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and imparts novel functions, as in the variation of cakes
coming from the main components and the alternating
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Designed functions of oxide/hydroxide
nanosheets via elemental replacement/doping

Kanji Saito, (2 ?° Masashi Morita, {2) © Tomohiko Okada, (2 ¢
Rattanawadee (Ploy) Wijitwongwan® and Makoto Ogawa (2 *¢

Partial replacement of one structural element in a solid with another of a similar size was conducted
to impart functionality to the solids and modify their properties. This phenomenon is found in nature
in coloured gemstones and clay minerals and is used in materials chemistry and physics, endowing
materials with useful properties that can be controlled by incorporated heteroelements and their
amounts. Depending on the area of research (or expected functions), the replacement is referred to as
"“isomorphous substitution”, “doping”, etc. Herein, elemental replacement in two-dimensional (2D)
oxides and hydroxides (nanosheets or layered materials) is summarised with emphasis on the uniqueness
of their preparation, characterisation and application compared with those of the corresponding bulk
materials. Among the 2D materials (graphene, metallenes, transition metal chalcogenides, metal
phosphate/phosphonates, MXenes, etc.), 2D oxides and hydroxides are characterised by their presence
in nature, facile synthesis and storage under ambient conditions, and possible structural variation from
atomic-level nanosheets to thicker nanosheets composed of multilayered structures. The
heteroelements to be doped were selected depending on the target application objectively; however,
there are structural and synthetic limitations in the doping of heteroelements. In the case of layered
double hydroxides (single layer) and layered alkali silicates (from single layer to multiple layers), including
layered clay minerals (2:1 layer), the replacement (commonly called isomorphous substitution) is
discussed to understand/design characteristics such as catalytic, adsorptive (including ion exchange),
and swelling properties. Due to the variation in their main components, the design of layered transition
metal oxide/hydroxide materials via isomorphous substitution is more versatile; in this case, tuning their
band structure, doping both holes and electrons, and creating impurity levels are examined by the
elemental replacement of the main components. As typical examples, material design for the
photocatalytic function of an ion-exchangeable layered titanate (lepidocrocite-type titanate) and a
perovskite niobate (KCa,NbzOjp) is discussed, where elemental replacement is effective in designing
their multiple functions.

another form of replacement (concerning vacancies). In nature,
there are well-known classes of materials in which isomor-

The replacement of one structural element with another one of
a similar size is often referred to as “isomorphous substitu-
tion”, which is commonly confused with the term ‘“defect”,
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phous substitution and/or defects play key roles in their char-
acteristics/functions. The replacement of an element in the
structure of semiconductor materials is one of the most
common examples, and the term ‘“doping” is used for the
intentional introduction of impurities into an intrinsic semi-
conductor to modulate its electrical, optical and structural
properties. Alternatively, since the discovery of cupric oxide-
based superconductors in the 1980s by J. G. Bednorz and K. A.
Muller,! changes in the superconducting and magnetic proper-
ties of high-temperature oxide-based superconductors as a
function of oxygen stoichiometry and cation substitution have
been systematically and extensively investigated to find super-
conducting properties that can be continuously optimised at a
specific doping level. Thus, the replacement of a framework
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element is a versatile way to modify the properties of solids (not
only crystalline but also amorphous solids) from insulators to
superconductors and impart functions (optical properties as
notable examples). In this case, various terms such as doping/
dopants, replacement/guests, isomorphous substitution and
lattice substitution are used depending on the research field
and materials. Doping is commonly used in semiconductor
science, where very small quantities of heteroelements can
significantly modify the electrical properties of materials. The
term ‘“substitution” is commonly used when replacing one
element with another in larger quantities ranging from several
percentage to several tens of percentage in some cases.
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Elemental doping/isomorphous substitution is found in
nature. For example, the origin of colours in coloured
gemstones® and charges in clay minerals® is well-known. The
replacement in oxide-based crystals such as quartz (crystalline
silica), corundum (a-alumina), beryl and chrysoberyl with trace
amounts of heteroelements such as iron, titanium, chromium,
vanadium and magnesium causes changes in the corres-
ponding colours. The colour of amethyst (Fig. 1), purple-
coloured quartz, is explained by the unusual irradiation-
induced valence of iron (or other transition metal ions) as
impurities in the quartz crystal lattice. Sapphires are described
by their colour (blue, green, and yellow, which is dependent on
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Fig.1 Colour variation in quartz caused by isomorphous substitution;
amethyst is quartz containing a trace amount of iron. Permission for
photography was given by Mineral Industry Museum of Akita University.
The archive number is 292 and 14277 for quartz and amethyst,
respectively.

the doped element and its states), where the intense blue of
blue sapphire is caused by the replacement of aluminium in
corundum with titanium and iron. The synthesis of coloured
gemstone crystals (ruby and sapphire as notable examples) in
the laboratory has also been examined to obtain materials
mimicking the mechanical, chemical, optical, and physical
characteristics of natural gemstones for industrial applications,
including the jewellery industry. Synthetic gem crystals have
been manufactured since the 19th century, and among them,
synthetic ruby is one of the first successful examples used in
abrasives, communications, electronics and optics. Lasing
materials were designed from yttrium aluminium garnet
(Y3Al504,) by the replacement of yttrium with titanium and
rare earth ions to obtain varying wavelength emissions (known
as YAG laser).” Intense emission was seen when the Nd content
was 3 atomic%. When the Nd content was 6 atomic%, the
emission intensity was reduced as a result of the Nd-Nd
interactions. Various optical properties were reported for rare
earth element-doped oxides.® In addition to the crystalline host
lattice, various transition metal ions and rare earth metal ions
have been incorporated in inorganic glasses for optical applica-
tions as phosphors and laser since the first demonstration of
the laser action of Nd*' ions (concentration of Nd,O; in the
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range of 0.13 to 2.0 wt%) in barium crown glass.® These
examples clearly indicate the importance of the heteroelements
and their amounts.

Thus, the doping (isomorphous substitution) of heteroele-
ments has been applied in many solid-state materials. How-
ever, there is no general consensus on the relationship between
doping and properties and there are several emerging new
classes of materials, and thus doping in numerous materials
has become the focus of research. To tune the target properties,
parameters such as elemental variation and quantity and dis-
tribution of the dopant have been examined. Also, to obtain
reliable and reproducible results, the synthetic methods and
conditions have been optimised. There are solubility limits
depending on the system, the required concentration level is
different for each application, and in some applications, an
extension of the dopant concentration is expected. Further-
more, the state and location of the doped heteroelements have
been investigated using advanced analytical tools with the
appropriate atomic resolution.

The materials and material designs described above are
based on bulk materials and the solubility limit is applicable
to bulk solids. When isomorphous substitution occurs at the
surface (not in the bulk), the surface properties are substan-
tially modified, and new surface properties emerge. This occurs
in various materials and is efficient, especially for materials
with a nanoscopic size and/or nanoporous structures. The
isomorphous substitution in layered clay minerals is a repre-
sentative example, where the isomorphous substitution of the
main component with a heteroelement with lower valence
represents the primary source of negative charges in silicate-
based clay minerals. Alternatively, isomorphous substitution in
brucite-type layered hydroxide with an ion of higher valence
(namely M>" is replaced with M**) leads to a positive charge,
providing a class of anion-exchangeable materials, i.e., layered
double hydroxides (LDHs, also as anionic clay or hydrotalcite-
type compounds).

