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Layered double hydroxides (LDHs) which are one type of layered material are promising materials due to some of their
interesting properties, such as ease of synthesis, unique structure, uniform distribution of different metal cations in the
brucite layer, surface hydroxyl groups, flexible tunability, intercalated anions with interlayer spaces, swelling properties,
and high chemical and thermal stability, ability to intercalate different type of anions, and also high biocompatibility. This
review article is focused on more information about synthesis methods of layered double hydroxides, and their
applications in many fields. The most common synthesis methods for layered double hydroxides are co-precipitation,
urea hydrolysis, hydrothermal synthesis, sol-gel, reconstruction, etc. are discussed. LDHs shows excellent performance
as a multifunctional material for its promising applications in the fields of catalysts, water treatment, flame retardants,
polymer additivies, adsorbents, nuclear industry, environmental protection, photocatalysts, and material science.
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1. INTRODUCTION 2. SYNTHESIS METHODS OF LDHS

Layered double hydroxides (LDHs) are a family of
natural and synthetic materials having a general formula
of [M(ID)1_xM{II1)x(0H),](A},) - nH,0. M (1) and
M (111) are divalent and trivalent metals, respectively, and
A"is the anion between the layers. Where divalent metals
can be Mg?*, Ca?*, Zn?*, Co?*, Cu?*, etc. Trivalent metals
can be AI¥*, Cr¥*, Co®, Fe¥, Mn%*, etc. Many anions can
be used, including CI-, NOs, COs%, and many organic
anions. LDHs are also known as hydrotalcite-like
compounds or anionic clays [1-5]. LDHs often find
application in pharmaceuticals, as polymer additives,
adsorbents, supercapacitors, and in catalysis. This is due
to having variable layer charge density, reactive
interlayer space, ion exchange capabilities, a wide range
of chemical compositions, and rheological properties [6].
LDH materials can be synthesized using different
techniques, of which the most common are used methods
such as co-precipitation, hydrothermal synthesis, urea
hydrolysis, sol-gel, mechanochemical, sonochemical, ion
exchange, and reconstruction methods [7]. Layered
double hydroxides have prominent properties for
example unique structure, mixed metal hydroxide layers,
exterior hydroxyl groups, ease of synthesis,
electrochemical activity, non-toxicity, flexible anions
and cations tunability, biocompatibility, remarkable
chemical and thermal stability, high surface, superb
anion exchangeability, the sustainable transmission of
intercalated anions [8-10]. Because of these properties,
pure layered double hydroxides embedded with
functional materials and layered double hydroxide
nanocomposites, particularly carbon-based graphene
becoming popular materials for wide applications [11].
In this review paper, we could get more information
about different synthesis methods of LDHs and
applications in many fields.

2.1. Co-precipitation method

Co-precipitation method is commonly used
procedure for preparing LDHSs because it produces large
amount of material and is easy to handle at laboratory
level. It has been used extensively for the one-pot direct
synthesis of LDHSs containing a variety of layer cations
and interlayer anions [12].

The synthesis of LDHs with co-precipitation method
can be applied at both constant and variable pH. This
method offers great freedom in choosing the interlayer
anions. LDHs with a great variety of both metal ions and
interlayer anions can be synthesized with this technique
[12]. To assure precipitation of the metal ions, it is
necessary to control the pH in the solution such that the
reaction takes place under supersaturated conditions.
Layered double hydroxides are prepared at low and high
supersaturation conditions.

Precipitation at low supersaturation

Precipitation at low supersaturation requires slow
addition of divalent and trivalent metals salt in the chosen
ratio into aqueous solution containing desired anion, and
pH is maintained at selected value. A second solution of
an alkali is added into the mixture salts solution
simultaneously at such a rate as to maintain the pH at a
selected value leading to facilitate homogeneous
precipitation of the two metallic salts [13]. The anion that
is to be introduced should have a high affinity for the
LDH layers and be present in excess, otherwise the
counter-anions of the metal salts may be incorporated by
competing reactions. Consequently, metal nitrate and
chloride salts are commonly used because of the low
selectivity of LDHs toward these anions. Furthermore,
LDHs have a high affinity for carbonate anions and
hence, unless this is the target anion, reactions are
generally carried out under nitrogen in order to avoid
absorption of atmospheric carbon dioxide which would
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generate carbonate ions in situ [14]. One advantage of
this method is that in many cases it allows careful control
of the charge density (M?*/M3* ratio) of the hydroxide
layers of the resulting LDH by means of precise control
of the solution pH. The second advantage is that low
supersaturation  conditions usually give rise to
precipitates with higher crystallinity than those obtained
under high supersaturation conditions, because in the
former situation the rate of crystal growth is higher than
the rate of nucleation [14, 15].

Precipitation at high supersaturation

High supersaturation of LDHs precipitation was
performed by the instantaneous addition of mixed
MZ*/M3* salt solution into an alkali solution containing
desired interlayer anion. Preparations under conditions of
high supersaturation generally give rise to less crystalline
materials, because of the high number of crystallization
nuclei. Because this method leads to a continuous change
in the pH of solution, the formation of impurity M(OH)-
and/or M(OH)s; phases, and consequently an LDH
product with an undesired M?*/M3* ratio, often results
[16]. Thermal treatment performed following co-
precipitation may help increase the crystallinity of
amorphous or badly crystallized materials. Hence the
synthesis of LDHSs at high supersaturation method is less
common than low supersaturation for the preparation of
LDHs materials [17].

In general, this is achieved by holding the pH equal
to or higher than the pH necessary for precipitation of the
most soluble metal hydroxide [18]. The concentration of
base solution during precipitation and the nature of base
solution can also affect the hydrotalcite formation.
Depending on the precipitation conditions, well-
crystallized hydrotalcite or amorphous materials can be
obtained [19]. These conditions are pH of the reaction,
medium, concentration of the base solution, nature of the
base solution, aging time and aging temperature, total
cation concentration, and M2*/M3* molar ratios.

The variation of the compositional gradient in the co-
precipitated LDH is narrower as the precipitation
conditions are constant. This is achieved by careful
control of solution pH. Table 1 lists pH values for
precipitation of hydroxides of the most common LDHSs
[20].

