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10.1 Layered compounds: Basic concepts and nomenclature

Before describing the structures of specific layered compounds, it is important
to precisely define some of the technical terms used in the following pages,
based on the International Union of Pure and Applied Chemistry (IUPAC)
(Work et al., 2004) and International Mineralogical Association (IMA)—
International Union of Crystallography (IUCr) (Guinier et al., 1984).

Layered compounds—Compounds obtained by stacking two dimensional
units (layers), in which the atoms are connected prevalently by covalent
bonds along the layer planes and by weak van der Waals forces along
the layer packing. The layers can be neutral, cationic, or anionic and are
held together by hydrogen bonding or electrostatic interactions.
Intercalation—*Process by which a substance becomes transferred into
pre-existing spaces of molecular dimensions in a second substance.” Inter-
calation is used for an insertion reaction that does not cause a major struc-
tural modification of the host.

Intercalation reactions— “Reaction, generally reversible, that involves the
penetration of a host material by guest species without causing a major
structural modification of the host.

Notes: Intercalation can refer to the insertion of a guest species into a
one-, two-, or three-dimensional host structure. The guest species is not
distributed randomly but occupies positions predetermined by the struc-
ture of the host material. Examples of intercalation reactions are the
insertion of lithium into layered TiS, [Li, TiS, (0 <x<1)] and of potassium
into the layers of graphite (CgK).”
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— Intercalation compound—“Compounds resulting from reversible inclu-
sion, without covalent bonding, of one kind of molecule in a solid matrix
of another compound, which has a laminar structure. The host compound,
a solid, may be macromolecular, crystalline or amorphous.”

— Delamination—"Process that separates the layers of a laminate by break-
ing their structures in planes parallel to those layers.”

— Exfoliation—"Process by which thin layers individually separate from a
multilayered structure. Note: In the context of a nanocomposite material,
the individual layers have at most the order of a few nanometers in
thickness.”

— Dispersion—"Material comprising more than one phase where at least
one of the phases consists of finely divided phase domains, often in the
colloidal size range, distributed throughout a continuous phase domain.”

— Layered domain morphology or lamellar domain morphology—*Morphol-
ogy in which phase domains have shapes with two dimensions much larger
than the third dimension.”

— Polytype and polytypism—-“An element or compound is polytypic if it
occurs in several different structural modifications, each of which may
be regarded as built up by stacking layers of (nearly) identical structure
and composition, and where the modifications differ only in their stacking
sequence. Polytypism is a special case of polymorphism: the
two-dimensional translations within the layers are (essentially) preserved,
whereas the lattice spacings normal to the layers vary between polytypes
and are indicative of the stacking period. No such restrictions apply to
polymorphism.”

— Polytypic transition—“A transition of a crystalline structure into one or
more forms which differ in the way identical layers of atoms are stacked.”

— Turbostratic stacking—“Turbostratic stacking involves highly disordered

(nonregular) stacking arrangements of layers where there is no registry

from one layer to another, much like a stack of playing cards lying flat

on each other but with no alignment of edges.”

The structure of the minerals and synthetic materials were produced using the
VESTA program (Visualization for electronic and structural analysis), version
3.4.8 (Momma and Izumi, 2011), using CIF (Crystallographic Information File)
available in the Crystallography Open Database (http://www.crystallography.
net/cod/).

Two layers of a generic clay mineral structure of the 2:1 group, separated by
intercalated cations, were chosen as an example to define and explain the differ-
ent parts of layered crystals’ structure adopted throughout the text (Fig. 10.1).

These layers, independent of the complexity (from one atom of thickness
in graphite and seven atoms of thickness in the present case), will be repre-
sented by a single slab (Fig. 10.2) and the single crystals will be indicated
schematically by packing these slabs along the basal axis. Also, independent
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FIG. 10.1 Different parts of a hypothetical clay mineral structure of the 2:1 group.
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FIG. 10.2 Schematic representation of the intercalation, delamination, and exfoliation reactions

of a layered crystal.

of the polytype adopted by the layered structure, the layers in the schematic
representation of the single crystals used in the present text will be packed
exactly on top of each other.

In a simplified way, the reactions that can be performed in a neutral lattice
and can be reduced (intercalation of cations like in MoS,) or oxidized (inter-
calation of anions like in graphite) are the intercalation reactions, which are
normally reversible. When the layered crystal is neutral, the delamination
and exfoliation reactions are not so easy and the high-energy ultrasound
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equipment needs to be used, or even a mechanical peeling process. In the
case of intercalation compounds, especially due to the possibility of using
large charged intercalated species, the delamination and exfoliation reactions
are not very difficult to process, especially if the right solvent is used. One
strategy is to allow the intercalated species to be solvated so that the increased
concentration of the solvent in the interlayer space will swell the crystals until
the delamination/exfoliation takes place.

X-ray powder diffraction (XRPD) is one of the most powerful techniques
to characterize synthesized samples, as well as single-crystal X-ray diffraction
to determine the structure of minerals. XRPD is always the first technique to
apply to confirm the successful synthesis of known materials, since the XRPD
patterns will match the standard data stored in databases like that of the
JCPDS (International Centre for Diffraction Data Sample Preparation Meth-
ods in X-Ray Powder Diffraction). When the sample has an unknown struc-
ture, the first information to be obtained is the basal distance, by analyzing
the XRPD patterns. Since powders are normally composed of platelet-like
sub- or micrometric particles, the sample preparation for analysis is important.
It is difficult to avoid the texturization of the platelet-like particles in the sam-
ple holder, since even a small pressure will orient the crystals parallel to the
sample holder, maximizing the intensity of the basal diffraction peaks (con-
ventionally (001)) and decreasing the intensity of the nonbasal reflections
(hkO). As the basal distances (which vary according to the intercalated anion)
are bigger than the bonds between the atoms in the layers, these are the first
reflections to be detected and occur normally in the form of several orders,
all of them reflecting the same interplanar distance, as indicated in Bragg’s
equation (d(A):nl/Zsin 0; A=wavelength in A and 6=diffraction angle in
degrees; n=reflection order). To avoid the errors of the interplanar distances
(d) attributed to sample displacement, the sample should be placed exactly at
the surface of the sample holder, forming a uniform film and avoiding humps
and depressions.

Also, due to the increased imprecision of the “d” values obtained as the
diffraction peaks are delocalized to lower diffraction angles, the higher order
basal reflections should be used to determine the basal distance, using Bragg’s
equation. Also, in the case of hexagonal structures, which are the most com-
mon structure adopted by LDH and LHS, the average distance between the
two metals in the layers can be obtained from the (110) reflections (close to
62 degrees in 20 with A Cuy,=1.5418 A) multiplied by 2 (d;;9 X 2=average
M-M distance).