Another well-known example of isomorphous substitution
in nanomaterials is that of the main components such as
silicon in zeolites with other tetrahedrally coordinated heteroa-
toms such as AI** and Ga®" at a few wt%, which has been used
to obtain catalysts.”® The activities are known to be determined
by the coordination states of the heteroelements. Besides
trivalent metal cations, Ti** has been incorporated into the
frameworks of silicates as an isolated tetrahedrally coordinated
species. A charge transfer-type excited state is generated under
light irradiation. The photocatalytic reduction of carbon diox-
ide by UV light has been examined using Ti-containing zeolites,
mesoporous silicas and metal-organic frameworks.” ! Initi-
ally, this concept was known as ‘single-site catalyst”, while
more recently, it is referred to as “single-atom catalyst”."?

The incorporation of a second metal ion into the nodes of
the frameworks of porous coordination polymers (PCPs), which
are also called metal-organic frameworks (MOFs), has been
reported.”™"” MOFs are a class of porous materials with a very
large surface area and high porosity, leading to significant
interest for their application in gas storage, separation,'®"°

Chem. Soc. Rev., 2024, 53,10523-10574 | 10525
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detection,”® catalysis,”" medicine,** etc. MOFs are constructed
from inorganic nodes and organic linkers. The partial replace-
ment of the inorganic nodes with other metal ions (the pro-
ducts are called bimetallic or mixed metal MOFs) has been used
to control their properties, including adsorptive, catalytic, and
optical properties.”*” These bimetallic (or mixed metal) MOFs
have been prepared by metal doping during crystallisation or
post-synthetic ion exchange.*®

Heteroelement doping/substitution in nanomaterials with
lower dimensions (2D, 1D and 0D) has been examined. The
replacement of the main components in oxide and hydroxide
nanosheets with heteroelements are the topics of this review
article because of their presence in nature, facile synthesis and
storage, possible structural variation from nanosheet to multi-
layered structures, and morphological variation from nanodot
to large single crystals. Considering their advantageous char-
acteristics, 2D oxides/hydroxides are useful for vast applica-
tions ranging from civil engineering to molecular and
biomedical applications. Non-oxide 2D materials including
graphene and transition metal dichalcogenides have been
studied extensively and heteroatom doping has become an
effective method to tune their opto-electronic and chemical
characteristics for the increasing demands in fields such as
optoelectronics and sensing.*

After the discovery of a layered zeolite (MCM-22, later
designated as MWW) framework in the 1990s,**** layered or
2D zeolites, which are stacked nanometer-thick layers or mono-
layer assemblies, became an important direction in the devel-
opment of zeolites for better performances and new applica-
tions. One of the advantages of zeolite nanosheets is generating
more open pore connections for the diffusion of reactants and
products.*>*® Similarly nanosheet (or 2D) MOFs are becoming
popular materials.’”*® Nanosheets of bimetallic MOFs have
also been published.*

2D materials (layered materials/flat materials) of varying
compositions and structures are known, as described above
(Fig. 2)."°** Some layered materials have been dispersed in
solvents to realise a single-sheet dispersion (exfoliation) and
obtain nanosheets.*>*® Exfoliation has been achieved in some
polymers to obtain polymer nanocomposites. Porous nanoarch-
itectures have been designed by the cross-linking of nanosheets
with organic moieties and inorganic (metals, oxides, and
chalcogenides) nanoparticles (pillars) by intercalation into the
layered materials and by exfoliation and restacking.”” The
surface of each nanosheet is exposed by these approaches to
utilise it for adsorption/immobilisation and reactions more
efficiently. Thus, compared with isomorphous substitution in
bulk materials, that in layered materials has a greater impact
on the sophisticated materials design.

In the present review, we summarise the elemental replace-
ment of the framework elements (isomorphous substitution) in
oxide-based and hydroxide-based layered materials (using
layered double hydroxides, layered alkali silicates, 2:1 type
phyllosilicates, and layered transition metal oxides) and
derived nanosheets. Based on the variation in the layer thick-
ness and composition, four groups of layered materials, as
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Fig. 2 Incorporation of heteroelements into 2D materials.

summarised in Fig. 3, will be introduced as representative
examples of layered materials functionalised by isomorphous
substitution. Layered double hydroxides are regarded as the
representative example of single layer materials with versatile
compositional variation. Layered alkali silicates are chosen
because a variation in their layer thickness keeps the main
component as silica/silicate. Also, 2:1-type phyllosilicates
(smectite group of clay minerals) are important examples of
unit layers composed of multiple sheets (composed of two
silicate sheets sandwiching one metal hydroxide sheet), where
the metal ion in the hydroxide sheet has a compositional
variation (Mg, Al, Fe, etc.). Layered transition metal oxides
(LTMO) are larger categories including several structural types,
offering a wide compositional and structural variation. To
simplify the discussion, lepidocrocite-type layered titanates will
be discussed as the representative example of single-layer
LTMO, and a perovskite niobate (KCa,Nb;O;y, a Dion-
Jacobsen-type perovskite) as the example of LTMO with possi-
ble expandable thickness of the unit layer. The experimental
methods for the replacement (or the preparation of the
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Fig. 3 Layered double hydroxides, layered alkali silicates, 2:1 type phyl-
losilicates, and layered transition metal oxides represent layered materials
with varying layer thickness and/or composition.
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heteroelement-incorporated layered materials and the
nanosheets), the characterisation and the possible (and the
examined) functions of the products will be introduced to
highlight the important roles of the elemental replacement in
the design of 2D materials.

2. Metal hydroxides and layered
double hydroxides

Layered double hydroxides (LDHs) are representative examples
of layered materials, where isomorphous substitution plays a
key role in their structures, characteristics, and functions. As
the most well-known example, the isomorphous substitution of
Mg>" in brucite (magnesium hydroxide) with AI** results in
layered materials with anion exchange capability. The material
containing carbonate as the charge compensating anion in the
interlayer space is named hydrotalcite, which was found as a
mineral in Sweden in the 19th century and named due its
capacity to be crushed into a white powder similar to talc, a
2:1-type layered clay mineral (see Section 4 of this review). The
structural concept is applicable to other metal hydroxides and
the substitution of the main component with heteroelements
produces a series of layered materials named layered double
hydroxides (LDHs),*®™>* as shown in Fig. 4. LDHs with various
compositions such as MgeFe,(OH);,CO5-4.5H,0 (pyroaurite),
MgeCr,(OH),4,CO;-4H,0 (stichtite), NigAl,(OH),,CO;0H-4H,0
(takovite), and Mg,Fe(OH),,Cl-3H,0 (iowaite) have been found
as minerals.**° Occasionally, “anionic clay”, “hydrotalcite”,
and ‘“hydrotalcite-like compounds” are used as alternative
terminologies for LDHs in the literature. The synthesis of LDHs
(at that time, referred to as hydrotalcite-like compounds) was
reported by Feitknecht in the 1940s.°%%"

Some LDHs are commercially available as an antacid under
the product name Talcid®™ (Bayer Healthcare AG) or a stabiliser
in polyvinylchloride (PVC) resins by scavenging chloride.®>®
The properties of LDHs are different depending on their M,
M*" and interlayer anions. Therefore, the compositional
variation in LDHs leads to their application in many different
fields such as adsorbent/anion exchangers,®® catalysts and
catalyst supports,®>®® electrodes/capacitors,®” anti-corrosion

Brucite-like sheet

ﬁ [Mg(OH)4]*-
or
Basal spacing T [AI(OH)]*-

: P cor
L

Fig. 4 Structure of layered double hydroxides. The crystal structure was
drawn using the VESTA program.**

a Q=1

H,0
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coatings,®® drug/gene carriers,’””® and other medical/pharma-
ceutical applications. In addition, LDHs are used as precursors
of oxides upon calcination, and the obtained mixed oxides are
used as pigments, functional ceramics, catalysts and ion
exchangers (reconstruction method).”*””® The ability to tune
their properties through compositional adjustments and pos-
sible morphosynthesis has attracted considerable attention in
each application.

