=   [
𝜕 𝑙𝑛 𝑘(𝑇)

𝜕𝑇−1
]

𝛼

+   [
𝜕 𝑙𝑛 𝑓(𝛼)

𝜕𝑇−1
]

𝛼

            (6) 

The index′𝛼′ , designates the constant extent of conversion at multiple heating rates. 

Differentiating and simplifying equation (6) at 𝛼 = 𝑐𝑜𝑛𝑠𝑡, the above expression yields 

[
𝜕 𝑙𝑛(

𝑑𝛼

𝑑𝑡
)

𝜕𝑇−1
] =   

−𝐸𝛼

𝑅
                   (7) 

Equation (7) represents the general expression for evaluating the various isoconversional 

activation energies and also the preexponential factor for multiple heating rates without 

assuming any reaction models.  

• Friedman isoconversional method 

            Friedman's isoconversional method is a differential method. The logarithm 

derivative of the equation (1) yields: 

𝑙𝑛 (
𝑑𝛼

𝑑𝑡
)

𝛼,𝑖
=

𝑙𝑛[𝑓(𝛼)𝐴𝛼]𝑅𝑇𝛼,𝑖 − 𝐸𝛼

𝑅𝑇𝛼,𝑖
= 𝑙𝑛[𝑓(𝛼)𝐴𝛼] −

𝐸𝛼

𝑅𝑇𝛼,𝑖
     (8) 
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For non-isothermal heating rate, defining 𝛽 =
𝑑𝑇

𝑑𝑡
= 𝐶𝑜𝑛𝑠𝑡, rearrangement of equation (8) 

becomes: 

𝑙𝑛 [𝛽𝑖 (
𝑑𝛼

𝑑𝑡
)

𝛼,𝑖
] = 𝑙𝑛[𝑓(𝛼)𝐴𝛼] −

𝐸𝛼

𝑅𝑇𝛼,𝑖
             (9) 

The subscript ′𝑖′𝑎𝑛𝑑 𝑇𝛼,𝑖 denotes the process at various temperature programme, and the 

temperature at which the extent of conversion is reached under 𝑖  𝑡ℎ temperature program.The 

linear plot of ln [𝛽𝑖 (
𝑑𝛼

𝑑𝑡
)

𝛼,𝑖
]   𝑉𝑠

1

𝑇𝛼,𝑖
 yields activation energy and preexponential factor 

𝐴 (𝑚𝑖𝑛−1) [36]. 

• Flynn-Wall-Ozawa method 

            Flynn, Wall, and Ozawa (FWO) is an integral method and it is based on Doyle 

approximation as [3]: 

𝑙𝑛(𝛽𝑖) = 𝐶𝑜𝑛𝑠𝑡 − 1.052 (
𝐸𝛼

𝑅𝑇𝛼
)  [𝐷𝑜𝑦𝑙𝑒 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑖𝑜𝑛]                   (10) 

Where, 𝛽𝑖  is the heating rate. A linear plot of 𝑙𝑛(𝛽𝑖)against the reciprocal temperature, yields 

isoconversional activation energy at the constant extent of conversion (α). 

• Kissinger-Akahira-Sunose method 

            This method uses an integral approximation to evaluate the kinetic parameters. Based 

on Coats-Redfern formulation, KAS derived the expression as [37]: 

ln (
𝛽

𝑇𝛼
2

) = ln (
𝐴𝛼𝑅

𝐸𝑎,𝛼𝑔(𝛼)
) −

𝐸𝑎,𝛼

𝑅𝑇𝛼
                                   (11) 

A linear plot ofln (
𝛽

𝑇𝛼
2) 𝑉𝑠

103

𝑇
 at the constant extent of conversion yields activation energies  

• Vyazovkin method (Advanced isoconversional method) 

            This method uses the integral expression of estimating activation energies as a 

function of temperature or time. Explicitly, this method is a non-linear isoconversional 
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method. For a series of TGA runs at different heating rates, the values of 𝐸𝛼 over 

𝛼 dependencies could be determined by minimizing the following equation [38]: 

Ф(𝐸𝛼) = ∑ ∑
𝐼(𝐸𝑎,𝛼,𝑇𝛼,𝑖)𝛽𝑗

𝐼(𝐸𝑎,𝛼,𝑇𝛼,𝑗)𝛽𝑗

𝑛

𝑗≠𝑖

𝑛

𝑖=1

                    (12)   

The temperature integral (12) can be deduced as: 

𝐼(𝐸𝛼,𝑇𝛼) = ∫ exp (
−𝐸𝛼

𝑅𝑇
) 𝑑𝑇

𝑇𝛼

0

             (13) 

The integral form of equation (13) can be solved numerically. Minimization is repeated for 

each set of 𝛼 to obtain the dependence of 𝐸𝛼 on 𝛼. The indexes ′𝛽′, ′𝑖′,′ 𝑗′ 𝑎𝑛𝑑 ′𝑛′in equation 

(13) represents the heating rates, a series of experimental runs performed under different 

heating rates, and the total number of experiments performed. In the present work, we have 

chosen a Senum–Yang fourth-degree approximation, where the expression 𝐼(𝐸𝛼𝑇𝛼) =

(
𝐸𝑎,𝛼

𝑅
) 𝑝(𝑥). The variable 𝑝(𝑥) on the right-side term represents the fourth-degree 

polynomial equation as: 

𝑝(𝑥) =
exp (−𝑥)

𝑥
.

𝑥3 + 18𝑥2 + 86𝑥 + 96

𝑥4 + 20𝑥3 + 120𝑥2 + 240𝑥 + 120
                    (14) 

The quantity ′𝑥′ denotes 
𝐸𝑎,𝛼

𝑅𝑇
 [39]. The numerical integration in the conversion range 𝛼 =

57.5 ± 32.5 was performed at the small temperature segments, which yields the effective 

𝐸𝑎,𝛼 values. 
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Table 5.1. Some important algebraic expressions used in the present study [40] 

Model 

no. 