To correct the errors due to the vertical displacement of the sample from
the center of the diffraction goniometer and the errors attributed to the reflec-
tion positions at lower diffraction angles, the corrections need to be used as
recommended by Hermans et al. (2014), based on the method described by
Noyan and Cohen (1987).
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Another method used to characterize intercalation compounds is to detect
the presence of typical functional groups through Fourier-transform infrared
spectroscopy (FTIR). Here some basic precautions need to be taken. Since
the common method is to use KBr pellets, the sample needs to be milled
and homogeneously dispersed in KBr powder before pressing the mixture to
obtain almost transparent pellets. When a mortar and pestle are used to apply
extensive shared forces, the sample can be delaminated or even decomposed.
Consequently, care must be taken during these analyses.

In the case of an intercalated compound, one can observe that after the
exfoliation, 50% of the charged species will be attached to each detached
layer, and if the species are not solvated, this solvation reaction will occur
easily (Fig. 10.2). If no space is available to be occupied by the solvent in
solvating the intercalated species, partial reduction of the concentration of
the intercalation species can occur by oxidation, as in the case of KMoS,,
when after hydration the composition will be K;_,(H,O)yMoS, (Wypych
and Schollhorn, 1992; Wypych et al., 1999). The intercalated charged species
(cations or anions) can be replaced by other species of interest (Fig. 10.3),
always considering the stoichiometry of the reactions and the charge of spe-
cies to be exchanged with the desired one (Miyata, 1983; Constantino and
Pinnavaia, 1995; Newman and Jones, 1999; Sotiles and Wypych, 2019).

Single-charged intercalated species can be effortlessly replaced by double-
and triple- charged species, but the opposite reactions are not easily processed,
even if the concentration of the species in solution is high. In fact, to complete
the exchange reactions, normally the species in solution needs to be in excess
and the reactions processed under gentle stirring to avoid damaging the crystals
during long exposure to stirring. Sometimes the solution needs to be replaced
by a new one to achieve the complete topotactic exchange reaction.

Intermediate phases can also be obtained during the exchange reaction,
when the presence of both charged species can coexist in the interlayer space
and the basal distance is determined by the bigger hydrated (or anhydrous)
ionic diameter of the intercalated species. X-ray diffraction, for example,

Incomplete reaction

Layered crystal
A

A- Intercalation
B- Deintercalation
C- Exchange reaction

FIG. 10.3 Schematic representation of the intercalation and reversible exchange reaction of a
layered crystal.
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can indicate that the exchange reaction did not happen or was already
completed, but other analytical techniques need to be used to certify that
the exchange reaction occurred (Fig. 10.3). Interstratification is also another
phenomenon that can be observed with layered materials during exchange
reactions, where some interlayers are replaced by the new species while the
other is not (Fig. 10.3).

During the intercalation or exchange reaction, it is also possible to obtain
new polytypes, when the stacking of the layers can be changed (Fig. 10.4) by
shifting or by rotation, always with regular organization.

The classification of different polytypes is based on the number of stacked
layers in the basal unit cell (along the basal axis) (Booking and Drits, 1993).

Ex.: In the 1H-LDH polytypes, the unit cell contains one layer and the
structure is hexagonal (the series of basal diffraction peaks will be indexed
as (001), (002), (003), etc.), while in the 3R-LDH polytypes, the unit cell con-
tains three layers and the structure is rhombohedral (the series of basal diffrac-
tion peaks will be indexed as (003), (006), (009), etc.). Recently the first 9R
zincalstibite polytype has been reported in the literature (Mills et al., 2012a).

When the layers are randomly oriented relative to each other and not reg-
ularly packed, rotation stacking faults are normally observed, an effect known
as turbostraticity or rotational stacking disorder. This effect is normally
observed when the layered crystals are exfoliated and the layers are restacked
after removal of the solvent or by precipitation, or even after extensive
swelling, as occurs in clay minerals of the smectite group. Also, it is common
to obtain different staging during the intercalation, when some interlayer’s
space is occupied while others remain empty. When intercalated layered crys-
tals are exfoliated, only half of the intercalated ions will be kept on each side
of the layers, and if the intercalated ions are anhydrous in the bulk, these will
be solvated (hydrated in the case of water) at both sides of the single layers
(Fig. 10.5).

Layered crystal Second stage First stage

distance

FIG. 10.4 Schematic representation of the stage formation and interpolytypic transition during
intercalation.
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FIG. 10.5 Schematic representation of some reactions possible in layered compounds.
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FIG. 10.6 Schematic representation of the surface chemical grafting of a layered crystal or sin-
gle layers.

Basal surface grafting

The intercalated species can be replaced by organic species (in the present
case, intercalated anions were replaced by dodecylsulfate (C;,H»sSO47), an
anionic surfactant), consequently changing the polarity of the layers. Other
reactions that can be performed in neutral or intercalated layered compounds
where the bulk is delaminated or exfoliated are surface grafting reactions
(Fig. 10.6), when new functional groups are attached to the surface (Wypych
and Satyanarayana, 2005; Wypych et al., 2018). Chemical functionalization
of the basal or edge surface can be obtained, or even of both surfaces
simultaneously.

This kind of reaction is very important when the surface polarity needs to
be changed to disperse, for example, a hydrophilic layered material in a
hydrophobic polymer or solvent (Wypych et al., 2018). The right grafted
functional groups need to be chosen, and even at very low concentration,
the surface polarity can be changed. After defining these basic concepts and
nomenclature used in the analysis of layered materials, in the following
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parts of the chapter, a special class of layered materials composed of layered
double hydroxides (LDH) and layered hydroxide salts (LHS) is introduced
and described.

10.2 Layered double hydroxides

10.2.1 Layered double hydroxides with the composition
[MIZ.MZ*(OH);] (A™7),/myH20

Layered double hydroxides (LDH) are a class of natural or synthetic materials
which are in the majority of cases based on the structure of cadmium iodide
(Cdl,), but also based on the structure of the mineral brucite or magnesium
hydroxide (Mg(OH),) and other divalent transition metal hydroxides, like
Mn, Ni, Co, Fe, Cd, etc. The structure of brucite is composed of slightly
distorted octahedral units of Mg(OH)s, which share edges to form two-
dimensional layers, which are stacked along the “c” direction (basal axis)
and held together by van der Waals forces (Fig. 10.7). Since all the octahedral
positions are occupied, the structure is classified as trioctahedral.

Using Pauling’s electroneutrality principle of the structure, each Mg*? is
coordinated to 6 OH™ groups sharing 2*/6=+1/3 of the positive charge with
each OH™ group and each OH ™ sharing the negative charge with other Mg**
cations (—1/3). These layered crystals, grown preferentially along the “a” and
“b” axis, give to this material a high aspect ratio, which is determined by the
ratio of the diameter of the layered particles along the platelet planes to the
thickness along the basal direction, normally perpendicular to the platelet par-
ticles (Feitknecht and Gerber, 1942; Crepaldi et al., 1999; Rives, 2001;
Wypych and Satyanarayana, 2004; Duan and Evans, 2006; Guo et al., 2010;
Wang and O’Hare, 2012; Sherman, 2015).