2.1. Structure of LDHs and their compositional variation

The structure of LDHs is determined by the selection of M>*
and M**, M**/(M*" + M*") ratio and interlayer anions.

2.1.1. Selection of M** and M** and M**/(M>* + M>") ratio
in the layer. In the case of functional design, the main compo-
nent (M>") is selected to satisfy the required function, in
addition to the associated requirements of elemental toxicity,
solubility and stability of the starting materials and their
hydroxide, cost/availability, etc. Then, the second component
(M*") is selected based on the target function. Regarding
structural aspects, M*>* has an ionic size similar to M>*, which
is a requirement for the isomorphous substitution in the
brucite-like sheet. The amount of isomorphous substitution is
affected by the difference in the ionic radius between M** and
M**, leading to the phase separation of LDHs and impurity
phases. Thus, to avoid phase separation, the difference in the
ionic radius between M>" and M*' should be minimised to
maintain the structure of a brucite-like sheet.**>>”* In addition
to the crystal chemistry aspects, the availability and the
solution behaviour of metal salts (and the solubility of hydro-
xides) are considered when the preparation is done in solution.

The M*'/(M*" + M*") ratio in the brucite-like sheet corre-
sponds to the layer charge density, correlating the properties of
LDHs. The M**/(M>* + M**) ratio is denoted by x in the chemical
formula of LDHs, [M>*";_ M, (OH),[*"[A" ]y»-mH,0 and x is
commonly found in the range of 0.20-0.33.**>" When attempt-
ing to vary x beyond the common range, impurity phases such
as metal hydroxides, metal oxides, and basic salts of the
divalent or trivalent metal ion are encountered in most cases,
as shown in Fig. 5. The limitation of x is thought to be caused
by two factors, i.e., electrostatic repulsion between the neigh-
bouring trivalent cations in the brucite-like sheet and the

repulsion between the charge-balancing anions. These
LDHs
DD
LDHs + ' LDHs +
Impurity phase | )@@ Impurity phase
containing M?* R containing M3*
[ I | 1
0.10 0.20 0.33 0.50

X = M3(M2* + M3*)

Fig. 5 Common phenomena in the formation of LDHs when different
values of x were employed.
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repulsive forces prevent higher layer charge densities corres-
ponding to x > 0.33. The difficulty in obtaining a smaller
x (x < 0.20) was explained by the large distance between the
adjacent interlayer anions, leading to the collapse of the layered
structure.

In addition to the substitution in the brucite-like sheet, the
defects in the sheets are thought to play a role in several
functions, especially in photocatalysis,”” where LDHs have been
used.”® M*" is thought to be isolated by M>" in the brucite-like
sheet, and thus the removal of M*>" was examined to generate
vacancies in the brucite-like sheet.”””® Because of the difficul-
ties in identifying and quantifying the vacancies in the brucite-
like sheet, the roles of the vacancies in the functions of LDHs
have not been well elucidated.”®

2.1.2. Selection of the interlayer anion. A variety of anionic
species has been incorporated during the formation of LDHs or
by anion exchange of LDHs.**>* Depending on the interlayer
anion, neutral molecules (including water) are intercalated
together with the charge-compensating anions. Common exam-
ples of the anions in LDHs include halides (F~, Cl~, Br, and
I7), oxo-anions (NO;~, ClO,~, SO,>~, and CO;>"), oxometallate
anions (MnO,~, CrO,>~, Cr,0,”", AsO,*>”, M0,0,,°", etc.) and
organic anions (dodecyl sulfate, dodecyl benzene sulfonate,
adipate, oxalate, etc.). The basal spacing of LDH varies in
relation to the size, charge, and orientation of the interlayer
anions and their solvation.

2.2. Synthetic methods for LDHs

A variety of synthetic methods (and conditions in each method)
has been employed to prepare LDHs with the desired composi-
tion (metal combinations, interlayer anions, and composi-
tion) and particle morphology to satisfy the application
requirements.

2.2.1. Co-precipitation from solution; the most common
method. Co-precipitation from solution has been widely
employed for the preparation of LDHs. Co-precipitation
involves mixing an aqueous solution of divalent and trivalent
metal salts and a basic solution for the nucleation of hydroxide,
followed by crystal growth during ageing. For the metal cation
to precipitate as hydroxide, an increase in pH until the solubi-
lity limit of the metal hydroxides is required. The mechanism is
based on the condensation of hexa-aqua complexes of metal
ions in the solution to build hydroxide layers of two metal
cations with different valences. This process generates posi-
tively charged layers, and simultaneously attract anionic
species.*®%81  The experimental parameters for the co-
precipitation of LDHs are pH of the reaction solution, concen-
tration of metal salts, reaction temperature/time, solvent, mix-
ing method for the nucleation and temperature/pressure/time
for the ageing. These parameters are used to control the rate of
nucleation and growth, allowing the customisation of the
composition and morphology of LDHs. Several mixing
sequences and mixing/heating methods have been used. In
addition to mixing with basic solution, hydroxides are supplied
by the hydrolysis of urea and hexamethylenetetramine upon
heating for the formation of LDHs.
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(a) Co-precipitation from an aqueous solution of metal salts
by the addition of a basic solution is the most common method
for the synthesis of LDHs."®®%%*%% This method has many
advantages, such as ease of scaling-up. The sequence of mixing
varies as follows: (a-i) An aqueous solution of NaOH, KOH or
NH,OH is slowly added to an aqueous solution (normally
acidic) of M>" and M** salts, resulting in a high pH of the
mixture, referred to as the titration method.®*® Given that
metal hydroxides precipitate at different pH, the composition
of the precipitate is not the same as the M>" and M*" ratio in the
initial solution when the final pH is not high enough for the
complete precipitation of M>" and M**.**%° Co-precipitation at
the pH for high supersaturation leads to the formation of less
crystalline LDHs and the aggregation of nanometer-size parti-
cles. This is a result of the formation of a larger number of
nuclei by the rapid nucleation in the initial stage.*®°°~* Thus, a
crucial limitation of this sequence (adding base to the acidic
solution of metal salts; titration) is the continuous change in
the solution pH during the addition. The formation of indivi-
dual metal hydroxide phases and LDHs also occurs. (a-ii) A
basic solution and an acidic solution of metal salts are simulta-
neously added to a third solution, which contains the anion to
be intercalated into the interlayer space of the resulting LDHs
(constant pH method). By adjusting the rate of the addition, the
pH of the mixture is controlled at a constant value suitable for
the formation of the target LDHs. This method provides the
condition of lower supersaturation, favouring particle growth
over nucleation, resulting in LDHs with relatively higher crystal-
linity and larger particle sizes. A limitation of the constant pH
method is the large volume of the solvent required to control the
pH. With the large volume of solvent used in the process, the
separation of the precipitate is difficult."® Alternatively, this
method has a frequent acquisition of the desired composition
as an advantage. Generally, LDHs formed by the co-precipitation
are finite particles with a broad particle size distribution, and
aggregation of the finite particles is observed. Several conditions
and methods such as different types of mixing conditions and
post-synthetic ageing have been introduced to achieve homoge-
neity and higher crystallinity and to reduce particle aggregation.