Kinetic models f(α) g(α) 

 

1 

Nucleation 

Power law(P2) 

 

4𝛼3/4 

 

𝛼1/4 

2 Power law(P3) 3𝛼2/3 𝛼1/3 

3 Power law(P4) 2𝛼1/2 𝛼1/2 

4 Power law(P2/3) 2 3𝛼−1/2⁄  𝛼3/2 

5 Avrami-Erofeev(A2) 2(1 − 𝛼)[−𝑙𝑛(1 − 𝛼)]1/2   [−𝑙𝑛(1 − 𝛼)]1/2 

6 Avrami-Erofeev(A3) 3(1 − 𝛼)[−𝑙𝑛(1 − 𝛼)]2/3   [−𝑙𝑛(1 − 𝛼)]1/3 

7 Avrami-Erofeev(A4) 4(1 − 𝛼)[−𝑙𝑛(1 − 𝛼)]3/4   [−𝑙𝑛(1 − 𝛼)]1/4 

 

8 

Diffusion 

One-Dimensional Diffusion(D1) 

 

1 2𝛼⁄ −1
 

 

𝛼2 

9 Two-Dimensional Diffusion(D2) [−𝑙𝑛(1 − 𝛼)]−1 (1 − 𝛼)𝑙𝑛(1 − 𝛼)

+ 𝛼 

10 Three-Dimensional Diffusion(D3) 3 2(1 − 𝛼)⁄ 2/3
[1 − (1 − 𝛼)1/3]−1 [1 − (1 − 𝛼)1/3]2 

 

11 

Reaction-order model 

Mampel-first order (F1) 

 

1 − 𝛼 

 

−𝑙𝑛(1 − 𝛼) 

 

 

12 

Geometrical contraction models 

Contracting cylinder(R2) 

 

 

2(1 − 𝛼)1/2 

 

 

1 − (1 − 𝛼)1/2 

13 Contracting sphere(R3) 3(1 − 𝛼)2/3 1 − (1 − 𝛼)1/3 

 

• Kinetic reliability of master plot methods used for the determination of reaction 

models f(α) 

            The use of various isoconversional or model-free methods, even though 

calculates kinetic parameters non-isothermally at different heating rates. However, it 

does not explain reaction models. Therefore, it is important to make use of the Criado 

master plot method for the overall kinetic factors. The master plot kinetic method uses 

the integral form of estimating the reaction models f(α), if the activation energies of the 

process are previously known. Transformation of equation 1 and 5, the following 

expression can be obtained [41]: 

𝑍(𝛼)

𝑍(0.5)
=

𝑓(𝛼)𝑔(𝛼)

𝑓(0.5)𝑔(0.5)
= (

𝑇𝛼

𝑇0.5
)

2 ( 𝑑𝛼
𝑑𝑡⁄ )𝛼

(𝑑𝛼
𝑑𝑡⁄ )

0.5

                           (15)      
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Where 0.5 refers to the conversion at α=0.5 

The term
𝑓(𝛼)𝑔(𝛼)

𝑓(0.5)𝑔(0.5)
 can be defined as the reduced theoretical curve, whereas the right side of 

the term 
( 𝑑𝛼

𝑑𝑡⁄ )𝛼

(𝑑𝛼
𝑑𝑡⁄ )

0.5

 can be obtained from experimental values. Comparing both the term tells 

which kinetic model best describes the degradation process.  

• Determination of preexponential factor 𝑨 (min-1) from kinetic compensation effect 

(KCE) 

            Besides, the activation energies (Ea) and reaction models f(α) are known, the 

preexponential factor (𝐴) can be evaluated using a recommended equation called the kinetic 

compensation effect(𝐾𝐶𝐸). In recent days, most researchers have reported the 

preexponential factor subjected to only a single heating rate. Whereas, it applies to multi-

heating programme too. In the present study, the compensation effect has been calculated 

using the equation [42]: 

𝑙𝑛𝐴𝑖 =
𝐸𝑖

𝑅𝑇
+ 𝑙𝑛 [

(𝑑𝛼 𝑑𝑡)⁄

𝑓(𝛼)
]

𝑖

= 𝑎𝐸𝑖 + 𝑏                                (16)  

Equation (16) takes the form of equation (1). The variables ′𝑎′ and ′𝑏′ represent the 

compensation parameters, and once the compensation parameters are known,𝐸𝑖 and 𝐴𝑖pairs 

(from equation 16) can be estimated using isoconversional model-free fitting methods for 

each 𝑖𝑡ℎ reaction models𝑓(𝛼).Therefore, 𝑙𝑛𝐴𝑖 can be evaluated as: 

𝑙𝑛𝐴𝑖 = 𝑎 𝐸𝑖 + 𝑏                 (17) 

• Mathematical deconvolution analysis (𝑴𝑫𝑨) 

            The thermal decomposition reactions in most solids are, in fact, a complex process. 

Likewise, layered double hydroxides (LDHs) in general do have degradation reactions that 
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cannot be described by a single-stage reaction. For this reason, mathematical deconvolution 

studies have been conducted using the Gaussian, Weibull, and FraserSuzuki multi-peak 

analysis [43]. According to ICTAC recommendation [15], a series of independent reactions 

occurring for more than one stage or individual stages under the defined reaction rate can be 

explicitly expressed as: 

𝑑𝛼

𝑑𝑡
= ∑

𝑑𝛼𝑖

𝑑𝑡

𝑁

𝑖=1

= ∑ 𝛾𝑖𝐴𝑖exp (−
𝐸𝛼𝑖

𝑅𝑇

𝑁

𝑖=1

) 𝑓(𝛼𝑖)                    (18) 

The letter ′𝑁′ denotes the number of overlapped Ni-Co LDH peaks called 

pseudocomponents, 𝑓(𝛼𝑖) denotes physico-geometrical reaction models of the 

pseudocomponent peaks, and 𝛾𝑖 represents the contribution of 𝑖𝑡ℎ pseudocomponent to the 

overall mass loss. Similarly, the deconvolution procedures for the presence of overlapping 

peaks can be deduced with the help of: 

𝑦 = 𝑎𝑜 exp [−
1

2
(

𝑥−𝑎1

𝑎2
)

2

]                                       (19) 

The variables 𝑦𝑜, 𝑎𝑜 , 𝑎1&𝑎2 represent the initial value of the Gaussian distribution function 

at 𝑥 = 0, the height of the peak or amplitude, center, and width of the curve.  

The Weibull function can be expressed as: 

𝑦 = 𝑎𝑜 (
𝑎3 − 1

𝑎3
)

(1−𝑎3)

𝑎3
(

𝑥 − 𝑎1

𝑎2
+ (

𝑎3 − 1

𝑎3
)

1

𝑎3
)

𝑎3−1

 

exp [− (
𝑥−𝑎1

𝑎2
+ (

𝑎3−1

𝑎3
)

1

𝑎3)

𝑎3

+ 
𝑎3−1

𝑎3
]        (20) 

The variables 𝑎0, 𝑎1, 𝑎2&𝑎3 represent the amplitude, center, width & shape of the curves. 