Table 1. Preparation of Layered Double Hydroxides: pH
values of precipitation of some M(I11) and M(I1) hydroxides

pH at which hydro-

Cation | pHat102M | pHat 104 M xide re-dissolves Reference
Al 39 8.0 9.0-12.0 [9]
Cr3* 5.0 95 125 [16]
Cu 5.0 6.5 7
Zn2 6.5 8.0 14 [15]
Ni2* 7.0 85 [5]
Fe2t 75 9.0 [10]
Co?* 75 9.0 [11]

An advantage of this method is that it allows good
control of the cation composition in the brucite-like
layers. The effect of pH is considered in this review since
LDH for different metal salts can be formed at different.
Another advantage of this method offers an LDH product
with better crystallinity than the similar method of high
supersaturation. This is because the rate of crystal growth
is higher than the rate of nucleation in low
supersaturation conditions [21]. This method is often
done by the slow addition of metal nitrate solutions to a
solution of hydroxide and carbonate. The crystallite size
distribution is wider when there is no additional aging
step reported by Valim [22]. Pinnavia and co-workers
compared the aging step with the level of crystallinity of
hydrotalcite and found there was an enhancement in
crystallinity [23] with increased aging time. There was
no correlation, however, between base catalytic activity
and improved crystallinity. Zhao et al. [24] synthesized
MgAI-LDHs with the different Mg: Al molar ratios by co-
precipitation method. The precipitation was done at
100°C. After precipitation, the slurry was aged at 100°C
for 2, 6, or 13 h. XRD patterns of the MgAI-LDH with
the Mg:Al molar ratio of 3 exhibited the characteristic
reflections of the hydrotalcite phase. The peaks became
narrower with the increase of aging time indicating that
the crystallite size increased. The average crystallite size
is estimated by using the Scherrer equation [25, 26]:

aA
D= Bcosd (1)

Where, D is the crystallite size, R is the Scherrer
constant (R = 0.89), A is the wavelength of the incident
radiation (A=0.1542 nm), and f is the FWHM value for
the peak at the Bragg diffraction angle 6. The crystallite
size increases with the aging time (Table 2).

Table 2. Crystallite size depending on aging time and aging
temperature [19]

Sample Aging time, h Aging temperature, °C D, nm
2 23.6
MgsAl-LDH 6 100 28.6
13 319
40 118
Mg-Al-LDH 6 60 15.1
100 31.0

A large variety of LDH systems have been reported
successfully synthesized with the co-precipitation
method, both di-metallic and multi-metallic systems are
reported, including LDHs such as NiMn-COs;, MgAl-
COs, NiAI-CO3, CoMnAI-CO3, CoMnMgAI-CO; and
NiCrAl-COs [27].

2.2. Urea hydrolysis method

The urea hydrolysis method is frequently used for
synthesis of highly crystalline LDHs to use a urea
solution, which gradually hydrolyses to release
hydroxide ions and allows an extremely fine control over
precipitation. Urea was used as an agent for precipitation
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from “homogeneous” solution very attractive, and it has
long been used in gravimetric analysis to precipitate
several metal ions as hydroxides or as insoluble salts
when in the presence of a suitable anion [23]. Urea
hydrolysis rate can be controlled by the reaction
temperature. Hydrolysis of urea proceeds in two steps,
the formation of ammonium cyanate (NHsCNO) as the
rate determining step, and the fast hydrolysis of the
cyanate to ammonium carbonate [28].
CO(NH,), - NH,CNO 2
NH,CNO +2H,0 — 2NH; + CO%~ (3)

Hydrolysis rate of urea can be adjusted by controlling
the applied temperature during reaction. The hydrolysis
of ammonium carbonate gives pH of about 9 which is
suitable for precipitating a wide variety of metal
hydroxides. Since the working pH for the co precipitation
of LDHs is in the range of 9-11, urea is a good candidate
for the synthesis of LDHSs. On the other hand, the urea
method is an ideal way for the preparation of LDHSs since
during hydrolysis ammonia liberates the hydroxide and
carbonate anions which are the main components of
LDHs [29]. The compounds prepared using this method
display homogeneous sizes and platelet-like primary
particles  with  well-defined hexagonal  shapes,
crystallinity and specific surface area are observed to
increase by using urea, which may be very interesting
from the viewpoint of nanotechnology since LDHs offer
nano-size two-dimensional spaces for the creation of
functional materials [28]. The degree of crystallinity of
LDHs depends on the synthesis temperature and
decomposition rate. At low temperatures, large particles
are formed due to the slow nucleation and slow
decomposition rates of the urea [24]. The urea hydrolysis
method is uniquely used in the synthesis of LDHs with a
high charge density [25].

The hydrolysis of urea can easily be controlled by
controlling the temperature [26]. The rate constant
increases by about 200 times when the temperature is
increased from 60 to 100 °C [27]. Oxidation states of the
metal cations can be controlled by the addition of
oxidizing agents such as ammonium persulfate [28].
Typically, the pH of the solution is controlled to be in the
area of pH = 6-10, which is where precipitation of most
LDHSs will occur. The urea method favors the growth of
larger particles than the earlier mentioned co-
precipitation method. The urea method consequently
yields products with much higher crystallinity [32]. A
disadvantage is that the formation of LDHs with the urea
method will nearly just give carbonate as the interlayer
anion because of its high affinity for carbonate. However,
the relatively gradual way in which the pH increases with
urea hydrolysis is not always advantageous. For example,
most divalent cation nitrates will precipitate as
hydroxides quite readily using urea but trivalent cations,
except aluminum, will not. A. Inayat et al. [30] have
recently reported a direct synthesis of ZnAl-LDHs with
nitrate as the interlayer anion using the urea hydrolysis

method. This is achieved by careful control of the pH of
the solution and by adding an excess of nitrate, the
intercalation of the interlayer anion can be manipulated
to other interlayer anions such as nitrate, as well.