(b) Co-precipitation from a homogeneous solution of metal
salts during the hydrolysis of urea, hexamethylenetetramine,
ammonium carbonate, etc. Co-precipitation of LDHs is possible
by the decomposition of urea at elevated temperatures. This
process involves the hydrolysis of urea, releasing carbonate and
ammonium, which results in an increase in pH. The gradual
release of ammonium leads to the growth of LDH crystals with
high crystallinity. The LDHs prepared by the urea method have
a narrower particle size distribution compared to the LDHs
prepared by the titration method using a basic solution and
constant pH method.”* %" Because of the generation of the
carbonate anion from urea, the LDHs prepared by this method
are commonly carbonate type. The use of hexamethylenetetra-
mine (HMT) as the precipitating reagent of LDH enables the
possibility to obtain LDHs with an interlayer anion other than
carbonate given that the formaldehyde released from the
hydrolysis of HMT is less plausible to be intercalated.'®* "%

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00339j

Open Access Article. Published on 07 spalio 2024. Downloaded on 2025-10-16 20:55:01.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

2.2.2. Preparation using a slurry of metal oxides/hydro-
xides as a scalable approach. Instead of using soluble metal
salts, a method using metal oxides/hydroxides as starting
materials has been developed for the preparation of LDHs.'**
For example, MgAl-deoxycholate-LDH was prepared via the
hydrothermal treatment of an aqueous slurry of magnesium
hydroxide (brucite) and aluminium hydroxide (gibbsite)."%> The
selectivity of the bulky and monodentate deoxycholate anion as
the interlayer anion of LDH was very low. It was not possible to
obtain MgAl-deoxycholate-LDH by the co-precipitation method.
Unlike co-precipitation, the initial mixture is slurry instead of
a solution, and thus LDHs are formed by dissolution/recrystal-

lisation under heating (commonly under hydrothermal
conditions).
2.2.3. Preparation using solids by the solid-state reaction

(mechanochemical method). Solid-state reaction can also be
used to prepare LDHs."*® To form LDHs from metal hydroxide
and metal salts, mechanical forces such as compression, shear
and friction are used to induce the reaction by simply grinding
the starting materials with a mortar and pestle, or by using
mills (ball mills and planetary mills). An LiAl-LDH was formed
by grinding a mixture of LiOH-H,0 and Al(OH); for 2-3 days,
and then purging the mixture with water saturated with N, gas
at room temperature.'”” The formation of the LDH was
achieved by the incorporation of LiOH and H,O into Al(OH);
particles during mechanical mixing. The LDH was not obtained
when the mixture was not purged with water, showing the
importance of water in promoting interparticle diffusion. MgAl-
LDH with x of 0.33 was prepared by manually grinding hydrated
metal salts including Mg(NO;), and Al(NO;); at room
temperature,'%® where an NaOH pellet was added as the hydro-
xide source. Nitrate-intercalated LDH was obtained instead of
carbonate LDH as the rapid reaction of the precursors pre-
vented CO;>~ contamination. The products were agglomerated
platy LDH particles. Thus, the mechanochemical reaction of
hydrated metal salts with atmospheric water (without the
addition of water) is a way to synthesise LDH. To incorporate
Sn** into the hydroxide layers, which is challenging using the
conventional co-precipitation method, the preparation of CaSn-
LDH was reported by applying two-step grinding including dry
grinding, followed by wet grinding with the addition of
water.'” Dry grinding of CaCl, and SnCl, for 3 h was done
for comparison. It should be noted that CaSn-LDH was not
obtained by using the co-precipitation method. Similarly, one-
step dry grinding did not produce LDH, given that the genera-
tion of a sufficient amount of hydroxide groups for the LDH
structure from the introduced water was infeasible. The one-pot
synthesis of organic molecules containing LDH was done by
mechanical grinding with the addition of a small amount of
solvent, the so-called liquid-assisted grinding process."*°

The formation of organic anion-intercalated LDHs by
mechanochemical reactions has also been reported.''"'"?
MgAI-LDH intercalated with p-toluene sulfonate (p-TS-LDH),
malonate (M-LDH), and oxalate anions (O-LDH) was synthe-
sised by milling Mg(OH), and Al(OH); in a planetary ball mill
for 1 h and subsequent milling with organic anions for another
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1 h. The d values were 1.77, 0.88, and 0.86 nm for p-TS-LDH, M-
LDH, and O-LDH, respectively. The aggregated particles with a
size of over 700 nm were observed from the TEM image,
together with small disk-shaped particles with a lateral size of
ca. 150 nm. p-TS-LDH was used as the starting material for the
anion exchange reaction with dodecyl sulphate anion. The
X-ray diffraction (XRD) patterns showed an increase in the
basal spacing from 1.77 nm to 3.09 nm, and the FT-IR results
also confirmed the successful ion exchange.'*?

The mechanochemical synthesis of LDHs has the following
advantages: (i) solid-liquid separation is not necessary, (ii)
carbonate contamination is less plausible, and (iii) the starting
materials are not expensive compared with that used for the
conventional synthesis starting from an aqueous solution of
metal salts. However, the variation in the metal combination,
composition, and morphology of LDHs achieved by the
mechanochemical method is still limited.

2.3. Characterisation of LDHs

2.3.1. Structure and composition of LDHs. Because of the
difficulty of obtaining single crystals, powder diffraction is
most commonly utilised to identify the structure,'™ the phase
purity, and impurity phases of LDHs. The basal spacing of
LDHs is expected to be larger when their layer charge density is
lower, corresponding to a smaller x due to the weaker attractive
force between the LDH layers and interlayer anions. The lattice
parameter a, calculated as a = 2d, 4, corresponds to the metal-
metal distance in the hexagonal framework of LDH layers.
Accordingly, different metal cations lead to a variation in the
lattice parameter a due to the difference in ionic radius. The
variation in the a parameter with x is often used to assess the
successful substitution in LDH. In the case of poorly crystalline
LDHs, various complementary techniques such as Fourier
transform infrared (FT-IR) and Raman (FT-Raman) spectro-
scopy are employed.’*® The shift in the vibration frequency of
the bonds between the metal and oxygen in LDHs due to
the incorporation of M*" in the framework was investigated
using FT-Raman spectroscopy. For example, the shift in
the Ni-O vibration was ascribed to the incorporation of Fe in
Ni(OH),'"* and the incorporation of Fe and Co in NiFe- and
NiFeCo-LDHs.'"® The presence of isolated metal hydroxides
(M>*(OH),) as an impurity phase was discussed based on the
characteristic O-H stretching vibration. The OH groups
without hydrogen bonding (from isolated metal hydroxides)
appeared at a different wavenumber region from the OH
groups with hydrogen bonded to the adsorbed water and
the interlayer anion from LDHs. Mg/Al ordering was examined
by multinuclear nuclear magnetic resonance (NMR)
spectroscopy."***”

The composition of the products is determined by X-ray
fluorescence (XRF) for solid samples and inductively coupled
plasma emission spectrometry (ICP) after dissolving the pro-
ducts in an acidic solution. An energy dispersive X-ray fluores-
cence spectrometer (EDS) equipped with SEM or TEM is used to
determine the distribution of metal cations and anions in the
samples. Also, X-ray photoelectron spectroscopy (XPS) is
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employed to analyse the elemental composition and oxidation
states of the components.