The name layered double hydroxide is related to the composition of the
materials, which are composed of two different metals, where the main one
has oxidation state 2+, such as Mg2+ in brucite’s structure, and the one that
will partially isomorphically substitute M>* from the structure has 3+ oxida-
tion state. The partial substitution generates the chemical composition

Side view Top view
FIG. 10.7 Schematic polyhedral representation of brucite (Mg(OH),), along the indicated axis
(Zigan and Rothbauer, 1967).
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[M3* M2*(OH),]"" in the layers, where the positive charge needs to be com-
pensated by intercalated anions (A""),,,-yH>O. The values of “x” usually vary
from 0.33 <x < 0.80, which gives the molar ratios M**:M** from 2:1 to 4:1.
The most representative LDH family has the formula MY MZ*(OH),]
(A")y/-yH,0, where [MT* M:*(OH),]** represents the layer domain and
(A")ynyH,0 denotes the interlayer domain. In LDH compositions, M+
metals are normally represented by Mg, Ca, Sr, Mn, Fe, Co, Ni, Cu, Zn, Cd
while M>* are represented by Al, Cr, Fe, Sc, Ga, Y, In, Ce, and A", with
an infinity of inorganic and organic anions.

This first group of LDH can be represented by the structure of manasseite,
with the composition [Mg4Al,(OH),,(CO3)-3H,0] (Fig. 10.8) (Arakcheeva
et al., 1996), but many other minerals, like hydrotalcite (MggAl,CO3(OH);4-
4H,0), quintinite (Mg4Al,(OH){,CO3-3H,0), pyroaurite (MgﬁFe§+(CO3)
(OH);6-4H,0), takovite (NigAl,(OH);6(CO5,0H)-4H,0), stichtite (MggCr,
(CO5)(OH),4-4H,0), hydrocalumite (Ca,Al(OH)s(CO3 )o.11(OH)o7s 2.38H,0),
meixnerite (MgGAlz(OH) 16(CO3)4H20), dritsite (L12A14(OH)12C123H20)
(Zhitova et al., 2019), and akopovaite (Li,Al4(OH);2(CO3)-3H,0) (Karpenko
et al., 2020), have been described, just to cite some examples.

The majority of minerals are intercalated with carbonate and the M**:M**
molar ratio normally varies from 2:1 to 3:1, while the M** is normally alumi-
num (Mills et al., 2012a,b). But many exceptions have been described in the
literature. It is important to mention that in synthetic LHS, the amounts of
intercalated anions can be regulated by controlling the M**:M>* molar ratio
or the “x” in the formula [M3* Mi*(OH),] (A""),;,-yH,O. However, the
molar ratio used will not necessarily produce the desired compound. In this
case, some amorphous hydroxides can be segregated and chemical analysis
will generate incongruent results.

When Fe?* is oxidized in Fe(OH),, which has a similar structure of
Mg(OH),, layered double hydroxides with a single metal can be obtained,
denominated the green rust (GR) family, with the composition [Fe%theff
(OH),1(A"")/n'yH20O, where in nature, A"~ is normally represented by car-
bonate. The same can occur with Ni(OH), and Co(OH),, where divalent

. ;
Side view Mg Topdew

FIG. 10.8 Schematic polyhedral representation of manasseite-like LDH structure oriented along
the indicated axis directions (Arakcheeva et al., 1996).
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and trivalent metal cations are present in the layered structure. Ternary (and
even quaternary) layered double hydroxides with the generic composition
M2, My M**(OH),] (A"7),,-yH0 or [M**) - M,™,_ ,My™*,(OH),]
(Anf)x/,fszO can also be obtained but are rarely described in the literature.
The partially replaced metal in the LDH structure is normally M>* and only
rarely M (Lei et al., 2013; Kuhl et al., 2015; Rathee et al., 2019).

10.2.2 Layered double hydroxides with the composition
[Li(AI(OH)3)>](A" )1/, yHO

The second group of compounds less frequently observed in layered double
hydroxides is [Li(AI(OH)3),](A")1/,-yH,O (Serna et al., 1982; Besserguenev
et al., 1997; Uvarova et al., 2005; Hawthorne and Cooper, 2013; Britto and
Kamath, 2014; Zhitova et al., 2019; Karpenko et al., 2020). These materials
are not obtained by isomorphic substitution of M** by M** or by oxidation of
M2+, but rather by occupation of the vacant octahedral site of the aluminum
hydroxide (AI(OH);_ Aly;301/3(OH), (v: vacant site). They include polymorphs
like gibbsite (Saalfeld and Wedde, 1974), bayerite (Rothbauer et al., 1967),
nordstrandite (Saalfeld and Jarchow, 1968), and doyleite (Clark et al., 1998),
with lithium cations in solid state or in solution. Gibbsite, used as example
(Fig. 10.9), is classified as dioctahedral, since only 2/3 of the octahedral sites
are occupied due to the 3+ oxidation of aluminum in comparison to the 2+ oxi-
dation state of magnesium in brucite’s structure.

After occupation of the vacant sites, positive charged layer domains are
obtained with the composition [Li(Al(OH)s),]", which need to be charge
compensated by the intercalation of hydrated anions (A"");,,-yH,O. Several
different anions can occupy the interlayer space, like C1~, Br~, NO3;~, OH,
S04, etc. Recently, the structures have been described of two minerals, with
the composition [Li,Al4(OH){,Cl,-3H,0] (dritsite) (Zhitova et al., 2019)
(Fig. 10.10) and the carbonate analog of dritsite LiyAl4(OH);,(CO3)-3H,0O
(akopovaite) (Karpenko et al., 2020). Akopovaite was found in the 1M poly-
type, whereas dritsite was found in the 2H polytype.

Vacant
- Octahedral site

Basal
distance

Side view

FIG. 10.9 Schematic polyhedral representation of gibbsite’s (AI(OH);) oriented along the indi-
cated axis directions (Saalfeld and Wedde, 1974).
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FIG. 10.10 Schematic polyhedral representation of dritsite’s structure oriented along the indi-
cated axis directions (Zhitova et al., 2019).