Costantino et al. [31] prepared M(ll)/Al-carbonate
LDHs (M(Il) = Mg, Zn, and Ni) by this method. The
effects of varying the temperature, total metal cation
concentration, molar fraction Al/AI+M(I1), and molar
fraction urea/M(I1)+Al in solution on the composition
and the crystallinity of the samples were investigated.
The optimum conditions to prepare LDHs with a good
crystallinity in a relatively short time using a simple
procedure were suggested to involve dissolving solid
urea in a 0.5 M solution of the chosen metal chlorides to
give a urea/metal ion molar ratio of 3.3. The clear
solution was maintained at 100°C for 36 h. The urea
method is not suitable for the preparation of Mg/Al-
LDHs with low charge density but allows the preparation
of compounds with high charge density not easily
obtainable using other procedures [32]. Adachi-Pagano
et al. [33] prepared mono-disperse sub-micron-sized
Mg/Al-LDHs by the urea hydrolysis method, and the
results were compared to the constant pH co-
precipitation method. The compounds prepared using the
urea method displayed platelet-like primary particles
with a hexagonal shape.

2.3. Hydrothermal method

The hydrothermal method is usually used when
organic guest species with low affinity for LDHs are
required to be intercalated into the interlayers, and when
the ion exchange and co-precipitation techniques are
ineffective in this case. Hence hydrothermal synthesis
has proven efficient because this method ensures no
competing anion in the interlayer other than the intended
by making insoluble hydroxides as inorganic source. The
key features of this method is utilized to control particle
size and its distribution [13]. Hydrothermal approach is
usually carried out to improve crystallinity and is studied
for Mg-Al-LDHes. It is found that increase in LDH crystal
size results in improved crystallinity of hydrothermally
treated samples. One advantage of hydrothermal method,
when compared with other co-precipitation ones, is to
avoid undesirable waste discard which may be harmful to
the environment for instance NOs~, OH™, CI, etc. [15].

The method follows two synthesis routes. The first
route is where the materials are prepared at temperatures
above 373 K in a pressured autoclave. Here, the LDHs
are synthesized from MgO and Al,Os precursors or
mixtures formed through the decomposition of the
precursor nitrate compounds [34, 35]. In the other
synthesis route, LDHSs are prepared at low temperatures
and are also subjected to a process of aging. During the
aging process, the LDH precipitate is refluxed at a
specific temperature for 18 h.

Hydrothermal synthesis is effective in such cases
because insoluble hydroxides, for example, magnesium
and aluminum hydroxides can be used as the inorganic
sources ensuring that the desired anions occupy the
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interlayer space since no other competing anions are
present [36, 37]. Hydrothermal synthesis has been used
to control the particle size and its distribution when
soluble magnesium and aluminum salts were used
together with an alkali solution to prepare Mg/Al-
carbonate LDHs [38, 39], but is particularly useful when
LDH-like materials are prepared using powders as
starting materials. Single crystals of a layered compound
with the formula 3CaO-Al;O3-CaCOs-11H,0 were
synthesized by a hydrothermal process using Ca(OH),
AIl(OH)3, and CaCO;s as starting materials, with a molar
ratio of 3.5:2:0.5 [40]. It was found that the hydrothermal
temperature influenced the crystal structure of the
resulting material. An ordered structure was obtained at
120°C, and a disordered one at 100°C. Both disordered
and ordered structures have identical main layers
[CasAl(OH)12]%*, but they have different arrangements
of water molecules and carbonate groups forming the
interlayer region of composition.

2.4. lon-exchange method

lon-exchange method is also a commonly used
method for the synthesis of LDHs composites and has
been effectively useful for the intercalation of a number
of different types of anions. The anion exchange method
is useful when the co-precipitation method is
inapplicable, in particular when the chosen divalent or
trivalent metal cations or the anions involved are unstable
in the alkaline solution, or when there is a strong
possibility of interaction between the guest species and
the metal ion [38]. It is also known as the first LDHSs are
prepared by co-precipitation method with host anions,
most commonly NO3;~, CO5?", and CI~ as the exchange is
easier than multi charged anions. In the later stages,
anions present in the interlayer region are exchanged with
the preferred anions by stirring the LDH precursor in a
solution containing an excess of the anion to be
intercalated. To avoid carbonate intercalation the whole
process of anion-exchange should be carried out under
inert atmosphere [13, 15]. Owing to the fact that the
process is reversible, LDHs can be incorporated into
polymers after intercalation to improve the chemical and
physical properties of the materials, that is, the thermal
stability and optical and magnetic properties, and also to
change the surface properties of the host from
hydrophobic to hydrophilic [15]. The host—guest
exchange generally depends on the electrostatic forces
between positively charged LDH layers and the
exchanging anions. Target anions can be intercalated in
two possible ways, as described in the equations [38]:

LDH - A™ + X"~ > LDH - (X"")m, +A™ (4)

There exists weak electrostatic interaction with
layers, and hence these anions can be easily replaced by
anions with higher electrostatic interaction with layers
[39]. Figure 1 shows the schematic representation of ion-
exchange method. There are several factors which
determine the extent of ion-exchange in any given case:

Affinity for incoming anion

The exchange efficiency varies depending on the
ability of the exchanged anions to stabilize the lamellae
and/or to their proportion with respect to the LDHs
precursor anion. Generally, the exchange ability of
incoming anions increases with increasing charge and
decreasing ionic radius. The order of intercalation is as
follows: CO3? > HPO4?> > SO4? for divalent anions and
OH~ >F > CI"> Br- > NO3 > I~ for monovalent anions.
The co-intercalation of a second anion was found to have
no effect on the order of ion exchange preference.
Because nitrate is exchanged most easily, nitrate pillared
LDHs are usually used as the precursors for ion exchange
[40].

Exchange medium

The appropriate solvent will favor the anion-
exchange process. The interlayer space of LDHs can be
expanded to some extent in a suitable solvent medium,
which favors the ion exchange process. For example, in
aqueous medium favors the exchange by inorganic
anions, whilst an organic solvent favors exchange by
organic anions [39].

pH value

The working pH should be 4.0 or above 4.0. A low
pH value therefore favors liberation of the original anion
as the conjugate acid and incorporation of a less basic
anion from solution and the hydroxyl layers will break
[40].