2.3.2. Shape and size of LDH particle. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
are employed to observe the particle morphology of LDHs
(shape and size of particles and surface texture). LDHs are
sensitive to the electron beam and can be burned under the
conditions for TEM observation. Thus, to prevent burning and
avoid charging problems, the samples are coated with a plati-
num layer by sputtering. Surface probe microscopy (SPM) is
also used, particularly atomic force microscopy (AFM), to
explore the topology and surface texture of LDH particles,
which may correlate with the location of the guest. 3D images
can be generated based on the size and shape of the particles
and their surface roughness. Dynamic light scattering (DLS) is
used to determine the dynamic size and size distribution of
LDH nanoparticles in suspension and can provide information
about their aggregation behaviour.

2.3.3. Formation process of LDHs. By monitoring the
change in pH, the formation of LDHs via the co-precipitation
can be tracked. The milky appearance observed during the co-
precipitation signals the initiation of nucleation and formation
of LDHs. As the reaction progresses, the appearance, opacity,
and texture of the mixture change, indicating the growth and
aggregation of the LDH particles. In situ XRD gives real-time
information on the formation of nuclei and crystals, phase
transitions, crystal structure, and intercalation during the
synthesis process with kinetic information. In situ small-angle
X-ray scattering (SAXS) provides information on the structure
and size of particles during their formation.

2.3.4. Thermal transformation of LDHs. Upon heating
LDHs, the water molecules in the interlayer space are released,
while the interlayer anions are decomposed or evaporated,
together with the dehydroxylation of the brucite-like sheet,
resulting in weight loss. Thus, to study these thermal reactions
quantitatively and understand the decomposition process,
thermogravimetric analysis coupled with differential thermal
analysis (TG-DTA) is employed to measure the weight change in
the sample as a function of temperature and detect exothermic
or endothermic reactions. During heating, the structural
change in LDHs is observed by in situ XRD, which can track
the phase transformation, crystallinity changes and the for-
mation of new phases that occur during the heating.

2.4. Synthetic efforts to vary composition of LDHs

For the functional design of LDHs, the main component (M>")
and the second component (M>*) are selected to satisfy the
required function. In addition to the selection of the M**/M**
combination, the M*" content (or (M**/(M** + M**) or x) is also
an important parameter to determine the properties of the
resulting LDHs. However, there are several requirements in the
selection of M** and M*" from the preparation viewpoints
including the solubility and stability of the available starting
materials and solubility and stability of their hydroxides. Tak-
ing advantage of the facile synthesis of LDHs from solution and
in the solid-state, as mentioned above, various synthetic
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methods and conditions have been examined to prepare LDHs
with desired compositions,*® 74808119 Hereafter, the
reported examples of LDHs with varying (M**/(M>" + M*")) are
summarised. To investigate the effects of x on the properties of
LDHs, the preparation of LDHs with varying x is examined.
LDHs with x of 0.20-0.33 have commonly been reported as pure
LDH phase.*>*" Even when x in the products was less than 0.20,
the products were found to be a mixture of LDHs and impurity
phases (M**(OH),) in many cases including MgAl-,"*®""°
MgGa_’120,121 NiAl-,122’123 CoFe—,124’125 CaAl—,126 and CaFe-
LDHs."”” The limitation of x was claimed to be caused by the
large distance between the adjacent interlayer anion in
the interlayer space and the difference in the ionic radii of
the divalent and trivalent metal cations in the brucite-like
sheet.*®> However, the reasons for this limitation are not
clearly understood. Therefore, the preparation of LDHs with
varying x is still worth investigating.

In the case of co-precipitation using the titration method,
the effect of the final pH of the suspension on x in the product
was examined."”® To control x in MgAI-LDHs intercalated with
carbonate, the acidic solution containing Mg(NO;), and
Al(NO,); with varying M**/(M** + M*") ratios (x') from 0.05 to
0.50 were used as starting solutions. An aqueous solution of
NaOH containing NaHCO; was slowly added to the starting
solution until the pH reached 9.5-11. Then, the resulting
suspension was aged and dried for the crystallisation of LDHs.
It was shown that x in the products was larger than x’ (in the
starting solution) when the final pH of the suspension was 9.5,
indicating that a portion of magnesium in the starting solution
did not precipitate at this pH. It was reported that the mecha-
nism for the formation of MgAI-LDH by the titration method
involves aluminium hydroxide precipitation in the pH range of
3.4-7.1, followed by magnesium precipitation (and to be incor-
porated in the pre-formed aluminium hydroxide) at pH above
8.5.8%1 To enhance the precipitation of magnesium to achieve
x in the products closer to x’, titration was carried out to reach a
pH in the range of 10-11. Although the pH was found to affect x
in the products, the products were mixtures of LDHs and
impurity phases when x in the product was 0.05 and 0.07.'%®
It should be noted here that x in the product determined by ICP
is not x of the LDH phase when the product is a mixture and it
is difficult to determine the composition of the LDH phase in
the mixture.

Miyata reported the preparation of MgAI-LDHs using a
starting solution of metal chlorides at x’ of 0.10-0.60 by co-
precipitation at a constant pH."'® The reaction was conducted
at 40 °C with a constant pH of 10. The x in products was
determined by chelatometric titration after dissolution with
dilute HCI in the range of 0.25-0.33. Phase separation to LDHs
and impurity phases such as MgAI-LDH and boehmite was
often observed when x = 0.38-0.60 in the product, MgAl-LDH
and hydromagnesite when x = 0.16-0.20, and MgAIl-LDH,
hydromagnesite and magnesium hydroxide when x = 0.10.®
The constant pH method has been widely used to prepare LDHs
such as MgFe-, NiAl-, NiFe-, ZnAl-, CuAl-, CoFe-, and CaAl-LDHs
with varying x. However, single-phase LDHs were available for x
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Table 1 The difference in ionic radius (nm) between M** and M3* (in
percentage) for possible LDHs. The percentage difference in ionic radius
between M?* and M>* was calculated using the equation of 100 x (Ry?* —
Ru*)/Rw2*. Numbers with — indicate M3* is larger than M2*. The ionic
radius is from Shannon's report'%®

M2+

0.069 0.072 0.073 0.074 0.075 0.078 0.083 0.1

M3 Ni Mg Cu Zn Co Fe Mn Ca

0.054 Al 22 26 27 28 28 31 36 47
0.055 Co 21 24 25 26 27 30 34 46

0.062 Cr 11 15 16 17 17 21 26 39
0.062 Ga 10 14 15 16 17 21 25 38
0.065 Fe 6 10 12 13 13 17 22 36
0.08 In -16 -11 -10 -8 -7 -3 4 20

in 0.20-0.33, and phase separation into LDH and impurity
phase was observed when x < 0.20 or x > 0.30 in many cases.