The FraserSuzuki formulation can be expressed as: 

𝑦 = 𝑎𝑜 exp [− 𝑙𝑛 2 [
𝑙𝑛(1+2𝑎3

𝑥−𝑎1
𝑎2

)

𝑎3
]

2

]            (21) 



 

Chapter 5                                Thermokinetic investigation of the mesoporous Ni-Co LDH 
 
 
 

152 
 

Where, 𝑎0, 𝑎1, 𝑎2& 𝑎3are the amplitude, position, half-width and asymmetry of the curve, 

respectively. 

Fityk multi-peak fitting program was used in the present study for deconvoluted peaks 

simulation. 

5.3. Result and Discussion 

5.3.1. Powder XRD study of mesoporous Ni-Co LDH 

The diffractogram profile of the mesoporous Ni-Co LDH is shown in Fig.5.1 (a) and (b) 

degraded product. It can be seen that the synthesized compound showed the formation of 

well-hydrolyzed nickel and cobalt hydroxide phases similar to the reported structure 

(JCPDS:00-040-0216) [44]. The most prominent peak obtained at around θ = 11.56o 

corresponds to the formation of α-Co(OH)3 phase, diffracted at (003) plane. Similarly, the 

alternate peaks were obtained in each 2θ interval at θ=23.12o, 34.94o, 37.62o, 39.38o, 59.3o& 

60. 84o, relate to the co-existence of di- and trivalent Ni or Co hydroxides, represented by 

(006), (012), (104), (015), (018), & (110) planes [31].  

             Fig.5.1(b) shows the formation of nickel cobalt oxide spinel using β=5 oC.min-1 

degraded product. The purpose of the thermal degraded product in the study is to observe 

the formation of the metal oxide spinel phase after the complete pyrolysis reactions. The 

diffraction peaks obtained at 19.37oC and 39.17o C correspond to (111) and (222) lattice 

planes [45]. 
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      Figure 5.1. Powder diffraction pattern: (a) mesoporous Ni-Co LDH and (b) NiCo2O4 

spinel ( β= 5 oC/min degraded product) 

 

5.3.2. Thermal degradation profile of Ni-Co LDH and effect of heating rates 

 

 

Figure 5.2. Schematic diagram showing the Ni-Co LDH pyrolysis stages 

            The Ni-Co LDH thermal degradation curves are shown in Fig.5.3(a). It was observed 

that the Ni-Co LDH thermal behavior shows a general degradation pattern of the frequently 
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occurring LDHs [46]. The heating curves were obtained at four different heating rates viz, 

β=5, 10, 15, & 20 oC.min-1, respectively. It can be noticed from Fig.5.3(a) and 5.3(b) that the 

rise in heating rates to maximum produces consistent weight loss curves i.e. independent of 

heating rates (β), except for the increase in heating rate, resulting in a fast degradation in the 

lower temperature region. This contribution for the fast degradation at higher heating rates 

is due to the thermal gradient which results with decrease in mass loss rate and also 

associated with greater residual mass [24]. In fact, the maximum increase in the β would 

yield a relatively larger/lower weight loss percent but since the degradation stages follow the 

same order (curves), and the amount of mass loss (%) differs by only 0.01 or 0.02 %. Hence, 

it is independent of heating rates for mass loss [23]. Apparently, it can be also be seen that 

the change or increase in heating rates (β) cause a slight shift in the Ni-Co LDH degradation 

curves to lower temperature region. Thus, the change in heating rates greatly impacts sample 

degradation [47]. 

            The Ni-Co LDH degradation curves exhibit three major stages (mass loss). However, 

due to the presence of feebly adsorbed water molecules, gases, or moisture on the LDH 

surface, the temperature range from 50-198oC (usually first weight loss) was excluded in the 

present study. Alternatively, the second and third stages indicate the actual degradation 

reactions that can be described by the reaction models 𝑓(𝛼)[19]. The second degradation in 

the temperature range 198-354 oC represents substantial mass losses (69%), indicating the 

dehydroxylation and complete removal of weakly bonded anions (OH or H2O) in the host 

Ni-Co LDH layers. 
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(a)                                                                    (b) 

 

 

 

 

 

 

 

Figure 5.3. Showing (a) TGA-DTG thermal degradation pattern of mesoporous Ni-Co 

LDH(mass loss) at four different heating rates viz. 𝛽1, 𝛽2, 𝛽3, 𝛽4 = 5, 10, 15, 20𝑜𝐶/𝑚𝑖𝑛𝑠 , (b) 

Conversion graph at four different heating rates 

 

            Similarly, the temperature range from 354-425oC (16 % mass loss) implies the 

degradation of the main Ni-Co LDH layers. This final stage involves the thermal conversion 

of bimetallic hydroxide layers into di- and trivalent oxide phases or spinels. The mass loss 

of 4.4% is the amount of residue that remains after the complete breakdown of the sample 

during the pyrolysis process. 

5.3.3. Experimental and theoretical Isoconversional kinetics calculation and evaluation 

of activation energies 

            To determine the reliability in producing the effective activation energies, the 

numerical integration of the data sets of the models were iterated, which was considered in 

the isoconversion range from 𝛼 = 57.5 ± 32.5. Fundamentally, the data obtained from 

different models were compared experimentally and computationally to increase the 

accuracy in evaluating the effective activation energies for Ni-Co LDH degradation. Fig.5. 
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4(a), (b), (c), and (d) show the experimental plots of various isoconversional methods. It can 

be seen that the methods produce variations in the plots as the conversion range increases. 

            The computation of effective activation energies (EAE) obtained from various 

methods is shown in Table 5.2. From Fig.5.5(a) and Table 5.3, It has been observed that the 

activation energies calculated from the experimental data at the constant extent of conversion 

were similar to the simulated data (Table 5.2). The series of activation energies obtained 

under the conversion range from 𝛼 = 0.25 − 0.5 show invariant 𝐸𝑎  values (Fig.5.5 a & 

b).However, the latter conversion range from 𝛼 = 55 − 90 produced inconsistency in Ea 

values and was found to differ by 9 to 10 % variations, which proved the mesoporous Ni-Co 

LDH degradation reactions  undergo a kinetically complex process. Subsequently, the 

activation energies decrease within the conversion range 𝛼 = 0.8 − 0.9 𝑑𝑒𝑔𝑟𝑒𝑒𝑠. 