Chemical composition of the layers

The chemical composition of the LDH sheets
influences the charge density of the sheets and the
hydration state, thereby affecting the ion exchange
process. Some other factors such as temperature also
have an impact on the ion exchange process. Anion-
exchange process will be more favorable at high
temperatures. However, that too high a temperature
might have an adverse effect on the structural integrity of
the LDHs. Moreover, this method depends on the
chemical composition of the brucite type layers [41].

The ion-exchange method is especially useful when
the co-precipitation method is inapplicable such as when,
for example, the divalent or trivalent metal cations or the
anions involved are unstable in an alkaline solution, or
the direct reaction between metal ions and guest anions
is more favorable. In this method, the guests are
exchanged with the anions present in the interlayer
regions of preformed LDHSs, as shown in figure 1 to
produce specific anion pillared LDHs. In thermodynamic
terms, ion exchange in LDHs depends mainly on the
electrostatic interactions between the positively-charged
host sheets and the exchanging anions and, to a lesser
extent, on the free energy involved in the changes of
hydration [42-44].

This method was first proposed by Bish [45], who
demonstrated the anion exchange of carbonate by
chloride, nitrate, bromide, and sulfate. Several factors
determine the extent of ion exchange [41] such as affinity
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Figure 1. Schematic illustration of loading cisplatin prodrug
DSCP to LDH through ion exchange [44]

for incoming anion, exchange medium, pH value, and
chemical composition of the layers

2.5. Synthesis of LDHSs by sol-gel method

In this method, is initially the formation of a sol by
hydrolysis and partial condensation of a metallic
precursor is then followed by the gel formation. Metallic
alkoxides, acetates, or acetylacetonates, as well as many
inorganic salts can be used as metallic precursors. The
properties of the obtained solid LDHs depend on the
hydrolysis and condensation rates of the metallic
precursors and can be tuned by controlling different
reaction parameters such as pH, nature and concentration
of the metallic precursors, solvent and the temperature of
synthesis [44].

The sol-gel method has several advantages over
traditional methods:

(1) low temperature processing and consolidation is
possible

(2) smaller particle size and morphological control in
powder synthesis

(3) the homogeneity and structural properties of the
resulting solids are controllable at the synthesis level by
simply varying the composition of the precursors,
temperature, aging time, and removal/addition of reactant
species. The material prepared by sol-gel method has
well controlled pore sizes, high specific surface area and
high purity [45]. However, currently, it is the less
exploited method.

The sol-gel method forms LDHSs with a larger surface
area than those formed by the co-precipitation method
[43]. However, properties such as basicity as well as the
divalent and trivalent metal ion molar ratios of LDHs
synthesized with the sol-gel method are still not
understood [48-50]. The sol-gel method is a low-cost,
simple preparation method and efficient wet-chemical
method of high-purity metal oxide materials from LDH
precursors through hydrolysis and condensation
processes [51]. LDHs are prepared by the sol-gel process,
the mechanism shows the formation of sol during
hydrolysis and the partial condensation of a metallic
solution which is the first step, and the second step is
followed by gel formation. Hence, metallic alkoxides,
acetates, acetyl acetates, and inorganic salts are used as
metallic precursors. The interesting properties of the
resulting solid LDHs depend on certain defined

parameters, such as hydrolysis and slow condensation of
metallic precursors, that are finely tuned by regulating
different reaction parameters adopted such as pH, the
concentration of the metallic precursors, solvent, and
temperature. The materials synthesized by the sol-gel
method show pore sizes that are well controlled and have
a high specific surface area as reported by Yang et al.
[52].

2.6. Reconstruction method

Reconstruction method is based on “memory effect”
of some LDH. This method involves calcination of
LDHs. Calcination is a process of heating to high
temperatures in inert atmosphere to remove the interlayer
water, anions, and breakdown partially the hydroxyls
from lamellae and convert interlamellar anion into
volatile, forming a double oxyhydroxide. After calcined,
a solution containing the anion of interest is added,
regenerating the LDHs by hydrolysis and the new
intercalated anion. In general, during regeneration
process, pH is raised, so it must be corrected to avoid
hydroxyl from occupying the interlayer space [49, 50].
This is the method of choice when large anions should be
intercalated into LDH or when the chosen anions are not
favored for intercalation by ion exchange method. The
incorporation of competing anions is also limited, even if
particular care should be paid to the pH value that when
raises too much can favor the OH" insertion [52].

This is the most necessary and interesting method
which has the advantages of the “memory effect” of
LDHs. In detail, these materials, once heated at elevated
temperatures of about 650°C in inert conditions, result in
the formation of a mixture of metal oxides that are easy
to regenerate the hydroxide layers when exposed to
water. These are highly applicable in base-catalyzed
reactions such as Aldol, Michael, and Wittig reactions
[53]. The prepared LDH-COs3 are thermally decomposed
to a mixture of oxides which is easily dispersed in the
desired anion solution under inert conditions in deionized
water to avoid CO3?~ contamination. This is the common
method used when larger anions have to be intercalated
in LDHs [54]. The incorporation of competing anions is
also restricted, depending on parameters such as pH
value which increases leading to favor the OH~
formation. Various examples have been reported in the
literature, such as pesticides, vitamins, and antibiotics
[55, 56].

2.7. Sonochemical method

In a sonochemical method, LDHs are prepared by the
co-precipitation method followed by sonochemical
treatment. In the first step, the co-precipitation method is
performed in the latter as explained fully above. In the
second step after successful completion of mixing, the
resultant solution is subjected to ultrasound irradiation at
a given time and temperature. The solid precipitate is
filtered, washed thoroughly with deionized water, and
put in an oven overnight for further drying. This
sonochemical method is best described as a synthetic and
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Figure 2. One-step sonochemical synthesis of NiMn-LDH for supercapacitors [60]
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Figure 3. Schematic representation of (a) adsorption method, (b) layer-by-layer deposition
and (c) direct co-precipitation method of layered double hydroxide (LDH) [62]

high-intensity ultrasonic/three-fold acoustic cavitation
phenomenon that assists in improving the crystallinity of
LDH phases [57, 58]. When the solution mixture is
subjected to ultrasonic irradiation, rapid movement of the
fluid leads to a three-fold acoustic cavitation phenome-
non (Figure 2) in which microbubbles undergo
nucleation formation, growth, and implosive collapse
[59]. The formation of microbubbles produced a
distinctive hot spot due to the compressional heating
induced by collapsing of the bubble and therefore yields
the bubble with extremely high temperature, pressure,
and cooling rates [60].