Taking advantage of the size matching between Mg>*
(0.072 nm) and Ga®* (0.062 nm),"*® the possibility of the
extension of x was investigated in MgGa-LDHs (Table 1).>%'*!
MgGa-LDHs with x of 0.12-0.33 in the product were obtained by
co-precipitation at a constant pH in the range of 11-12, using
acidic solutions of Mg(NO;), and Ga(NO;); and basic solutions
of NaOH and Na,COj;. The product with x of 0.07 was found to
consist of a mixture of LDH and magnesium hydroxide. It was
observed that MgGa-LDH was prepared without phase separa-
tion at a smaller x compared to MgAI-LDH, as reported by
Miyata."'® More recently, the preparation of MgGa-LDHs with
iodide (MgGa-I-LDHs) with x of 0.06-0.24 was examined by co-
precipitation from aqueous solutions of sodium iodide, mag-
nesium nitrate and gallium nitrate, using the constant pH
method, where the bulky I ion was thought to play a role in
suppressing their collapse when x was 0.06."*° The relationship
between the lattice parameter a and x in the reported MgGa-
LDHs is summarised in Fig. 6. There was a linear relationship
between a and x, confirming the successful quantitative incor-
poration of Ga."?*"*3

Dioctyl sulfosuccinate was used for the preparation of NiFe-
LDHs with x of 0.05-0.25."** NiFe-LDHs with a wide range of x
were expected because of the similar ionic size of Ni**
(0.069 nm) and Fe** (0.064 nm), while phase separation has
been reported. By using dioctyl sulfosuccinate as the interlayer
anion, NiFe-LDHs with x < 0.20 were obtained by co-
precipitation at a constant pH. The interlayer dioctyl sulfosuc-
cinate was replaced with the carbonate anion by a common ion
exchange method using an aqueous solution of sodium carbo-
nate to obtain NiFe-LDH carbonates. The basal spacings of the
NiFe-LDH carbonates varied depending on x, as shown in
Fig. 7."**"'** NiFe-LDHs with x of 0.05-0.25 were obtained by
co-precipitation from an aqueous solution of nickel nitrate and
iron nitrate containing glycerol.***

Co-precipitation during the hydrolysis of urea and HMT has
also been employed to prepare LDHs with varying x. Most of the
reported studies focused on the common range of x (0.20-0.33).
Carbonate-type NiAl-LDHs with x of 0.22-0.33 and NiFe-LDHs
with x of 0.21-0.34 were prepared by the hydrolysis of urea or
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Fig. 6 Relationships between the lattice parameter a and composition x
in the reported MgGa-LDHs. Diamonds are for iodide-type MgGa—LDHs130
and circles are for the carbonate-type MgGa-LDHs 17134

HMT. The synthesis for NiAl-LDHs was conducted at 180 °C for
72 h in air, while for NiFe-LDH, it was conducted at 100 °C for
48 h."*>'*> NiFe-LDH and CoAl-LDH with varying x were pre-
pared using an aqueous solution of metal salts with x’ < 0.20
by the hydrolysis of urea, while the composition of the products
was not reported.*>14¢

The preparation from a slurry of metal oxides/hydroxides
has been examined. The preparation of ZnAl-LDHs intercalated
with the benzene sulfonate anion (BS) was investigated under
hydrothermal conditions using ZnO and Al(OH); as the starting
materials. The formation of single-phase LDH was observed at
x' of 0.4, while the starting materials were detected by XRD as
impurity phases when x’ was 0.20, 0.25, and 0.33. The remain-
ing amount of the starting materials decreased when the
amount of BS increased, resulting in single-phase ZnAl-LDH
with x = 0.33. Alternatively, the ZnO remained when starting
slurries with the Zn: Al: BS ratios of 4:1: 1 and 4:1: 2 (x’ = 0.20)
were employed.™*” In the case of MgAI-LDH with deoxycholate,
the basal spacing varied depending on the x in the products."®®

The preparation of LDHs with varying x by mechanochem-
ical reaction has been reported.'’® Mg(OH), and Al(OH); were
mixed with x' = 0.14-0.25 in a planetary ball mill for 15 min,
resulting in the formation of MgAI-LDH with x of 0.25."%° A part
of Mg(OH), was unreacted when x’ was 0.14 and 0.20. Cl -,
NO; -, and SO,> -intercalated MgAl-LDHs were prepared by
using planetary ball mills to mix Mg(OH), and aluminium salts
(AlCl;, AI(NO;); and Al,(SO,);) for 3-15 min, followed by wash-
ing the product with deionised water.'*® However, although the
formation of an LDH with the targeted interlayer anion was
confirmed, the AI**/(Mg>" + AI*") ratio of the product was found
to be smaller than the initial ratio of precursors. Accordingly,
the importance of the precursor composition in the formation
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Fig. 7 (A) XRD patterns of NiFe-CO3-LDH/x, where x is 0.04, 0.11, 0.16,

and 0.25. (B) Relationship between the basal spacing and x. Diamonds are
values for NiFe-COs-LDH/x,*** closed circles are values reported for
NiFe—CO3-LDHs, 27140 and open circles are values reported for MgAl-
COs-LDHs, "8 MgGa-CO3-LDHs,*** MgFe-CO3-LDHs,**? and NiAl-
COs-LDHs.'*?

of LDHs by mechanochemical milling was studied. Mg(OH),
and Al(OH); (at AI**/(Mg>" + AI**) ratios of the precursor = 0.14-
0.25) were mixed in a planetary ball mill for 15 min at room
temperature. The results yield MgAl-LDH when the initial AI**/
(Mg + Al) ratio was 0.25, whereas Mg(OH), was unreacted
when the initial AI**/(Mg>" + AI**) ratio was 0.14 and 0.20.
Redox reaction has been employed to vary x in CoFe-, CoNi-,
and CoCo-LDHs by using metal hydroxides as the starting
materials."**"**""*" Hydroxides of divalent transition metal
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cations (TM**(OH),) were prepared by precipitation using the
hydrolysis of HMT under nitrogen gas bubbling. Some portions
of divalent transition metal cations in the brucite were oxidised
to trivalent form by oxidation using iodine (I,) or bromine (Br,).
Meanwhile, the oxidising agent was reduced to iodide (I") or
bromide (Br ), and then intercalated into the interlayer space
after the reaction. LDHs consisting of Co>" and Fe®" with
varying Fe*'/(Co** + Fe®") ratios of 0.17-0.33 were oxidised
using iodine for 168 h under nitrogen gas protection, resulting
in the formation of Co*Fe*'-LDHs intercalated with iodide for
the sample with an Fe**/(Co®" + Fe*") ratio of 0.33. However, the
phase separation to Co®>'Fe’*-LDH and Co>" hydroxide was
observed when the Fe**/(Co®* + Fe®") ratios of the starting
mixture were in the range of 0.17-0.20.">*'*' Green rust is
another example of an LDH obtained by the redox process with
the general formula of [Fe®*;_,Fe** (OH),]*"(x/n)[A" "~ -m[H,0]
(A"": interlayer anions, H,O: interlayer water molecules).'>>
Because of the poor stability, the application of green rust was
limited.'”® However, green rust with remarkable stability was
obtained from Fe*" chloride and glycerol by the partial
and precipitation during the hydrothermal
The remarkable stability was explained by the less
defective particle surface and dense interlayer structure, which
suppress the diffusion of oxygen to oxidize Fe®*" in the
hydroxide sheet.