Table 5.2. Computation of activation energies obtained by Friedman, Kissinger-Akahira-

Sunose, Flynn-Wall-Ozawa &Vyazovkin methods 

Sample Methods Ea( KJmol-1) Log10A/min Conversion  

Range (%) 

R2 

Ni-Co LDH KAS 121 ± 27 1.16 ± 0.09 α= 57.5 ± 32.5 0.99481 

 Friedman 133 ± 35 1.14 ± 0.06 α= 57.5 ± 32.5 0.99965 

 FWO 120 ± 32 1.17 ± 0.01 α= 57.5 ± 32.5 0.99562 

 Vyazovkin 132 ± 26 1.2 ± 0.01 α= 57.5 ± 32.5 0.99984 

 

Fundamentally, it is observed that the Friedman and non-linear Vyazovkin produce a 

consistent trend in activation energy curves with a correlation coefficient comparatively 

higher than those of KAS and FWO (Table 5.3). Moreover, the theoretical simulation agrees 

with the experimental results. As mentioned, the series of activation energies undergo a 

variation at higher conversion ranges. These variations in Ea values, in fact, produce the 

number of stages or transitions, which are labeled as E1, E2, E3, E4, and E5 (Fig.5.5b). 
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Hence, the thermal decomposition reactions of Ni-Co LDH is governed by a number of 

multi-stage reactions. 

(a)                                                                      (b) 

 

 

 

 

 

 

(c)                                                                       (d) 

 

 

 

 

 

 

 

Figure 5.4. Isoconversional kinetic plots: (a) Kissanger-Akahira-Sunose, (b) 

Friedman, (c) Flynn-Wall-Ozawa, and (d) Vyazovkin 

 



 

Chapter 5                                Thermokinetic investigation of the mesoporous Ni-Co LDH 
 
 
 

158 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a

b
le

 5
.3

. 
E

x
p
e

ri
m

e
n

ta
l 
c
a

lc
u

la
ti
o

n
 o

f 
a

c
ti
v
a

ti
o

n
 e

n
e

rg
ie

s
 (

E
a

) 
o

b
ta

in
e

d
 b

y
 i
s
o
c
o
n

v
e

rs
io

n
a

l 

m
e

th
o
d

s
 

K
is

si
n

g
er

-A
k

a
h

ir
a
-

S
u

n
o
se

(K
A

S
) 

m
et

h
o
d

 

F
ri

ed
m

a
n

 

M
et

h
o
d

 

F
ly

n
n

-W
a
ll

-O
za

w
a
 

(F
W

O
) 

m
et

h
o
d

 

  

V
y
a
zo

v
k

in
 

m
et

h
o
d

 

H
ea

ti
n
g
 r

a
te

s(
β
)=

 5
, 

1
0
, 

1
5
, 

2
0
 o

C
.m

in
-1

, 
R

a
n
g
e(

α
)=

5
7
.5

±
 3

2
.5

 

α
  
  
  
  
  
  

 

E
a
(k

J
.m

o
l-

1
) 

R
2
 

α
  
  
  
  
  
  

 

E
a
(k

J
.m

o
l-

1
) 

R
2
 

α
  
  
  
  
  
  

 

E
a
(k

J
.m

o
l-

1
) 

R
2
 

α
  
  
  
  
  
  

 

E
a
(k

J
.m

o
l-

1
) 

R
2
 

0
.2

5
  
  

 9
2
.9

2
 

0
.5

7
2

 
0
.2

5
 

1
0
4
.1

4
 

0
.7

0
4

 
0
.2

5
 

9
8
.1

8
  
  
  
  

0
.6

4
0
 

0
.2

5
  

 1
1
6
.0

3
 

0
.7

5
8

 

0
.3

0
 

8
9
.0

6
  
  
  

0
.5

9
8

 
0
.3

0
 

1
0
1
.6

1
 

0
.7

1
5

 
0
.3

 
9
2
.1

5
  
  
  

 
0
.6

6
2
 

0
.3

 
 1

0
8
.1

1
 

0
.7

4
4

 

0
.3

5
 

8
5
.2

 
0
.6

1
0

 
0
.3

5
 

9
7
.0

2
 

0
.6

9
7

 
0
.3

5
 

8
8
.8

9
  
  
  
  

0
.6

7
2
 

0
.3

5
  

 
1
0
8
.0

8
  
  
  

 
0
.7

7
2

 

0
.4

0
  

 
9
4
.0

2
  
  
  

0
.6

2
8

 
0
.4

 
1
1
0
.3

7
 

0
.6

9
1

 
0
.4

 
9
7
.6

 
0
.6

8
5
 

0
.4

  
  
  
  1

1
8
.2

5
  
  
  
  

 
0
.6

9
6

 

0
.4

5
 

1
1
2
.1

2
 

0
.6

9
4

 
0
.4

5
 

1
2
1
.2

8
 

0
.7

6
2

 
0
.4

5
 

1
1
6
.7

8
 

0
.7

3
6
 

0
.4

5
  
  

 1
2
8
.0

9
  
  
  

 
0
.7

3
5

 

0
.5

 
1
2
4
.1

6
  

0
.7

2
8
 

0
.5

 
1
3
9
.6

 
0
.8

1
6
 

0
.5

 
1
3
2
.3

7
  
  

 
0
.7

6
1
 

0
.5

  
  
 

1
3
7
.1

8
  
  
  
  

0
.8

5
4
 

0
.5

5
 

1
3
5
.3

1
 

0
.7

3
3

 
0
.5

5
 

1
4
8
.9

3
 

0
.8

2
0

 
0
.5

5
 

1
4
1
.4

5
  
  

 
0
.7

6
5
 

0
.5

5
 

1
4
5
.1

1
 

0
.8

3
8

 

0
.6

 
1
2
8
.0

8
 

0
.7

1
3

 
0
.6

 
1
4
6
.4

6
 

0
.8

2
4

 
0
.6

 
1
3
8
.0

4
 

0
.7

5
2
 

0
.6

  
 

1
3
9
.0

5
 

0
.8

8
1

 

0
.6

5
 

1
3
2
.2

2
 

0
.6

4
3

 
0
.6

5
 

1
5
2
.1

5
 

0
.7

9
9

 
0
.6

5
 

1
3
7
.9

6
 

0
.6

9
9
 

0
.6

5
  

1
4
2
.7

1
 

0
.7

8
8

 

0
.7

 
1
4
6
.2

6
  
  