2.8. Adsorption and Layer-by-Layer method

In this case, adsorption (Figure 3, a) can be referred
to as the adhesion of divalent and trivalent ions from a
liquid or dissolved solid to surface of the LDH adsorbent.
This creates a film of the adsorbate over the surface in
many processes like chemical, physical, biological and
natural systems and widely used in various industrial
applications [61]. The adsorption process may occur
through weak van der Waals forces (physisorption) or
covalent bonding (chemisorption) and also may occur
due to electrostatic attraction between the adsorbate and
surface of the adsorbent. It is a surface phenomenon most
widely adopted in wastewater treatment for removal of
various organic contaminants from aqueous solution.

Layer-by-layer (LBL) assembly (Figure 3,b) is a
universal method for coating substrates with polymers,
colloids, biomolecules, and even cells. This presents
superior control and versatility when compared to other
thin film deposition techniques in certain research and
industrial applications. The LBL technique is known to

support electrostatic interactions between positively
charged layers and negatively-charged molecules and
leads to nanostructured thin films [63]. This LBL
deposition technique has three types of methods known
as () the dipping layer-by-layer deposition technique
(dipping-LBL); (Il) spray layer-by-layer deposition
method (spray-LBL) and (Ill) spin layer-by-layer
deposition method (spin-LBL) method. Dipping-LBL is
executed by chronologically adsorbing opposite charged
materials onto a substrate via enthalpic and entropic
driving forces [64]. In this method, the time depends on
both the diffusion and adsorption of molecules, solutions
or suspensions. Spray-LBL is a deposition technique
where divalent and trivalent solutions are sprayed onto a
vertical substrate, and the layer is formed after
completion of drying in an oven overnight [58]. In spin-
LBL method, the solutions or suspensions are deposited
on a substrate attached to a spin coater, and the rotation
speed generates a high centrifugal force. Thus, high
rotational speed with high airflow rate at the surface leads
to fast drying times of the liquid which in turn quickly
and easily produce very uniform layers or thin films. In
both spray-LBL and spin-LBL methods, the total time
does not depend on the diffusion of molecular species.

3. APPLICATIONS OF LDHs

Layered double hydroxides known as anionic clays or
hydrotalcite materials have attracted increasing attention
in recent years. These materials are of interest as catalysts
and catalyst precursors and supports [61], as ceramics
precursors, as hosts for photoactivation and photocataly-
sis [63], as anion exchangers [64], as traps for anionic
pollutants including some kinds of nuclear waste [65], as
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flame retardants [66], and additives for polymers [67].
Additionally, much work has been done in preparing
noble metal-containing catalysts by the calcination of
LDHs carrying the metal in question. For example, Mg-
Al LDHs have been prepared with intercalated
hexacyanoruthenate (II)  anions.  Layered double
hydroxides have anion exchange capacity, and the ability
to capture organic and inorganic anions make makes
them unique as inorganic materials. Our review deals
with the current and potential applications of these
materials, including in catalysis, ion exchanges, pharma-
ceutics, water treatment, nanomedicine, flame retardants,
photochemistry, polymer additives, and electro-
chemistry. LDHs are 2D materials with great potential
[68]. Their structural and morphological characteristics
can foresee future even wider employment [69].

3.1. Catalysts

The LDHs structure is well-known as an effective
solid catalyst. Zhang et al. used the Cu?*-based LDH
powder as a catalyst for wet oxidation [70] and reported
that the array of active Cu?* centers on the surface of
CuzZnAl-LDH is ordered net shaped, which is influenced
by the effect of the ordered cross trap. The advantages
of novel LDH films can overcome the problems of the
use of powdery catalysts on an industrial scale, such as
high-pressure drop and difficult catalyst separation. Lv et
al. reported that the activated MgAI-LDH film was
promising to be used as a precursor to synthesize
monolithic catalyst for the aldol condensation of acetone
and other base-catalyzed reactions [71]. Velu and co-
workers. reported that Mg/Al mixed oxides derived by
calcination of LDHs catalyzed the diastereoselective
synthesis of nitroalkanes from aldehydes, these facile
hydrogenation reactions, which occur with retention of
configuration, allow the formation of pharmacologically
important  derivatives  [72,73].  Recently, the
Mg/Zn/Al/Fe mixed oxides obtained from an LDH
precursor gave ethylbenzene conversion as high as 53.8%
and a styrene selectivity of 96.7% at 773 K in the
dehydrogenation of ethylbenzene reported by Gao [74].
The high catalytic activity and stability of the
Mg/Zn/Al/Fe catalyst were attributed to the presence of
a large number of strong acid sites and a moderate
number of base sites on the catalyst. Higher content of
iron oxide species favors the redox cycle and also

enhances the dehydrogenation activity [75].
MgAI-LDHs has been studied by Choudary et al.
[75] as support for metals, e.g. nanopalladium (0). These
catalysts were prepared by ion-exchange with PdCl,>
followed by reduction. Choudary et al. found that using
this material in ionic liquids the catalysts has higher
activity and selectivity than the homogeneous PdCl,
system in the Heck olefination of electron-poor and
electron-rich chloroarenes. In addition, these catalysts
showed higher activity in the C-C coupling reactions of
chloroarenes than other heterogeneous catalysts with
nanopalladium (0) on supports as alumina or silica [75].
Additionally, LDH supported rhodium(0) catalyst was

effectively used in the Heck, Suzuki and Stille cross-
coupling of haloarenes. Catalyst could be easily removed
and reused in several cycles [77].