The preparation of LDHs with x < 0.20 or x > 0.30 has been
attempted thus far, as summarised in Table 2.

reduction

reaction.*”*

2.5. Characteristics and application of LDHs

2.5.1. Basal spacing and the expansion (swelling). It has
been reported that the basal spacings of CaAl-,'*® MgAl-,*>*17°
MgFe-,'®® and NiAl-LDHs'*® were larger when x was smaller.
Furthermore, delamination and film fabrication of LDH can be
substantially influenced by x. LDH of common x possesses a
high charge density (~4(+) nm~?) compared with the smectite
group of clay minerals, which has a layer charge density of
~0.5(—) nm™>. Consequently, the delamination of LDH in
water is difficult, while the smectite group of clay minerals
swells in water, which will be introduced in Section 4 of the
present review.

2.5.2. Anion exchange for the collection of anions. The
anion exchange capacity and kinetics of the ion exchange are
governed by x in LDH. A larger x resulted in higher adsorption
properties towards anionic dye molecules."””" MgFe- and MgAl-
LDHs prepared from the starting solution with x’ of 0.20
exhibited higher adsorption rates of perchlorate,'*® nitrate, and
nitrite'’”* than that with x’ of 0.33. A smaller x resulted in a
larger interlayer space and lower affinity, which had a reverse
effect on the adsorption.'”?

2.5.3. Surface properties for application as catalysts. The
basic properties of MgAIl-LDH are also known to be affected by
x."7%175 The basic sites in the alkali earth oxide component can
originate from O (strong basicity), O species near hydroxyl
groups (medium strength) and OH groups (weak). The addition
of AI*" alters the acid: base site distribution through the
introduction of AI**-O>~ sites, which are of moderate Lewis

This journal is © The Royal Society of Chemistry 2024
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acidity and only medium basicity.'”® A series of MgAI-LDH with
tuneable basicity was prepared in the range x = 0.25-0.55 (all
resulting materials were found to exhibit characteristic XRD
patterns of the hydrotalcite phase). When the Mg content was
higher, a steady increase in lattice parameter was observed with
a concomitant increase in the basal spacing.'”” NiAl-LDH
prepared from the starting solution with x” of 0.20 exhibited
greater catalytic activity for the oxidation of ethylbenzene
compared with NiAl-LDH with x’ of 0.33.%®> According to several
reports in the literature, transition metal-containing LDHs
show different catalytic activity as a function of x."”*"®> For
instance, CuAl-CO;-LDH with the Cu/Al ratio of 2/1, 3/1 and 4/1
(x=0.33,0.25 and 0.2, respectively) resulted in different phenol
conversion of 47.5%, 53.5% and 56.0%, respectively.'®* The
effect of x on the catalytic reactions was also reported when
LDH was used as a catalyst support.'®?

2.5.4. Controlled release of functional species from LDHs.
Controlled release is an important application of LDHs.'®* The
dependence of adsorption capability on x is also correlated with
the release of the anions from LDHs. It was reported that x
affects the kinetics and the amount of inorganic oxo-anions
released such as borate and nitrate.'® The release of vanillic
acid from ZnAl-LDH was faster and had a higher release pattern
for the LDH with a high AI** content, suggesting the higher
affinity between vanillic acid and LDH."®?

The surface charge of drug delivery materials is a factor
affecting their cellular uptake given that they should interact
with negatively charged cellular membranes.'®® Controlling the
x of LDH resulted in varying charges of the LDH surface to
modify their cellular interactions.*®”8°

2.5.5. Diagnostic and medical application of LDHs by the
incorporation of functional elements. An interesting approach
to incorporate heteroelements into LDHs was developed by Oh
et al.’**> LDHs labelled with contrasting moieties such as
gadolinium (Gd) complex and metallic nanoparticles for mag-
netic resonance imaging (MRI) and X-ray computed tomogra-
phy (CT) have been reported.'**™"°> For these diagnostic and
medical applications, the key components (Co-57 and Ga®" in
the reported examples) are required to be immobilised in the
brucite-like sheet using other components (non-toxic and sui-
table surface charge and particle size) for their delivery to the
target. LDHs prepared by hydrothermal reaction are suitable for
biological application due to their phase purity and well-
defined and appropriate particle size. The preparation of well-
defined LDHs through hydrothermal reaction requires a longer
time, and thus is not a compatible method to prepare LDHs
incorporating radionuclides with a short half-life (e.g., ¢, of
%8Ga and *Sc are 68 min and 3.97 h, respectively). Accordingly,
MgAI-LDH with a particle diameter of 150 nm was synthesised
and radionuclide Co-57, a single photon emission computed
tomography (SPECT)-sensitive RI, was incorporated in the LDH
framework post-synthetically by treating the pre-synthesised
LDHs with 880 mCi of >’CoCl, solution per 5 mg of LDH under
hydrothermal conditions at 150 °C for 2 h.'®' This post-
synthetic incorporation method under hydrothermal condi-
tions was applied to Ga*". Given that ®3Ga is a well-known

This journal is © The Royal Society of Chemistry 2024
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PET imaging agent, Ga-containing LDHs can be an alternative
contrasting agent. Both cases showed the successful introduc-
tion of the target cations (Co-57 and Ga®*), while preserving the
crystallinity and particle size of LDH. Achieving this with Ga**
within a short time is especially challenging given that the LDH
is spontaneously dissolved upon encountering aqueous Ga**
salt solution due to the strong acidity of aqueous Ga®" salt
solution, resulting in dissolution-reprecipitation rather than
the incorporation of Ga®*. Thus, to solve this problem, Ga(OH),
species was generated by the reaction of aqueous Ga®* solution
with NaOH, and subsequently reacted with LDH.'**

2.6. Summary and perspectives

As mentioned for the incorporation of a useful isotope, Co-57,
into the LDH framework for diagnostic applications,'” multiple
(more than three) components of layered hydroxides have been
prepared for application as catalysts including (photo)electro-
catalysts and adsorbents. A third component has been incor-
porated by the post-synthetic treatment of pre-synthesised
LDHs and co-precipitation. Single atomic Ru, Rh and Au were
reported to be anchored on sheets of ZnCr-, NiFe-, CoFe- and
FeCoNi-LDHs,"?*™®” while some ions were reported to be
located in the brucite-like sheets such as Fe*" in NiFe-
LDH"*'° and Fe®* in MgAI-LDH.”” The incorporation of Bi
in ZnAl-LDH and V in NiFe-LDH was reported, where the
important roles played vacancies were pointed out.”*">%*

The incorporation of La was reported to affect the adsorp-
tion of metal oxo-anions such as arsenate and tungstate onto
CuMgFe- and MgFe-LDHs.**>*** The incorporation of La** in
brucite-like sheets by isomorphous substitution was not
favoured. The size of the octahedra in the LDH sheets is
determined by the size of the divalent cations, such as Mg**
(ionic radius of 0.072 nm). The Fe*" ions have an even smaller
ionic radius (0.065 nm) and their preferentially adopted coor-
dination number is 6. Thus, because of the larger ionic radius
of La®* (0.136 nm) with higher coordination numbers ranging
from 7 to 10, the isomorphous substitution of Fe** with La*" in
MgFe-LDH is not favoured. The formation of carbonate and
oxy-hydroxide phases of La®>" on the surface of the LDH sheets
was seen in the attempt to incorporate La’" in MgFe-LDH.
Recently, it was reported that the incorporation of La** in the
brucite-like sheet was possible by optimising the synthetic
parameters using an ammonia alkaline solution for the
preparation.”®> Thermally activated purple-to-blue lumines-
cence was reported for CoMgAl-LDHs, which were prepared
by co-precipitation.>’® Thus, the incorporation of a third (or the
fourth) component into LDHs and preparation of layered triple
(quadruple) hydroxides are a direction for materials design. In
this direction, synthetic efforts are still necessary to achieve the
quantitative introduction of multiple components into the final
products. Appropriate characterisation to discuss the location
of the incorporated elements is another challenge, which needs
to be addressed.