0
.6

5
3

 
0
.7

 
1
6
2
.2

3
 

0
.8

0
1

 
0
.7

 
1
4
9
.2

9
 

0
.7

0
9
 

0
.7

  
 

1
5
2
.3

 
0
.8

1
6

 

0
.7

5
 

1
5
7
.0

7
 

0
.6

7
9

 
0
.7

5
 

1
6
9
.3

6
 

0
.8

1
8

 
0
.7

5
 

1
5
2
.5

2
 

0
.7

2
9
 

0
.7

5
  

1
5
8
.0

4
 

0
.8

7
3

 

0
.8

 
1
5
1
.0

4
  
 

0
.4

6
1
 

0
.8

 
1
5
6
.0

5
 

0
.6

9
8
 

0
.8

 
1
4
4
.1

3
 

0
.5

7
6
 

0
.8

  
1
5
0
.4

8
 

0
.7

5
9
 

0
.8

5
 

1
4
1
.1

5
 

0
.9

3
1

 
0
.8

5
 

1
5
0
.4

 
0
.9

7
1

 
0
.8

5
 

1
3
5
.5

  
  
  

0
.8

6
3
 

0
.8

5
 

1
4
7
.4

4
 

0
.9

6
8

 

0
.9

 
1
3
8
.3

7
 

0
.9

4
6

 
0
.9

 
1
4
6
.4

1
 

0
.9

4
2

 
0
.9

 
1
3
2
.2

7
 

0
.8

8
6
 

0
.9

 
1
4
1
.2

7
 

0
.9

5
7

 

A
v
er

ag
e 

(E
a)

: 
1
2
3
.3

5
5
7
 

 

A
v
er

ag
e(

E
a)

: 
1
3
6
.1

4
3
6
 

 

A
v
er

ag
e(

E
a)

:1
2
5
.5

0
9
3
 

 

A
v
er

ag
e(

E
a)

: 
 1

3
5
.1

5
2
9
 

 

 



 

Chapter 5                                Thermokinetic investigation of the mesoporous Ni-Co LDH 
 
 
 

159 
 

(a)                                                                                      (b) 

 

 

 

 

 

 

                                                             

Figure 5.5. Activation energies obtained: (a) Experimental and (b) Simulation using 

equation (12) 

5.3.4. Determination of preexponential factors A(min−1) from kinetic compensation 

effect 

            In the present study, the reliability in determining the compensation parameters a and 

b were estimated using the Friedman isoconversional method (Table 5.4) into equation (16) 

w.r.t different reaction models (Table 5.1). Fig.5.6(b) represents the kinetic plot of 

preexponential factors obtained at 5 oC.min-1. The heating rates of 10, 15, and 20 oC.min-1 

were not shown since the data points obtained produced a similar plot result. It is seen that 

the preexponential factors of all the used models produce a strong compensation correlation 

(R2= ˃0.995), which yields a straight line in the isoconversion range of 57.5 ± 32.5. 

Moreover, Table 5.5 shows that the Ea (kJ.mol-1) and logA(min-1) pair produce a close 

uniformity despite it might undergo fluctuation in activation energies. These fluctuations 

differ by 8 to 10%, which confirms that the process is a multi-stage one. According to 

S.Vyazovkin and N. Sbirrazzuoli ICTAC recommendation [15,43], the determination of the 

preexponential factor is the one that yields a straight line irrespective of deviations caused 
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by Ei or Ai pairs and or single-stage or multi-stage kinetic models. Moreover, the closeness 

in the compensation correlation was found to be much higher in nucleation models viz 

Avrami-Erofeev and power law models followed by diffusion models. 

             In conclusion, these observations made in the present study would give a good 

estimate of preexponential factors for Ni-Co LDH degradation studies. 

Table 5.4. Comparisons of compensation parameters at different heating rates using the 

Friedmanisoconversional method 

Heating rates a b R2 

5 oC.min-1 0.285 ± 0.081 1.197 ± 0.035 0.9995 

10 oC.min-1 0.271 ± 0.087 1.199 ± 0.033 0.9992 

15 oC.min-1 0.253 ± 0.085 1.195 ± 0.03 0.9997 

20 oC.min-1 0.224 ± 0.082 1.191 ±0.034 0.9994 

 

Table 5.5. Evaluation of preexponential factors logA (min-1) obtained using equation (16) 

for different models (Table 5.1 models) 

Models Ea(kJ.mol-1) Error 

 Ea (kJ.mol-1) 

Log(A/min) 

P2 92.57 2.92×10-4 18.3 

P3 113.85 4.46×10-4 31.77 

P4 121.51 4.33×10-4 36.11 

P2/3 165.01 2.30×10-4 65.01 

A2 99.83 3.20×10-4 22.64 

A3 149.39 3.27×10-4 54.16 

A4 160.08 2.10×10-4 61.28 

D1 87.74 4.30×10-4 13.85 

D2 139.48 6.12×10-4 48.06 

D3 163.18 5.50×10-4 68.03 

F1 107.25 7.78×10-4 27.43 

R2 79.33 6.99×10-4 8.14 

R3 130.02 9.47×10-4 40.88 
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5.3.5. Master plot determination of kinetic models f(α) 

(a)                                                                     (b) 

 

 

 

 

 

                                                                                    

 

Figure 5.6. (a) master plot representing reaction models, (b) Preexponential factor using 

KCE 

            Once the two kinetic parameters   i.e. 𝐸𝑎,𝛼  𝑎𝑛𝑑 𝑙𝑛𝐴𝛼  are known, it is important to 

determine the kinetic models 𝑓(𝛼) affecting the overall Ni-Co LDH degradation process 

(Fig.5.6a). From the isoconversional kinetic master plot of  
𝑍(𝛼)

𝑍(0.5)
Vs 𝛼, the experimental 

graph overlaps the reduced theoretical curve in the isoconversion range 𝛼 = 37.5 ± 12.5 , 

which was found to be governed by the 𝑃2 power-law model. It is known that thermal 

degradation reactions undergo a complex process when the experimental graph overlaps the 

reduced theoretical curve above 𝛼 = 0.5 conversion degree [48]. Therefore, the thermal 

degradation reactions of Ni-Co LDH is controlled by a multiple reaction model. From the 

mass loss conversion graph shown in Fig.5.3(a), the thermo-kinetic degradation curve of Ni-

Co LDH shows a typical sigmoidal shape that agrees with those of the reported literature 