3.2. Water Treatment

Wastewater often contains oxyanions such as F~, ClI-,
Br, PO4*, which are harmful to both humans and
wildlife. Enhanced ability to remove oxyanions is of
importance in environment protection. Structured LDHs
is one new type of promising material due to their ability
to capture organic and inorganic anions which can be
used in water treatment. Calcined LDH powder is also an
important type of material used in water treatment since
LDH can afford mixed metal oxides and has a special
property called the memory effect. The main advantages
of LDHs over conventional anionic exchange resins
include their higher anion exchange capacity for certain
oxyanions and their good thermal stability. Furthermore,
LDHs can be fully regenerated in a short time for reuse.
Lv et al. used MgAI-NO3-LDH powder [71] and calcined
powder [76] to remove F~, CI, Br-, and I, and concluded
that the rate constant for exchange of nitrate anions by
halide decreases in the order of F~ > CI-> Br > I,
following pseudo-second-order kinetic models. The
novel and well-dispersed nanocrystals of LDH on the
paper substrate without aggregation were considered to
provide a large specific surface area as well as good
accessibility, underlying the superior adsorption
performances of the film sample [77].

3.3. Flame retardants

The LDHs is also commercially promising as an
additive in flame retardants. Many flame retardants are
considered harmful, having been linked to liver, thyroid,
reproductive, and neurological effects. Currently,
halogen-free alternatives are one active research area.
LDHSs have been widely investigated as additives in this
context. Compared to other flame retardants [78], LDH
is a new type of material due to high smoke suppression,
nontoxicity, or low toxicity. LDH is currently explored
as a second-generation flame retardant with enhanced
properties by either modification of the layers or
intercalation of different anions. Lin et al. found that a
borate-pillared MgAI-LDH with ethylene vinyl acetate
(EVA) as the polymer component was a promising flame
retardant [79]. By tuning the composition of the layers,
the flame retardancy of LDHs was steered. For example,
ternary ZnMgAI-LDH showed better flame retarding
properties than binary MgAI-LDH [79].

LDHs as stabilizing agents for PVC and other
polymers Chlorine-containing polymers such as
poly(vinyl chloride) PVC undergo an autocatalytic
dehydrochlorination reaction under the influence of
elevated temperatures or UV radiation. Since the HCI
originating from the de-hydrochlorination of the PVC
chains is believed to sustain this autocatalytic process,
stabilizers that irreversibly bond HCI can thus inhibit the
degradation. Heavy metal compounds such as cadmium
stearate or lead stearate are currently used for this
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purpose; alternatives are required however in the light of
environmental concerns associated with the use of heavy
metals. LDHs have been employed to good effect and,
indeed, the largest current commercial application of
LDH materials is in the polymer industry, mainly to
stabilize PVC [80].

3.4. LDHs as additives in functional polymer
materials

Chlorine-containing polymers such as polyvinyl-
chloride (PVC) undergo an autocatalytic dehydro-
chlorination reaction under the influence of elevated
temperature and UV radiation. Since the HCI originating
from the dehydrochlorination of the PVC chains is
believed to sustain this autocatalytic process, stabilizers
that irreversibly bond HCI can thus inhibit the
degradation. Heavy metal compounds such as cadmium
stearate or lead stearate are currently used for this
purpose. However, alternatives are required due to
environmental problems associated with the use of heavy
metals. Indeed, the largest current application of LDH
materials is in the polymer industry, mainly to stabilize
PVC [80, 81]. Recently, Duan et al. [82] found that
MgAI-LDHs with Mg/Al = 2 have the optimum stabili-
zing effect on PVC because of their higher layer charge
density and consequent stronger driving force for the
uptake of CI~ into the interlayer galleries. However, this
LDH contains the highest quantity of interlayer CO3%
ions but the lowest overall HCI absorption capacity,
suggesting that it is the reaction of HCI and CO3? ions
that are most important in stabilizing the PVC against
thermal degradation. Flame retardant materials may be
formulated to be more resistant to ignition or to have
slower rates of flame spread in a major fire. LDHs have
also found useful applications as flame retardants in PVC
and other polymers as well leading to reduced quantities
of smoke during combustion [83]. The most significant
flame retardant effects, observed using a mass loss
calorimeter, indicated that the EVA polymer filled with
50 wt.% of LDHs has the slowest heat release rate and
the lowest evolved gas temperature.

3.5. Adsorbent and anion-exchange

Fast growing industrial sector has loaded environ-
ment with pollutants and toxicants which can cause
adverse effects to human health and the surroundings.
Recently, environmental pollution is one of the most
serious problems in the world due to its deep effect on the
future of human beings. Then the investigation for
resolving the problem of the environmental pollution in
the world began to draw major public attention. Heavy
metal ions and organic dye molecules have high toxicity
and poor biodegradability for plants and animals at
higher concentrations [62]. In recent years, LDHs have
been aroused increasing interest as adsorbents by virtue
of their properties, which make them attractive materials
for adsorbing heavy metal ions and organic dyes. Their
abundance in nature, low cost, and good adsorptive
properties, a result of their negatively charged layers and

high large surface per unit of mass, large porosity, high
anion-exchange capacities and flexible interlayer space,
etc. i.e. it satisfies all the requisite properties of
adsorption of heavy metal ions and organic dye
molecules. [62, 69]. The anion- exchange capacity of
LDHs is affected by the nature of the interlayer anions
initially present and the layer charge density. When the
layer charge density is very high the exchange reaction
may become difficult. LDHs greater affinities for
multivalent anions compared with monovalent anions
[62]. Adsorption is a surface phenomenon, used for the
accumulation of contaminants between two phases such
as solid-liquid interface or solid-gas interface. Normally,
adsorption mechanism occurs due to intermolecular
forces of attraction between adsorbent and adsorbate.
When a solution having adsorbate encounters the
adsorbent, surface forces at the interface concentrate the
solutes on the surface of the adsorbent [84-87]. LDHs
can take up anion species from solution by three different
mechanisms: surface adsorption, interlayer anion-
exchange and reconstruction of a calcined LDH
precursor by the “memory effect” [62]. Removal of dyes
from wastewater is of significant consideration because
dyes being colored pollutant cause environmental
hazards. Up until now, many researches have been
reported to synthesize pure LDHs materials or LDHs-
based on composites due to their have high anion
exchange and adsorption ability which allows them to be
an alternative adsorbent or ion exchanger, make these
materials favorable to remove contaminants from
aqueous systems [44, 45] Moreover, LDHs have been
successfully applied in the removal of toxic metals and
organic dyes in aqueous solution. Heavy metal cations
and radioactive metals were eliminated by using chelate
ligands intercalated LDH because of flexible
interlamellar region and specific pH. The adsorption
characteristics of metal cations were separately studied
and concluded that metal cations were separated due to
high bond energy and high sensitivity of OH of LDHs.
Various uncalcined and calcined of LDHSs have been used
to investigate the adsorption of heavy metal cations [88].
ZnAl-LDHs have been widely reported to be able to
adsorb a wide range anionic and cationic dyes from
aqueous solution such as methyl orange (MO), congo red
(CR) and methylene blue (MB). Adsorption efficiencies
of calcined and uncalcined LDHs were compared and
found that better removal efficiency is exhibited by
calcined LDHs [45, 47]