10.2.3 Layered double hydroxides with the composition
M2+(A|(0H)3)nA2_'yH20

Another compositions presented by layered double hydroxides, obtained by
the occupation of the vacant octahedral sites of dioctahedral AI(OH);, are
M (AI(OH)3),A* - yH,O (A?~=S0,2", VO3>~ ; M**=Ni**, Co**, Zn**
and Cu?; n=2, 4), which occurs naturally in minerals or can be obtained by
synthetic routes (Fogg et al., 2004; Williams et al., 2006a,b; Jensen et al.,
2019; Szabados et al., 2019). These materials, also known as “aluminum-rich
layered double hydroxides,” are similar to those obtained after reaction with
lithium salts, but where the vacant octahedral sites are occupied by divalent
cations (Ni**, Co?*, Zn**, and Cu®* have been reported), obtaining double-
positively charged layer domains [M2+(AI(OH)3)2]2+, which need to be charge
compensated by the intercalation of hydrated anions (A""),,,-yH,O (as far as
we know at this writing, only SO4*>~ and VO3>~ have been reported). The
minerals nickelalumite, chalcoalumite, alvanite, and kyrgyzstanite have been
reported (Williams and Khin, 1971; Pertlik and Dunn, 1990; Agakhanov
et al., 2005; Uvarova et al., 2005; Hawthorne and Cooper, 2013), respectively,
the compositions NiAl4(OH);,SO4-3H,0, CuAl4(OH),,S04-3H,0, (Zn,Ni)
Al4(VO3),(OH),-2H,0, and ZnAl4(SO4)(OH),-3H,0. Fig. 10.11 shows the
schematic polyhedral representation of nickelalumite’s structure (Uvarova
et al., 2005).

10.2.4 Layered double hydroxides with the composition
[ME*AL3*(OH)15][B*(H,0)6(X*7);]-6H,0

The fourth composition of layered double hydroxides is [Mz*AI3*(OH),g]
[B*(H,0)6(X*),]-6H,0 (M**=Mg, Mn, Zn, Co, Ni, Cu; B*=Li, Na, K,
NHy; X27:SO4, HPO,) (Rodgers et al., 1977; Rius and Plana, 1986;
Zamarreno et al., 1989; Witzke et al., 1995; Cooper and Hawthorne, 1996;
Huminicki and Hawthorne, 2003; Ruby et al., 2006; Christiansen et al.,
2009, 2014; Sotiles and Wypych, 2019; Sotiles et al., 2019a,b).
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Basal

Top view

Side view

FIG. 10.11 Schematic polyhedral representation of nickelalumite’s structure oriented along the
indicated axis directions. Hydrogen atoms and water molecules have been removed from the
structure to facilitate visualization (Uvarova et al., 2005).

Some of these compositions have already been observed in minerals, like
motukoreaite (M>*=Mg), natroglaucocerinite (M>*=Zn), shigaite (M**=
Mn), and nikischerite (M*"=Fe), as well as sulfate green rusts denominated
GRgsos (NaFeZ'Fei'(SO4)»(OH);5-12H,0, KFe'Fe3'(SO4)»(OH);s: 12H,0)
(Rodgers et al., 1977; Rius and Plana, 1986; Zamarreno et al., 1989; Witzke
et al., 1995; Cooper and Hawthorne, 1996; Huminicki and Hawthorne, 2003;
Zegeye et al., 2005; Ruby et al., 2006; Christiansen et al., 2009, 2014;
Ahmed et al., 2010). Fig. 10.12 shows the schematic polyhedral representation
of nikischerite’s structure (Huminicki and Hawthorne, 2003).

Chemical modification of surfaces can be easily performed by intercala-
tion with anionic surfactants, functionalization, or through a chemical method
to obtain aqueous miscible organic layered double hydroxide (AMO-LDH)
(Fig. 10.13).

After synthesizing the LDH, the particles are washed with a water miscible
organic solvent and the materials with the composition [Mi" .M} (OH),]**
(CO3)4p2-mH,0 X n(AMO-solvent) are obtained (Chen et al., 2014; Yang
et al., 2014; Erastova et al., 2017). The particles’ surfaces can be modified,
changing the surface polarity from hydrophilic to hydrophobic. In this
method, only the surface of the particles will be modified. This is also the case
of the functionalization (Fig. 10.5), while in intercalated surfactants, both the
outer and inner surfaces can be modified (Clearfield et al., 1991; Carlino,
1997; Adachi-Pagano et al., 2000; Guimardes et al., 2000; Bubniak et al.,
2002; Kameda et al., 2008; Cursino et al., 2013, 2015).

One important aspect still not totally explored in the literature is the pos-
sibility to obtain pillared LDH (and also the LHS discussed in the following
section) using dicarboxylic or disulfonic acid with different chain lengths to
obtain organically pillared hydroxides (OPH) with different functionalities
and extremely high surface areas. These have potential industrial applications,
as reported for pillared clays (PILC), when the pillars are obtained by
exchanging the interlayer cations with metal-hydroxy oligomeric species,
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Basal

Top view

qu-g—Oa Side view

FIG. 10.12 Schematic polyhedral representation of nikischerite’s structure ([Feé*Al%*(OH)lg]
[Na(H,0)6(SO4),]' 6H,0) oriented along the indicated axis directions. Hydrogen atoms and water
molecules have been removed from the structure to facilitate visualization (Huminicki and
Hawthorne, 2003).

Layered crystal

i%&& A- AMO method
B- Intercalation

FIG. 10.13 Schematic representation of the chemical modification of a generic LDH surface.

followed by thermal decomposition of the intercalated species while maintain-
ing the layered integrity (Baloyi et al., 2018).

These organic nanohybrid materials will not have the same thermal stability
of the pillared derivatives of clay minerals, but they will have the advantage of
controlling the height of the pillar by choosing the proper dicarboxylic acid and
the distance between the pillars, since the exchange capacity in LDH is con-
trolled by the M**:M>* molar ratio. Higher molar ratios mean fewer pillars
and lower molar ratios mean more densely packed pillars, as indicated schema-
tically in Fig. 10.14.

These new proposed porous materials will be similar to the metal organic
frameworks (MOF) (Stock and Biswas, 2012; Wang and Astruc, 2020), but
the pores will be allocated in a two-dimensional environment (interlayer space
or gap) and potentially can be used to trap, store, and deliver several
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FIG. 10.14 Schematic representation of pillared layered double hydroxides by using dicarbox-

ylates or disulfonates.

biomolecules of interest in gas storage, electrochemical energy storage and
catalysis, as well as use in sensors and in filters to separate organic molecules
and gases by size, since the pore sizes can be regulated as described above.

10.3 Layered hydroxide salts

Layered hydroxide salts (LHS) are described in the literature with various
specific names, the most common being layered basic salts (LBS), layered
basic metal salts (LBMS), metal basic salts (MBS), layered metal hydroxide
salts (LMHS), and hydroxy-salts (HS). When two different metals are present
in the structure of the layers, the compounds are also known as layered mixed
basic salts (LMBS) or layered double hydroxide salts (LDHS) (Haan, 1963;
Meyn et al., 1993; Morioka et al., 1998; Louer et al., 2001; Arizaga et al.,
2007; Briois et al., 2007; Thomas, 2012).