[3]. Subsequently, the latter conversion segments in the region 72.5 ± 17.5 undergo 

degradation process controlled by Avrami−Erofeev(A2) model. These two models represent 

the degradation process dominated by the nucleation models [42]. 
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5.3.6. Mathematical deconvolution analysis of overlapped Ni-Co LDH peaks and 

kinetics of pseudocomponents 

            In the present study, three MDA simulation functions, viz. Gaussian, Weibull, and 

FraserSuzuki were used in the present study to understand the overlapping of the degradation 

kinetic curves of mesoporous Ni-Co LDH. The deconvolution or presence of additional 

peaks called 'pseudocomponents' labeled as P1, P2, P3, P4, and P5 with the residual peaks 

are shown in Fig.5.7 and 5.8 at different heating rates. The short-dashed dot in the figures 

represents the experimental curves. It can be seen in Fig.5.7 that the fitting parameters in 

terms of peak position, amplitude, and width of the curves are well fitted in Weibull and 

FraserSuzuki than in the Gaussian model. These proved that either Weibull or FS function 

could be reliably used as a well-fitting asymmetric model in the study of thermal degradation 

of the mesoporous Ni-Co LDH. However, since the correlation coefficient of FS lies almost 

equal to 1.00 compared to Weibull, which lies between 0.9995-0.9997, the increase in the 

correlation factors (R2) follows as FS>Weibull>Gaussian. Therefore, we considered the FS 

function the accurate model in the present study. The stronger the correlation, the better 

would be the fitting model. 

            Furthermore, Fig.5.8 represents the deconvolution of overlapped Ni-Co LDH peaks 

using a FraserSuzuki simulation function. It can be noticed that the experimental 

𝑑𝛼
𝑑𝑡 ⁄ reaction rates of Ni-Co LDH are controlled by the presence of additional peaks, which 

gives the degradation characteristics of the Ni-Co LDH. In the present study, the presence 

of pseudocomponents for the overall Ni-Co LDH degradation range was assumed under the 

following conditions: (a)The temperature range from 323- 471 K was considered unreliable 

or inaccurate in the present study since it involves the escape of weakly adsorbed 

gases/moistures in the LDH surface; (b) each pseudocomponents denoted as P1, P2, P3, P4, 
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and P5 represent a series of degradation w.r.t temperature; (c)  The peak index as P1, P2 and 

P3 fall in the second degradation stage; whereas, P4 and P5 fall in the third degradation 

stage; (d) the second stage corresponds to the complete removal of interlayer anions followed 

by dehydroxylation; (e) third stage represents the degradation of metal hydroxide layers. 

From Fig.5.8 (a),(b) and Table 5.6 i.e. 𝛽 = 5, 10 𝑜𝐶. 𝑚𝑖𝑛−1, the presence of 

pseudocomponents occurs slightly at a higher temperature than those of 𝛽 = 15,

20 𝑜𝐶. 𝑚𝑖𝑛−1 as the pyrolysis temperature increases slowly, which results in slow Ni-Co 

LDH degradations. Moreover, it has been observed that the mass loss for 𝛽 =

 5 𝑜𝐶. 𝑚𝑖𝑛−1, in the temperature range of 536-727K (usually second stage;exp Tm = 677 K) 

undergoes three sub-degradation stages designated as P1, P2, and P3, respectively. 

Subsequently, the third degradation stage in the temperature range727-803 K undergoes two 

sub-degradations labeled P4 and P5 (exp Tm=767 K). Similarly, for 𝛽 = 10 𝑜𝐶. 𝑚𝑖𝑛−1, the 

second stage in the temperature range 536-716 K (exp Tm=665 K), and the third stage in the 

range 716-779K(expTm=748). 
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(a)                                                                    (b) 

 

 

 

 

 

 

 

                (c)    

                                    

 

 

 

 

 

 

Figure 5.7. Comparison of MDA simulations of (a) Gaussian, (b) Weibull, and (c) 

FraserSuzuki curves 

 

            Moreover, similar transitions were observed for 𝛽 = 15,

20 𝑜𝐶. 𝑚𝑖𝑛−1, respectively. The heating rate of 𝛽 = 15 𝑜𝐶. 𝑚𝑖𝑛−1, the experimental peak 

obtained at 652 K in the temperature range 529-710 K has three sub-degradation stages and 

the third degradation stage, 710-780 K (expTm=741 K). Furthermore, the temperature range 

for 𝛽 = 20 𝑜𝐶. 𝑚𝑖𝑛−1, second stage from 527-699 K (exp Tm=656 K), and the third from 

699-766 K (Tm=744 K). 
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(a)                                                                     (b) 

 

 

 

 

 

 

 

(c)                                                                        (d) 

 

 

 

 

 

 

 

Figure 5.8.  Deconvolution of overlapped Ni-Co LDH multi peaks at different heating rates, 

using Fraser-Suzuki function: (a) 5 oC.min-1, (b) 10 oC.min-1, (c) 15 oC.min-1, and (d) 20 

oC.min-1. 

            Furthermore, to understand the role of pseudocomponents parameters during Ni-Co 

LDH degradation, it is important to calculate the activation energies obtained at each 

conversion with the change in temperature. Fig. 5.5 (a) and (b) represent the activation 

energies obtained from experimental and simulation results. As discussed, since Friedman 

and non-linear Vyazovkin produced consistent trends in Ea values, further studies were 

validated using these two methods. Apparently, it is shown in Fig.5.8 and Table 5.6 that the 

overall pseudocomponents (P1, P2, P3, P4, and P5, respectively) with the heating rates of 
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β= 5, 10, 15, 20 oC.min-1 from the conversion range from α= 0.25-0.75 undergoes three stage 

degradation and the activation energies of pseudocomponents denoted as P1, P2 and P3 w.r.t 

temperature integral were obtained as P1 (103.05-106.92 kJ.mol-1), P2 (107.23-119.41 

kJ.mol-1), P3(121.51-168.3 kJ.mol-1). Also, the pseudo peaks denoted as P4 (168.3-165.78 

kJ.mol-1) and P5 (165.78-145.68 kJ.mol-1).  