3.6. Effect of LDH on the photocatalytic activity

Several biological dyes are mainly using in various
industries like leather, cosmetics, paper and textile
industries. The wastes generated from those industries,
particularly textile industries includes a huge amount of
toxic substances and dyes which are adding throughout
the colouring procedure. They are hard to eliminate from
various water treatment processes and be able to disposed
through rivers and sewers easily. They might also endure
degradation to produce extremely carcinogenic and toxic
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substances [89]. That’s why there is an urgent need to
develop an economic and efficient treatment method
which are adept of deals through huge amount of polluted
waters including significant amount of organic dyes. So
many techniques were described for the elimination of
toxic dyes from polluted water, comprising sedimen-
tation, flocculation, coagulation, adsorption, photodegra-
dation, etc. [90]. The because of the opportunity, by
means of solar light that is free of cost besides renewable
energy source. Layered double hydroxides (LDHs) have
been concentrated as of late, all things considered, as
environmental-friendly materials that can be utilized as
photo catalysts or photocatalyst supports. The resear-
chers found that was one of the first to report the high
photocatalytic activity of the ZnCr-LDHs, which
energized future research in LDH materials as photo-
catalysts, considering that the utilization of LDHs as
photocatalysts has for the most part been ignored up till
then [91]. LDH found an expanding interest for the most
recent couple of centuries and generally connected to the
area of photocatalysis on account of their constancy,
simplicity of planning and reduced cost. Besides, LDH
can be synthesised with an assortment of trivalent and
divalent cations and in this way, semiconductor consti-
tuents can be acquired by picking a appropriate chemical
configuration. These were utilized for the photodegra-
dation of various molecules, for example, phenolic
mixes, pesticides, anionic dyes and cationic dyes [92].

3.7. Applications in nuclear industry

L. Aimoz et al. [93] analyzed the applicability of
MgAl-1, ZnAl-I and ZnAlI-103 as potential matrices to
store 12°I. Theiss et al. [94] studied the iodine and iodide
adsorption capacity of previously calcined ZnAl-LDH
and its thermal decomposition and suggested that iodine
species may form non-removable anions by thermal
decomposition of the LDH structure when these anions
are intercalated into the LDH structure. Bastianini et al.
[95] studied the ZnAl-I and ZnAl-13 LDHs obtained via
intercalation of molecular iodine from nonaqueous
solution and described a mechanism of iodine diffusion
into the interlayer space to combine with iodide. One of
the factors that can significantly affect the iodine
retention capacity of LDHs is the presence of carbonate
in the interlayer space, an anion with higher affinity than
iodide or iodate [96]. Therefore, several studies [97, 98]
investigate diverse intercalation methods involving
dissolution and recoprecipitation procedures to obtain
MgAI-LDHs avoiding any presence of carbonate in the
material. Prasanna et al. showed that iodide-containing
MgZnAlI-LDHs lost the intercalated iodide by leaching
even at neutral pH, since hydroxide ion (coming from the
aqueous medium) can displace the former [99].

MgAI-LDH has been used by Kulyukhin et al. [100]
as adsorbent materials for ¥’Cs and *°Sr with poor
results; however, a material based on MgNd-LDH may
be used for *°Sr recovering. LDHSs applications in adsorp-
tion and ion exchange processes are also important; there
is a considerable interest in the use of LDHSs to remove

negatively charged species. LDHs can take up anion
species from solution by three different mechanisms:
surface adsorption, interlayer anion-exchange and
reconstruction of a calcined LDH precursor by the
memory effect [101]. Both uncalcined and calcined
LDHs have also been used as sorbents for deconta-
mination of radioactive wastewater, Toraishi et al. [102]
reported the adsorption behavior of 103 anions from
radioactive wastewater by LDHSs, concluding that 103 is
weakly adsorbed on the external surface of carbo-
nate—LDH, whereas 103~ is exchanged for interlayer
NOs™ in nitrate—LDH.

4. CONCLUSIONS

This review article has demonstrated the wide variety
of methods that are available for the synthesis of LDHs
and their applications in many fields. The method of
choice will depend on the purpose for which the LDH is
to be used. If accurate structural information is required,
then pure phases with high crystallinity are necessary.
LDHs with layered structure are exciting materials for
their attractive properties. LDH materials can be success-
fully synthesized by co-precipitation, urea hydrolysis,
hydrothermal, sonochemical methods and etc. depending
on formation conditions. Sodium carbonate and sodium
hydroxide, ammonia, or urea can be used as precipitating
agents. The most general base solution for the layered
double hydroxide synthesis is the mixture of Na,COs and
NaOH. We have described some data in our review
applications of layered double hydroxides in different
fields. LDHSs represent one of the most technologically
promising materials as a consequence of their low cost,
relative ease of preparation, and the large number of
preparation variables that may be adopted. Many applica-
tions of LDHs, such as in energy storage, catalysis, and
adsorption fields, are based on its surface area and
electrical conductivity. At present, even though a great
deal of work of academic and commercial interest on
LDH materials has been carried out, still more remains to
be done to exploit completely their potential applications.
In the future, we believe work on applications of these
layered compounds will continue to expand rapidly.
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KATTbBI KOC TMHIPOKCUATEPAIH CUHTE3I 9AICTEPI )KOHE KOJIJJAHBIJIYbBI — KbICKA IIOJIY