The structures of LHS are similar to those of LDH. Despite the lower
chemical diversity of the LHS, this family of compounds has greater structural
diversity. The general chemical formula of an LHS is M2+(OH)2,X(A’”_)X/,,7~
nH,O, where M** is a divalent cation, normally Mg®*, Ni**, Zn**, Ca**
Cd**, Co**, or Cu®*, and (A™"),,,,-nH,0 is a hydrated counter-ion. In a sim-
plified way, the basic structure of LHS can be described as derived from the
structure of brucite (Mg(OH),), in which part of the structural hydroxide
groups (OH") of the layers is replaced by water molecules or anions, and some
rearrangements of the layers occur.

The most common structural examples are simonkolleite or zinc hydroxide
chloride—(Zns(OH)gCl,-H,O) (Allmann, 1968; Schmetzer et al., 1985;
Hawthorne and Sokolova, 2002) and zinc hydroxide nitrate—(Zns(OH)g
(NO3),-2H,0) (Stahlin and Oswald, 1970).
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10.3.1 Layered hydroxides salts: Simonkolleite: Zn;(OH)gCl,-H,O

In simonkolleite (Fig. 10.15), the layers are not flat as in LDH structures or
in brucite, due to the presence of two distinct Zn>* sites, one octahedral coor-
dinated to six OH™ anions as in brucite (Zn(OH)s) and tetrahedral Zn**
coordinated to three OH™ anions and one apical chloride anion (Zn(OH);Cl)
(Allmann, 1968; Schmetzer et al., 1985; Hawthorne and Sokolova, 2002).
The octahedra share the edge and the layers are dioctahedral, similar to the
structure of gibbsite, where six-member rings generate a vacant central
octahedron.

Every second octahedral Zn®" site is vacant, and above and below this
vacant site, tetrahedral Zn** cations are positioned and water molecules are
intercalated between the layers. The tridimensional structure is obtained when
layers are packed across the basal axis and held together by hydrogen bonds
involving intercalated water molecules, hydroxyl groups from the layers,
and chloride anions grafted to the zinc top tetrahedra.

10.3.2 Layered hydroxides salts: zinc hydroxide nitrate dihydrate:
Zn5(OH)5(NO3),-2H,0

Zinc hydroxide nitrate (Zns(OH)s(NO3),-2H,O—or  Zn3*Zn5"'(OH)g
(NOs),-2H,0, where oct. and tet. represent zinc cations occupying octahedral
and tetrahedral sites, respectively) (Fig. 10.16) (Stahlin and Oswald, 1970)
has a similar structure as simonkolleite, with the small difference that a water
molecule is coordinated directly to the tetrahedral Zn>* site occupying the
chloride site and the nitrate anions are intercalated between the layers, making
them easy to replace by another anion and also grafted to the octahedral or tet-
rahedral sites (Wypych et al., 2005; Demel et al., 2011, 2014; Moyo et al.,
2012; Cursino et al., 2015; Laipan et al., 2020).

Oct. Zn?*
f

R Basal
" distance

Side view

Top view

FIG. 10.15 Schematic polyhedral representation of simonkolleite’s structure oriented along the
indicated axis directions. Tet. Zn>* represents tetrahedral sites and Oct. Zn>* octahedral sites
(Allmann, 1968; Schmetzer et al., 1985; Hawthorne and Sokolova, 2002).
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FIG. 10.16 Schematic polyhedral representation of zinc hydroxide nitrate’s structure. Tet. Zn>*
represents tetrahedral sites and Oct. Zn** octahedral site (Stahlin and Oswald, 1970).

10.3.3 Other layered hydroxide salts

Other frequent compositions of LHS, most of them occurring in the form of
minerals, are hydrozincite (Zns(OH)g(CO3),), cadmium copper hydroxide
nitrate (CdCu3(OH)(NO3),-H,0), posnjakite (Cuy(OH)sSO4-H,0), gerhard-
tite and rouaite polymorphs (Cu,(OH);NO3), likasite (Cu3;(OH)sNO3-2H,0),
osakaite (Zny(OH)gSO4-5H,0), namuwite (Zny(OH)sSO4-4H,0), lahnsteinite
(Zn4(OH)S0O4-3H,0), anhydrous zinc hydroxide sulfate (Zny(OH)SOy), anhy-
drous zinc hydroxide nitrate (Zn3;(OH)4(NO3),), botallackite (Cu,(OH);Cl), lan-
gite (Cuy(OH)sSO4-2H,0), hydrated zinc hydroxide dodecylsulfate (Zns(OH)g
(DS),:mH,0), malachite (Cu,(OH),CO3), nullaginite (Ni,(OH),CO;, pok-
rovskite (Mg(OH),CO3)0.5-H,O, georgeite (CuZ*(OH)4(CO5)36-H,0), glau-
kosphaerite (Cu,Ni),(OH),COj3), NiyZn3z(OH)g(NO3),-2H,0, nickel-zinc
hydroxide acetates (Ni_ v Zno »(OH)g(OAc),-mH,0), and zinc chromium
hydroxide nitrate dyhydrate (Zn,Cr(OH)sNO3-2H,0), etc.

10.3.4 Layered hydroxides salts: sodium-gordaite: Zn,(OH)¢(SO4)
CINa(H20)6

Sodium-gordaite [Zngy(OH)g(SO4)CI-Na(H,0)g] (Adiwidjaja et al., 1997;
Schliiter et al., 1997; Nasdala et al., 1998) is also an interesting mineral of
the LHS family, but with sui generis characteristics (Fig. 10.17).

The structure of the layers is similar to that of the mineral simonkolleite
(Fig. 10.15), as well as to the structure of namuwite. As in simonkolleite,
sodium-gordaite brucite-like layers present two distinct Zn** sites, one octahe-
dral coordinated to six OH™ anions as in brucite, and tetrahedral Zn>" coordi-
nated to three OH™ anions and one apical chloride anion, as in namuwite.
Above and below the vacant sites, Zn** tetrahedra are located and sulfate
groups are grafted to both sides of the layers of the octahedral Zn*> by replacing
OH™ groups. Due to the grafting of chloride anions and sulfate anions to the
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FIG. 10.17 Schematic polyhedral representation of sodium-gordaite’s structure oriented along
the indicated axis directions (Schliiter et al., 1977; Adiwidjaja et al., 1997; Nasdala et al., 1998).

layers, the layers are negatively charged ([Zn4(OH)e(SO4)Cl] ), which requires
the intercalation of a cation, such as a hydrated sodium cation-([Na(H,O)s]").

This sui generis characteristic of having negatively charged layers is dif-
ferent from the other compounds of the LHS family, which have positively
charged layers, so they can only exchange anions, although gordaite can
exchange both cations and anions, as recently reported (Stanimirova et al.,
2013; Maruyama et al., 2017; Stanimirova, 2019). In sodium gordaite, zinc
cations can also be partially replaced with other cations, like Ni%* and C02+,
as recently reported (Kasatkin et al., 2018; Mills et al., 2019), opening even
more the possibility of extending this family of compounds to other
compositions.