Table 5.6. MDA simulation of FraserSuzuki multi-peak analysis 

FraserSuzuki Peak 

indexed 

Peak 

tempera

ture 

(Tmax) 

Standard 

error 

 

RSS 

Reduced 

Chi- Sqrt 

(ꭓ2) 

Degrees 

of 

freedom 

R2 

β= 5 oC.min-1, exp 

Tm= 677 (second 

stage), and exp 

Tm= 767 (third 

stage) 

P1 598 0.1950  

 

0.0283 

 

 

1.403E-5 

 

 

4441 

 

 

0.9998 

P2 629 0.0863 

P3 677 0.0645 

P4 752 0.0431 

P5 764 0.0562 

β= 10 oC.min-1, 

exp Tm= 665 

(second stage), 

and exp Tm= 748 

(third stage) 

P1 585 0.0963  

 

0.0229 

 

 

1.306E-5 

 

 

 

4874 

 

 

0.9999 

P2 614 0.0677 

P3 664 0.0328 

P4 727 0.0735 

P5 748 0.0851 

β= 15 oC.min-1, 

exp Tm= 652 

(second stage), 

and exp Tm= 741 

(third stage) 

P1 577 0.0337  

 

0.0317 

 

 

1.316E-5 

 

 

4389 

 

 

0.9998 

P2 605 0.0492 

P3 651 0.0257 

P4 723 0.0426 

P5 735 0.0538 

β= 20 oC.min-

1,exp Tm= 

656(second 

stage), and exp 

Tm= 744 (third 

stage) 

P1 576 0.0533  

 

0.0273 

 

 

1.513E-5 

 

 

4677 

 

 

 

0.9998 

P2 605 0.0588 

P3 656 0.0252 

P4 734 0.0731 

P5 736 0.0483 

 

Moreover, it has been observed that the maximum activation energies for the second stage 

were observed in P3, which involves the complete degradation of the interlayer hydroxyl 

domain, causing the change in Ni-Co LDH crystal symmetry. Similarly, the 

pseudocomponents for third stage degradation, which affects the entire crystal orientation, 

corresponding to the degradation of main hydroxide layers i.e., metals bonded to double 



 

Chapter 5                                Thermokinetic investigation of the mesoporous Ni-Co LDH 
 
 
 

167 
 

hydroxide M(OH)2 start at 168.3-165.78 kJ.mol-1 and start decreasing at P4 with the increase 

in conversion degrees. In summary, it is further validated that the variation in activation 

energies differs by 8 to 10%, which confirms that the process is a kinetically complex 

reaction as approved by the experimental calculation. As a result, it can be stated that the 

pseudocomponents w.r.t heating rates, as well as conversion degrees, follow the degradation 

order as P3>P1>P2 for the second stage and P4>P5 for the third stage. The overall 

degradation order follows as P3>P1 or P4>P2>P5. The greater the pseudocomponents, the 

slower the degradation. Last but not least, when the heating rate increases, the conversion 

curves of Ni-Co LDH shift slightly to the lower temperature range (Fig.5.3b). As a result, 

the Ni-Co LDH undergoes a fast degradation process.  

5.4. Conclusion 

Using the recently synthesized mesoporous Ni-Co LDH, the present study thoroughly 

investigates how a commonly known Ni-Co LDH exhibits a thermal degradation 

characteristic described by well-known kinetic models. The evaluation of effective 

activation energies obtained from various isoconversional methods showed that the overall 

activation energies required to describe the Ni-Co LDH were best described by either 

Friedman or non-linear Vyazovkin methods. Also, the estimation of a preexponential factor 

of Ni-Co LDH degradation showed that the activation energies (𝐸𝑎) produces a strong linear 

kinetic compensation effect. Moreover, the experimental and theoretical study revealed that 

the thermal degradation process of the synthesized mesoporous Ni-Co LDH shows 

degradation reactions that undergo a process strongly dominated by nucleation models 𝑓(𝛼). 

             From the study point of view, we concluded that thermal characterization of Ni-Co 

LDH in special reference to kinetic models describing the process is particularly important 

for understanding the reaction models. The importance of the study doesn't confine only for 
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obtaining the kinetic triplets but also the basic knowledge of how a material undergoes a 

transformation, producing thermally transformed di or trivalent metal oxides. Consequently, 

the M(II) or M(III) LDH oxides produced could be useful for studying applications like solid 

oxide-based catalysts, temperature dependence electrochemical reactions, ion-exchange 

reactions, surface adsorption, etc., for other LDHs and Ni-Co LDH in particular. 
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CHAPTER 6 

Summary and conclusion 
 

This chapter presents an overview of the LDHs summary and conclusion. The 

general scope of the work in terms of current research applications are discussed. 
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            In summary, it can be said that LDHs are well-known nanostructured inorganic 

layered solids that makeup one of the most well-known polytype families. Moreover, the 

term ‘LDHs’ are frequently used as a substitute name to describe any layered materials, 

such as anionic clays or brucite minerals. The inherent unique properties of the LDHs are 

that the host metallic layers of the metal hydroxide sheets are composed of positively 

charged ions with interlayer ions in between them. These interlayer ions are exchangeable 

in nature and are connected by weak hydrogen, covalent, or Van der Waals interactions. It 

is well known that LDHs, because of their versatility, flexibility, and tunability, make the 

material a potential precursor for the study of various chemical applications including 

environmental chemistry, photochemistry, catalysis, electrochemistry, medicine, 

intercalation, antibacterial, thermal, biochemistry, sensors, fuel cells, etc. Besides, due to 

their versatility, LDHs exhibit remarkable properties such as high ion-exchange, optical, 

catalytic oxidation or reduction, memory effect, etc. The advantages of LDHs, which 

distinguish them from other materials, are that they are facile to prepare, cost-efficient, 

generally inexpensive, and less toxic than most hazardous compounds. Therefore, such 

materials can be potential precursors in advanced nanoscience and material chemistry 

applications.  

Furthermore, the current studies emphasize evaluating the functional properties of 

some of the selected LDHs in terms of their practical applications like adsorption, 

intercalation, thermokinetic, and antimicrobial. Moreover, the synthesized LDHs 

compound can be further used for the study of several nano or material science 

applications like catalyst precursors, supercapacitors, drug carriers, computational 

modeling and docking mechanisms, classical mechanics, quantum computation, enhanced 

water splitting, fuel cells, superconductors, sensors, quantum dots, medicine etc. 
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6.1. Significant findings of the present research 

            Layered double hydroxides (LDHs) are multifunctional nanomaterials with broad 

applicability in nanoscience, clay science, and material science. In the current studies, 

some of the remarkable findings are listed below: 

• The present synthetic protocol using a non-aqueous “soft chemical” Sol-Gel route 

with ethanol and acetone mixture as “mild organic solvents” have successively 

been treated as an alternative green approach for synthesizing different LDHs. The 

advantage of the protocol is the inhibition/solubilization of CO2 gas (minimizes 

carbonate formation) or any other unwanted contaminants on the bimetallic LDHs 

matrix, which could avoid some drawbacks. Moreover, this method is considered 

economical and cost-effective due to the use of fewer solvents and prevents huge 

loss of solvents from evaporation. The unique feature of the present method is the 

control synthesis of particle size, and the LDHs synthesized using this method 

bears a diverse pores morphology and result in a crystalline LDHs phase. 