K.A. UGparumoBa
Bakxy memnexemmik ynueepcumemi, baky, Ozipoaiiscan

KabatTter matepuanasie 6ip Typi Ooisin TabbLTaTEIH KabaTThl Koc ruapokcuarep (LDHs) cuaTesnery xeninairi, 6ipereit
KYPBUTBIMBL, OpyIIUT KaOaTBIHAA OPTYPIi METaJUl KaTHOHIAPBIHBIH OipKeNKi Tapaimybl, OCTTIK THAPOKCHI TONTAapEHI,
HUKEMJi peTTeNy CUAKTHI KeHOip KBI3BIKTHI KacHeTTepiHe OailaHBICTHI EPCICK THBAJIBI MaTepragap OO TaObLIa b,
KabaT apajblK KeHICTIKTepi 0ap HMHTEpPKAJUpJICHIeH aHWOHJAp, ICIHY KacHeTTepl jKoHE JKOFapbhl XUMHSJIBIK >KOHE
TEPMUSUIBIK TYPaKTBUIBIFBI, OPTYPJi THNTETi aHWOHAAPAbl HHTEpKANaNMsiIay KaOlleTi, COHBIMEH KaTap >KOFapbl
Ouoyiinecimainik. by mony Makanacel kKabaTTanraH KOC THIPOKCHATEP/IH CHHTE3 dAICTEpl JKOHE OJIapbIH KOINTereH
cajanapia KOJJIAHBUIYBl Typaibl KOCHIMIIA akmapaTka OarbiTTanFaH. KabaTTbl KocapianFaH THIPOKCHATEPIl
CHHTE3/ICY/IH €H KOl TaparaH 9JicTepi Oipirilm TYHABIPY, MOYEBHHA THUIPOJIU3i, THAPOTEPMHUSUIIBIK CHHTE3, 30J1b-TElb,
pekoHCTpyKuus xoHe T.0. LDHs kaTanusatopiap, cynpl Ta3apTy, JKaJblHFa Kapchl 3aTTap, IOJMMEpIli Kocmajap,
afcopOeHTTep, aTOM OHEPKICiOi, KopImaraH OpTaHBl KOpray, (DoToOKaTamu3aTopiiap *KOHE MaTepHalITaHy canajapblHOa
MIEPCIICKTHBAIBI KOJAAHY YIIiH Kol (yHKIIMOHAJIEI MaTepHall peTiH/e TaMalla OHIMALTIKTI KOpCceTe/Ii.

Tyiiin co3dep: Kabammoi KOC 2UOPOKCUO, KOCA MYHObIPY, 2UOPOMEPMUSTLIK CUHMES, 301b=2€lb d0ICi, COHOXUMUSIBIK,
cuHmes.

METO/IbI CHHTE3A U IPUMEHEHHME CJIOUCTBIX IBOMHBIX T'MIPOKCHIOB —
KPATKHUI OB30P

K.A. UG6parumoBa
Bakunckuii zocyoapcmeennutit ynusepcumem, baxy, Azepoaiidcan

Crouctsie nBoitabie Tuapokcuasl (CUIT), KOTopble NMpeacTaBisIOT OO0 OJMH M3 THIIOB CIOWCTBIX MAaTEpPHANIOB,
SIBISIFOTCSI TIEPCHEKTUBHBIMHA MaTepuaiaMu Oraromaps HEKOTOPHIM HHTEPECHBIM CBOWMCTBAM, TaKMM KaK IPOCTOTA
CHHTE3a, YHUKAJbHAs CTPYKTypa, PABHOMEPHOE paclpesieiecHHe KaTHOHOB Pa3IMYHBIX METANIOB B OpPYyCUTOBOM CIOE,
MOBEPXHOCTHBIE TUIPOKCHIIBHBIC IPYIIIBI, THOKas IepecTpanBaeMOCTh, HHTEPKAINPOBAHHBIE aHUOHBI C MEKCIIOEBBIMH
MPOCTPAaHCTBAaMHM, CBOMCTBAMHM HaOyXaHMs, BHICOKOH XMMHYECKOW M TEPMHYECKOIl CTaOMIBHOCTBIO, CHOCOOHOCTHIO
HHTEPKAINPOBATh PA3IMYHBIC TUIIBI AHHOHOB, a TAK)KE BRICOKOI GMOCOBMECTUMOCTHIO. JTa 0030pHas CTaThs MOCBSIIEHA
nHpopMaMK O MeToJax CHHTE3a CIOUCTBIX JBOMHBIX THIPOKCHIOB M WX NPUMEHEHHMM BO MHOTHX OOJacCTSIX.
OO6cyxnaroTcss Haubosiee paclpOCTPAHEHHBIE METOJBl CHHTE3a CIIOMCTBIX ABOMHBIX THIIPOKCHIOB: CO-OCaXKIEHUE,
THJPOJI3 MOYEBHHBI, THAPOTEPMAIbHBIN CUHTE3, 30Jb-Te€Nb, PeKOHCTpyKIus U aAp. CAI' neMOHCTpUpyeT OTIHYHbBIE
XapaKTEPUCTUKH B KauyecTBE MHOTO(QYHKIMOHAIBHOTO MaTepHana JJsl €ro MEepCIeKTHBHBIX NMPUMEHEHHWH B 00slacTh
KaTaJM3aTOpPOB, BOJIONIOATOTOBKH, AaHTHITUPEHOB, MOJMMEPHBIX 100aBOK, aacOpOEHTOB, aTOMHOW NPOMBIIUIEHHOCTH,
3aIIUTHI OKpY>Karollen cpesibl, pOoToKaTaIn3aTopoB U MaTepPHAIIOBEICHUS.

Knruesvte cnosa: cioucmulii 080UHOU 2UOPOKCUO, CO-0CANCOEHUE, SUOPOMEPMANbHBII CUHMES, 30]b-2elb Memoo,
COHOXUMUYECKUN CUHINES.
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