Due to the similar structures and properties, most of the exchange reac-
tions and chemical surface modifications of LDH have also been reported
for LHS (Wypych et al., 2005; Arizaga et al., 2008), except the aqueous mis-
cible organic (AMO) method, which has only been applied to LDH (Chen
et al., 2014; Yang et al., 2014; Erastova et al., 2017). Also, ternary LHS has
been described in the minerals (Oswald, 1969; Bevins et al., 1982) as well
as in synthetic derivatives (Nishizawa and Yuasa, 1998; Liu et al., 2015;
Oliveira and Wypych, 2016).

10.3.5 Layered hydroxides salts: Osakaite/Namuwite family:
Zn4(OH)6(SO4)'nH20

Zinc hydroxide sulfate occurs with variable amounts of intercalated water
molecules (pentahydrated osakaite—Zn4(OH)SO4-5H,0), tetrahydrated
namuwite—(Zn4(OH)gS04-4H,0) and trihydrated lahnsteinite—(Zny(OH)s.
S04-3H,0) as well as anhydrous form of zinc hydroxide sulfate (Zny(OH)g
S0Oy), just to cite some examples (Oswald, 1969; Mellini and Merlino, 1979;
Bevins et al.,, 1982; Bear et al., 1986; Effenberger, 1986; Groat, 1996;
Chukanov et al., 2013; Germann et al., 2016; Stanimirova et al., 2017).
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The schematic polyhedral representation of namuwite’s structure
(Fig. 10.18) (Groat, 1996) is similar to the structure of zinc hydroxide nitrate
(Fig. 10.16), but instead of intercalated nitrate anions, sulfate anions are
grafted on both the upper and lower layers to the octahedral zinc cations,
replacing structural hydroxide anions. Since the layer is the same in the
minerals cited above, the basal distances attributed to the amount of water
molecules are 11.03 A in osakaite, 10.54 A in namuwite, 9.25 A in lahnstei-
nite, and 8.93 A in anhydrous zinc hydroxide sulfate.

10.4 Methods of synthesis

Several synthesis methods are used to prepare layered double hydroxides
(LDH) and layered hydroxide salts (LHS). The most important are briefly
described in this section. The majority of the examples apply to LDH, but
with some adaptations, the same methods can be applied for the synthesis
of LHS.

10.4.1 Coprecipitation with constant and variable pH

Coprecipitation is the main process involved in the syntheses of LDH and
LHS, and the synthesis pH is normally alkaline, but is not restricted to this
condition. Coprecipitation can be divided into at least three methods: con-
stant, increasing or decreasing pH, each of which has a particular effect on
the quality of the crystals, especially the sizes of the platelet-like particles
and their crystallinity.

The variables that can be controlled are the pH of the final titration, con-
centration of the solutions, synthesis temperature, ripening time, M**:M**
molar ratio, stirring speed, and speed of adding chemical solutions. Even
the presence of different salt anions in the solutions can influence the process
and crystal quality. To obtain large well-crystallized crystals, all these synthe-
sis parameters need to be optimized for each formulation. Ideally, a titration
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FIG. 10.18 Schematic of polyhedral representation of namuwite’s structure oriented along the
indicated axis directions (Groat, 1996). Tet. Zn>* represents tetrahedral sites and Oct. Zn**
octahedral sites.
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curve needs to be constructed and the precipitation pH registered, to allow
retrieving the samples at different pH levels to observe the crystallinity and
the crystal quality through X-ray diffraction measurements, ideally in situ.
To simplify the process, the solution needs to be as diluted as possible, the
reaction medium should be heated and the addition needs to be very slow
and under constant agitation to achieve homogenous mixture. After arriving
at the desired pH, the milky dispersion in the presence of the mother solution
needs to be treated at high temperature, preferably under hydrothermal condi-
tions, for crystal ripening.

LDH and LHS are generally precipitated from a mixture of metal salts (or
a single salt in the case of LHS). Normally the salts used contain the anions of
interest to be intercalated. Ex.: If a LHD of Zn:Al in the molar ratio of 2:1 and
intercalation with nitrate is needed, the salt solution should contain
Zn(NO3), and AI(NOs); in the proportion of 2:1 and be precipitated with an
alkaline solution (NaOH, KOH or NH4OH), as indicated in Eq. (10.1).

2 Zn(NO;),+ Al(NO3)4+ 6 NaOH->Zn, Al(OH), (NO3) nH,0+ 6 NaNOj3
(10.1)

It is important to keep the concentration of the anions in excess to avoid
contamination with carbonate from the CO, present in the air, which has
strong affinity for the metal hydroxide layers, and hence has preference for
intercalation in relation to nitrate. One of the reasons for this strong affinity
is carbonate’s double charge, while nitrate has a single charge. The higher
the anion charge is, the stronger the preference for intercalation will be. Thus,
to avoid intercalation of carbonate from the air, most of these reactions need
to be processed under the protective atmosphere of an inert gas (normally
N, or Ar) to exclude dissolved CO, from the solutions, especially from alka-
line solutions. The solutions need to be prepared with decarbonated water,
which is prepared by boiling distilled water with an intense flow of bubbling
N, and must be immediately used after cooling under N, flow. In the case of
NaOH and KOH, after opening the flask, the carbonation tends to be observed
at the surface of the NaOH or KOH as a thin white layer of alkali carbonate,
which also needs to be removed by washing before preparing the alkaline
solutions.

After precipitation, the obtained slurry in the presence of the mother solu-
tion can be placed in a closed container and submitted hydrothermal treatment
for some time (normally hours or days, depending on the temperature), to
increase the particles’ sizes and crystallinity (Ostwald ripening or hydrother-
mal crystallization). Another possibility is to keep the slurry in contact with
the mother solution for some days at room temperature, or even separate the
solid from the mother solution by centrifugation, immediately after precipita-
tion. Filtering is not effective to avoid trapping soluble species in the crystal
voids and adsorbed cations/anions at the particles’ surfaces.
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Also, to avoid any contamination, the slurry should be centrifuged, the
mother solution removed, and a new portion of water should be added (nor-
mally in the same amount as present in the mother solution). The slurry is
then redispersed in an ultrasound bath for some seconds. The milky dispersion
should be centrifuged again, always using decarbonated water, and the pro-
cess should ideally be repeated for four or five times to assure the elimination
of soluble included, occluded, absorbed, and adsorbed impurities. The ideally
obtained Zn,Al(OH)g(NO3)-nH,O can also be defined as Znggg7Alg333
(OH)2(NO3)¢.333-nH,0.

The difference among co-precipitation methods is the way the process is
conducted. In the rising pH method, the pH of the mixed metal solutions,
which have acid pH due to the metal hydrolysis, is slowly increased until
the desired pH level with an alkaline solution, prepared normally with NaOH,
KOH, or NH4,OH. The solution’s concentration must be diluted (normally
0.1mol/L or event less) and the process conducted under intense stirring to
avoid supersaturation, induce crystal growth, and avoid nucleation of new
crystals.