• The methodology is further enhanced using the metal acetylacetonates as our 

primary precursors. The superiority or advantage of using such precursors is that it 

is less toxic, volatile (acetyl group), and can be easily hydrolyzed at moderate 

temperature (65-95oC) in non-aqueous media compared to LDHs synthesized in the 

highly alkaline reaction/aqueous phase at the higher temperature. Also, unlike other 

precursors, there is a formation of acetylacetonate as a by-product, which can be 

easily separated from filtration and low-temperature distillation. 

• The adsorption application study of the mesoporous Ni-Co LDH towards 2,4-

dinitrophenol removal revealed that the LDHs are known to be potential adsorbents 

against various organic or inorganic species. The fascinating property of LDH 

materials is that they can be regenerated or reused to improve the better adsorption 
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cycles. The adsorption properties of LDHs can be enhanced by producing a porous 

structure. Calcination or intercalation of guest molecules/ions could help improve 

the adsorption properties of LDHs. 

• The antibacterial inhibition study of the Co(II)-Co(III) LDH and its intercalated 

organic LDH nanohybrid (C5H8O2@LDH) showed that the LDHs are well known 

to possess bactericidal properties due to the nature of antimicrobial metallic 

elements, nanoparticles size and synergistic effects. The better inhibition properties 

against the microbial species can be observed with the intercalated LDH 

nanohybrids. 

• The thermokinetic investigation of the mesoporous Ni-Co LDH showed that the 

thermal degradation stages/pathway of LDHs are indeed described by the presence 

of individual peaks, called the "pseudocomponents”. Hence, it undergoes a 

kinetically complex process. Moreover, the reliability in determining the thermal 

degradation mechanisms/reactions of LDHs can be increased using non-isothermal 

TGA/DSC data rather than single isothermal heating data due to flexibility in the 

temperature range. Basically, one should use isoconversional models/models-free 

kinetics as fundamental approaches for determining reaction mechanisms or kinetic 

parameters. 

6.2. Future scope of studies 

            The present studies further extend the usefulness of compounds like intercalation 

and crystallography applications. 

6.2.1. Intercalation chemistry of a novel Co(II)-Co(III) LDH and Ac@ Co(II)-Co(III) 

LDH nanohybrid 

            The term “intercalation” means grafting guest ions or molecules into LDHs 

structure. It is known that intercalation chemistry plays an important role in the ion-
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exchange mechanisms. In the current context, the efforts to make the inorganic-organic 

hybrid are at the pace of developing a new hybrid LDHs nanocomposite and using these to 

understand the various chemical applications in advanced nanomaterials science. 

Essentially, it is noteworthy to mention that the development of new hybrid functionalized 

LDH materials by the intercalation reactions dramatically influences the electronic, optical, 

thermal, water-splitting, catalytic, and ion-exchange properties of the host LDHs molecule 

and so on. Nowadays, intercalation chemistry plays a vital role in the delamination or 

exfoliation of LDHs layer. In such a situation, the introduction or grafting of guest 

molecules into LDHs matrix results in interposed polymer nanocomposite or delaminated 

structure. The delamination chemistry is, in fact, a great engineering protocol for obtaining 

the exfoliated LDHs layer into a single exposed nanosheet. This helps in the synthesis of 

thin films and has a potential role in polymer chemistry, catalyst, supercapacitors, batteries 

etc. As aforementioned, LDHs, due to their flexibility or tunability nature and ion-

exchange role, a range of various possible ions (organic, inorganic ions or hybrid 

molecules), also including biomolecules (DNA, RNA, fats, lipids, carbohydrates, proteins, 

drugs) can be interleaved in the bimetallic hydroxide layers substantially. This is because 

LDHs have the ability to intercalate/adsorb most chemical species in the interlayer domain 

resulting in the intercalated complex. However, in some cases, there is a shape or size-

selective adsorption of some molecules based on the electrophile or nucleophilic affinity of 

the guest and the host molecule. There are various available techniques used in the 

characterization of intercalated LDHs complexes like in situ XRD measurements, nuclear 

magnetic resonance (NMR), Infrared spectroscopy (IR), photoelectron spectroscopy (XPS) 

etc. In the present study, intercalation studies were carried out to understand the guest-host 

interaction mechanism of the synthesized LDH compounds and their practical applications. 

Moreover, the present studies further extend how the intercalation of certain ions or 
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molecules affects the morphology of LDHs. Additionally, the so-called computational 

modeling or simulation studies would better help understand the intercalation mechanism. 

Unfortunately, due to some delay in modeling results, the data obtained has not been 

presented, and the studies are underway. 

6.2.2. Crystallography studies of a novel Co(II)-Co(III) LDH 

            Crystal structure solution is key for understanding simple or complex crystal 

systems. In solid-state physics (condensed matter physics) and materials chemistry, X-ray 

diffraction (XRD) techniques are fundamentally used to describe materials and 

identification of new materials. Identification of unknown materials using ordinary XRD 

techniques has been a vast limitation that has so far been encountered throughout the past 

decades. In the modern era, the determination of newly synthesized compounds using a 

reliable, sophisticated XRD significantly impacts solving the structural (solids) problem. 

Therefore, using the recommended structure solution is essential from the viewpoint of the 

current investigation. In general, certain criteria are required for the crystal structure 

solution, such as high-quality XRD data, phase identification, indexing, space group 

determination, refinement, and so on. The use of well-trusted and informative crystal 

software will increase the reliability of solving a structure problem. Nowadays, a range of 

software including checkcell, Avogadro, Macmaille, GSAS-II, Jana, Fox, Rietica, Vesta, 

Atoms, Crystal impact, Powdercell etc. are some of the recommended programs used in 

indexing, refinement, and visualization of crystal structures. In the present study, some 

basic information about crystal structure solutions for some of the selected LDHs 

structures has been thoroughly studied. However, due to some modeling and data analysis 

delays, the studies have not been completed at the stipulated time. However, the 

investigations are still underway and will be resumed for further studies in the upcoming 

days. 
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