The decreasing pH method is exactly the opposite: the mixed salt solutions
are added to the alkaline solution until the desired pH level is attained.
Finally, in the constant pH method, both solutions (the mixed salts and the
alkaline) are slowly dripped into a single recipient containing water and the
pH is controlled with a pH meter, to prevent abrupt variation. Normally these
methods are conducted in glass reactors where the temperature, pH, and inert
atmosphere are controlled and peristaltic pumps are used to introduce the
solutions in the reactor slowly.

When carbonate anions are intercalated, there is no need to control the
atmosphere, and in the absence of carbonate salts, nitrate or chloride salts
can be used in the presence of an excess of Na,COj; to obtain the desired
intercalated anions (Eq. 10.2).

2 Zn(NOs),+ AI(NOs);+ 6 AOH+ Na,CO3->Zn,Al(OH), (CO3),, s nH,0
+6 ANO3+ 0.5 Na,CO3+ NaNO; (A = Na or K)

(10.2)

In the rising pH method care must be taken since single metal hydroxides
can be precipitated at slight acid pHs (lower pHs than the precipitation of
LDH or LHS) and can contaminate the samples. In this sense, solubility prod-
uct constants (Kp) need to be evaluated to avoid undesired contaminants,
especially problematic if the hydroxides are amorphous, making them unde-
tectable by X-ray diffraction. Also, due to the homogeneous distribution of
the amorphous contaminants in the samples, even elements mapping through
Energy Dispersive Spectroscopy (EDS) can indicate homogeneous distribu-
tion of the elements in the samples generating false chemical compositions.
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10.4.2 Reconstruction or structural memory effect

The reconstruction or structural memory effect is normally used when a spe-
cific anion needs to be intercalated and the salts are not available (among
b other reasons, like the use of nanostructured oxides in environmental reme-
diation and catalysis). It is based on the property that LDH intercalated with
carbonate can be thermally decomposed until a desired temperature is reached
to promote dehydration, removal of intercalated carbonate and dehydroxyla-
tion of the layers, but not high enough to form stable crystalline oxides. The
mixed oxides (normally called nanostructured mixed metal oxides (MMO)
or layered double oxides—LDO) can be reconstructed to the LDH structure
after hydration with water vapor or after immersing the powder in a solution
containing the anions of interest (Eqgs. 10.3 and 10.4).

ZnyAl(OH),(CO3), s nH,02Zn/AlO,
+ NaCH3CO0-Zn,Al(OH),(CH;COO0) nH,0 (10.3)

Zn,Al(OH),(CO3),, s n"H,0>2Zn/AlOx+ water=>Zn, Al(OH),(OH) nH,0O
(10.4)

10.4.3 Mechanochemical approach

In the mechanochemical approach, the starting materials are based on the
mixture of salts or oxides in the presence of a hydroxide (normally NaOH
or KOH) or single hydroxides, used in the desired stoichiometric molar ratios.
The mechanochemical approach was introduced to reduce the drawbacks
attributed to the coprecipitation methods like the treatment of aqueous waste,
high energy consumption, and complex operations during the syntheses.

The process can occur by single-step grinding, mechano-hydrothermal, or
two-step grinding (dry and wet grinding). After submitting the mixture to
grinding for some time, the mixture is washed with decarbonated water, result-
ing in a slurry of dispersed LDH or LHS particles, similar to those obtained by
co-precipitation (Eq. 10.1). This method is simple, since the process of grinding
can be performed manually using a mortar and pestle (Qu et al., 2016). If car-
bonate is the desired intercalated anion, Na,COj3 can be introduced in the mix-
ture and the reaction processed as indicated in Eq. (10.2).

10.4.4 Hydrolysis of salts and oxides

Urea hydrolysis, homogeneous precipitation or the urea method (Staal et al.,
2017) is the preferred method for the preparation of pure and highly crystal-
line layered double hydroxides. This method is based on the thermal decom-
position of excess urea in water (Eqs. 10.5-10.7), in the presence of an acidic
solution of salts (or even a single metal salt), to generate hydroxide anions
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homogeneously in the solution and precipitate highly crystalline carbonate
intercalated layered hydroxides with large particles.

(NH,),CO+ H,O+ heat=>2 NH3+ CO, (10.5)
CO,+ H,0>H,CO3=2H + CO3%~ (10.6)
NH;+ H,OsNH,OHsNH, + OH™ (10.7)

Despite the large number of publications reporting this method, recently
(Staal et al., 2017), it was observed that amorphous mixtures of single hydro-
xides can contaminate the samples and less than half of the total AI** content
was incorporated in ZnAl-LDH, especially with specific M**:M>* molar
ratios, giving a false impression that LDH are pure. So, this method should
be used carefully to avoid these problems.

Still using the hydrolysis approach, used more frequently for the synthesis
of LHS, trivalent metal salts like AlCl; and CrCl; can be hydrolyzed in the
presence of insoluble divalent metal oxides like ZnO, NiO, and CuO, produc-
ing an LHS with the composition M**(OH),_ (A™),,,-nH,0 (Eq. 10.8). The
same method can be used to produce layered double hydroxide salts (LDHS)
with the composition M,**;_ ,M,>*(OH),_ (A""),/,,-nH,0, where M, and
M, are two different divalent metal cations, such as Co, Ni, Zn, etc., as
indicated in Eq. (10.9) (Arizaga et al., 2007).

M,0 + MyA, + H,0>M,**(OH),  (A"),,, - nH,0 (10.8)

M,0 + MpA, + H,O>M, > My** (OH),_ (A") . -nH,O  (10.9)

x/m

10.4.5 Exchange reactions

The exchange method to produce new LDS and LHS is extensively used and
the reactions are normally topotactic. This method is simple and consists of
synthesizing a LDH or LHS by the conventional method and replacing the
intercalated anions by dispersion of the solid in a solution containing the anions
of interest (Biswick et al., 2006). Chloride and nitrate are frequently used for
exchange, since these anions are easily exchangeable with other anions. The
process was already schematically represented in Figs. 10.3—10.6 (Eq. 10.10).

ZH2A1(OH)6(N03)'YZH20 +0.5 N32CO39ZH2A1(OH)6(CO3)O'5‘HH20
+ NaNOs.

(10.10)

In the case of a need for a well-crystallized sample and bigger crystal
sizes, intercalation with carbonate can be used (most of the time prepared
by urea hydrolysis). But since carbonate is strongly bonded to the layers, this
process can only occur by treating the LDH-CO; phase with a buffer solution
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of NaCl/NaCH3;COOH/CH3COOH (lyi and Sasaki, 2008; Hibino, 2014) at
slightly acidic pH. The protons react with the interlayer carbonate ions to
form bicarbonate and finally carbonic acid, which will be decomposed to
CO, and water and released as gas from the sample. Chloride anions from
NaCl, used in excess in the buffer solution, will then replace the intercalated
carbonate (Eq. 10.11). This reaction will not occur if the LDH-CO;3 phase is
treated directly with NaCl solution. Also, severe damage to the layers must
be avoided by careful pH control through the use of the buffer solution.

Zny Al(OH) (CO3), s nH,0 + NaCl + NaCH;COO
+ CH3;COOH=Zn, Al(OH),(Cl)'nH,0 + CO, + H,0 (10.11)

10.4.6 Diadochy reactions

Diadochy reactions are one of the rarest possibilities of isomorphic subs-
titution of metal cations located in the main hydroxide layers (interlayer
domain) in a previously synthesized material, allocated in octahedral or
tetrahedral sites by other metal cations with the same oxidation state
(Komarneni et al., 1998). This process is frequently applied to LHS with the
composition M2*(OH),_ (A™"),,,-nH,0, which after the reaction is transformed
to M, My (OH),_ (A" )y,nH,O (Eq. 10.12) (M, and M, are two
different divalent metal cations).

M,**(OH),_,(NO3), - nH,0 + My(NO3),»M,**|_ My** (OH),  (NO3),
-nH,O + Ma(NO3)2

(10.12)

In the case of LHS involving Zn, an interesting example is the compound
[Zn$°'Zn5"(OH)g(CH;C0O0),-2H,0], where three zinc cations are allocated
in octahedral sites (oct) and two zinc cations are allocated in tetrahedral sites
(tet), as in Zns(OH)g(NO3),-2H,O (Fig. 10.16). When these compounds are
put in contact with solutions of nickel salts, Ni** can selectively replace the
Zn** allocated in the octahedral sites, obtaining Ni3“'Zn5'(OH)s(CH;COO),-
2H,0. The same composition is used to obtain mixed 2Zn>*/3Ni** salts by
direct precipitation from the salts in solution (Nishizawa and Yuasa, 1998;
Tessier et al., 2000; Kolinjavadi et al., 2019).

10.4.7 Sol/gel method

In the sol-gel method, normally the organic salts, like alkoxides and acetyla-
cetonates, of the LDH metal components that need to be obtained are dis-
solved in an organic solvent, typically ethanol or acetone, and the pH is
adjusted with NH4OH. The gel obtained is refluxed for the complete
metal-organic metal hydrolysis and isolated by filtration, and then washed
and dried (Aranmedia et al., 2002). Due to the better homogeneity of the
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dissolved metal-organic metal salts, this route is normally applied to prepare
mixtures of metal oxides used in catalysis after calcination, which results in
materials with more uniform pore sizes and higher surface area in comparison
with the LDH obtained by co-precipitation (Prince et al., 2009). After drying
the sol-gel, porous monoliths can also be obtained, which have high porosity
and can be used to immobilize biological molecules like enzymes to be used
in enzymatic catalysis.

Other less frequently used methods are the precipitation using organic sol-
vents, the electrochemical synthesis, microwave—assisted precipitation, etc.

10.5 Some applications and future perspectives

There are many potential uses of natural and synthetic layered double hydro-
xides and hydroxide salts, such as drug delivery (Wei et al., 2005; Cao et al.,
2020), energy conversion and storage (Chen et al., 2020), environmental
remediation (Chaillot et al., 2021), catalysis (Stamate et al., 2020), analytical
chemistry applications (Tang et al., 2020), photocatalysis (Yang et al., 2020;
Zhang et al., 2020), production of sensors (Khenifi et al., 2009; Baig and
Sajid, 2017), flame retardants and smoke suppressors (Ling et al., 2005; Shi
et al., 2005; Matusinovic and Wilkie, 2012; Gao et al., 2014), nanocontainers
to prevent corrosion of metallic surfaces (Zhang et al., 2008; Leal et al.,
2020), functional polymer nanocomposites (Marangoni et al., 2009; Silva
et al., 2012; Zimmermann et al., 2013; Gomez et al., 2020; Mochane et al.,
2020), concrete hardening accelerators (Xu et al., 2009; Mir et al., 2020),
magneto-optical devices (Liu et al., 2006), slow-release fertilizers, pesticides
and herbicides (Everaert et al., 2016), Pickering emulsions (Machado et al.,
2019; Amaral et al., 2020), antimicrobial, antibacterial, and antifungal sub-
stances (Ryu et al., 2010; Yang et al., 2013; Li et al., 2019; Mishra et al.,
2019), electrocatalysis of water splitting, which involves hydrogen evolution
(HER) and oxygen evolution reactions (OER) (Song and Hu, 2014; Yan
et al., 2016; Wang et al., 2018), separation of mixtures of isomers by selective
intercalation (Williams et al., 2006b), simonkolleite deposited on nickel foam/
graphene for electrochemical supercapacitors (Khamlich et al., 2013), among
others.

The exfoliation of sodium-gordaite and other layered hydroxide salts was
recently studied by DFT under periodic boundary conditions with plane wave
functions as a basis set (Tavares et al., 2019). Interesting exfoliation energies
and changes in electrical properties were found, which opens possibilities for
further experimental investigations.

The number of LDH and LHS possible combinations of metals and inter-
calated anions is almost unlimited and still a lot of work needs to be done in
the synthesis of new compounds with different compositions, explore the
morphologies and in spite of that broad range of applications, new opportu-
nities are still to be discovered, especially for LHS, which have been investi-
gated less. They have structural diversity and strong potential to generate
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important applications. The class of layered compounds is very important due
to the unique structure, which can be delaminated/exfoliated to obtain materi-
als with new and exotic properties due to the quantum effects at nanoscale.
Delaminated and exfoliated materials consist basically of surfaces and func-
tionalization can also attribute new properties in particles dispersions or after
restacking. Devices can also be imagined after evaporating exfoliated disper-
sions in the form of thin films.

The grafting of carboxylate groups in the layers of LHS (Newman and
Jones, 1999), pillaring of cobalt LHS with diamines (Co4(SO4)(OH)s(H,NC,
H4NH,)(.5-:3H,0) (Rujiwatra et al., 1999), and pillaring of materials with
dicarboxylates or disulfonates are also expected to produce novel materials
similar to the pillared clay minerals (PILC). The synthesis and investigation
of the properties of these new materials with extremely high surface area,
varied chemical functionalities in the pillars, and structural variability are
promising in several branches of science and technology.

The tuneable nature of the LDH which results from the range of methods
of synthesis, variable combination of metal cations in the layers, and the broad
range of intercalated anionic species still needs to be understood to expose the
full potential of this class of compounds.

We hope this chapter has provided ideas to readers about the structure,
properties, and challenges still to overcome and opportunities to develop
materials with new and unique properties based on this fascinating class of
compounds.
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