To satisfy the requirements for the above-mentioned versa-
tile applications (anion exchangers, catalysts, polymer addi-
tives, and drug/gene carriers), as well as to find novel
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applications, the hybridisation of LDHs with various functional
particles has been reported to design materials with modified,
improved, and multiple functions.>*” In the extended applica-
tion by hybridisation, the precise design of the composition of
LDHs has important roles, and consequently their detailed
characterisation will be more challenging.

3. Layered alkali silicates

A variety of crystalline and amorphous silicas exist, which are
composed of an [SiO4]*~ tetrahedron with varying connections
(Fig. 8), where the elemental substitution of Si with heteroele-
ments is possible. As a known example in nature, the substitu-
tion of Si in quartz with iron is the origin of the purple-colour of
amethyst (Fig. 1). Silicate glasses doped with rare earth (for
example Sm>* and Eu®") and transition metal ions (for example
Mn*" and Cu®*) exhibit useful optical (including luminescent)
properties, showing possible application in phosphors (includ-
ing lasers), optical recording, sensors, etc.?°%>%

The connection of [SiO4]*” tetrahedron leads to silica/sili-
cate of varying three-dimensional structures. Silica/silicate-
based nanoporous materials (silica gels, mesoporous silicas
and zeolites) with varying pore sizes have been investigated for
adsorption/separation and catalysis. To impart catalytic func-
tions and modify the surface properties for adsorption, the
introduction of heteroelements such as AI**, B®*, Ga®*', Fe’",
Ti**, v**, sn*", and Zr*" into the frameworks of silicas has been
conducted.>'® For example, Ti-containing mesoporous silicas
and zeolites have been prepared by the isomorphous substitu-
tion of Si** with Ti** during the preparation of silicas/silicates
and used as (photo)catalysts. The incorporated Ti exists as
isolated tetrahedrally coordinated species in the silica/silicate
frameworks at a low Ti content (the upper limit of its frame-
work incorporation was Ti/Si > 30/1)."" Metal oxide may
segregate out of their frameworks when the loading of the
heteroelement increases.

View Article Online

Chem Soc Rev

Phyllosilicates are abundant in nature, which are commonly
found as aluminium silicates and magnesium silicates, where
gibbsite and brucite-like hydroxide sheets play a key role in
directing layered structures (these materials will be introduced
in Section 4 of this review). Alternatively, some layered silicic
acids and their alkaline salts are composed of [SiO4]*~
tetrahedrons.*>?""*'* These layered silicic acids/silicates with
varying structures (varying connection of [SiO,]*” tetrahedron
resulting in varying layer thicknesses) are available and the
notable examples are introduced in Table 3.>*>'7 Some of
them are found in nature, for example, kenyaite (Na,Siy¢O41-
nH,0) and magadiite (Na,Si;;0,9-nH,0) were found at Lake
Magadi, Kenya in 1967.>'® The layered alkali silicates intro-
duced in Table 3 have been synthesised by hydrothermal
reactions in the laboratory for different applications.?**72>2

The isomorphous substitution of Si** with heteroelements
may lead to novel functional layered silicates. Here, the syn-
thetic methods for the incorporation of heteroelements, exam-
ples of the heteroelements and their amount, characterisation,
and the expected (achieved) functions reported thus far are
introduced. The isomorphous substitution of Si*" in layered
alkali silicates with heteroelements (AI’**, Ti*", etc.) has been
reported,”™* as summarised in Table 4.**?*®* One of the
motivations for substitution is the application of heteroele-
ment-containing layered alkali silicates as the precursors of
zeolites and mesoporous silicas as catalysts and adsorbents
with designed material performances connected with the incor-
porated heteroelements.>**">*® Due to the similarity in the local
structure of the [SiO4]'” network, some layered alkali silicates
have been converted to zeolites topochemically.>**>*! 1t is
worth noting that some zeolites (framework types: NSI, CDO,
RWR, RRO, etc.) are available only by topotactic conversion
of layered silicates such as Nu-6(1), PLS-1, octosilicate, and
RUB'39.252_255

In addition to substitution in the silicate layer, defects as
microchannels in the silicate layer are considered to be the key

[ |
Silica mineral | | Silicate |

Quartz | Olivine |

Cristobalite | Zeolite |

Layered silicic
acid/silicate

etc.

Tridymite

etc.

Fig. 8 Classification of crystalline and amorphous silica/silicates.
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Synthetic

[
| ]

| By-products | | Natural |

4| Silicate glass | L{Diatomitel

= tc.
Silica glass e

Aluminosilicate

1

Silica gel

Colloidal silica

Fumed silica
glass
- etc.
etc.

Mesoporous silica

—

C.
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Table 3 Examples of layered silicates (the crystal structure was drawn using the VESTA program**)

Structure?
A, SiO, tetrahedra

.
Layered silicate® Na

Thickness of layer/nm Ideal cation exchange capacity (meq g~ ') Ref.

Silicate _
layer

Kenyaite Na;4[Si1600320(0H)16]-64H,0

o]

Silicate
layer

3 v

Silicate {
layer

Magadiite Na,[Si;40,5(OH),]-8H,0

© ©000©0O0O0

Octosilicate Nag[Siz»064(OH)g]-32H,0 .

Lb

imehe® oot ¥

layer 0 © 000 0 O
Kanemite NaH[Si,O5]-3H,0 90999 o STmN
o
g & & e
HUSLSOMRAHIN T

L.,

“ Water molecules are omitted for clarity.

*I* (CH,),N*: TMA ions

for some functions. Magadiite showed the selective adsorption
of benzoic acid from acetonitrile solution, where its micro-
channel was thought to play a role in its selectvity.>”® Layered
silicic acid/alkali silicates are characterised by regularly
arranged reactive silanol groups on the layer surface, which
can be used for cation exchange and grafting to obtain inter-
calation compounds of controlled nanostructures.>””>*" The
chemical/thermal stabilities and reactivity of layered silicates/
silicic acids vary depending on the structures (derived from the
composition), and thus the development of novel layered alkali
silicates has been reported.>®> For example, layered silicates
named Hiroshima University Silicate (HUS) series were synthe-
sised by hydrothermal reactions as adsorbents and catalyst
precursors,>!7263:264

This journal is © The Royal Society of Chemistry 2024

1.6 1.4 213
1.1 2.0 214
0.74 2.8 215
0.49 4.7 216
0.90 2.4 217
3.1. The amount of the heteroelement to be doped in the

silicate layer and the structural transformation

The acidity generated by the isomorphous substitution of Si** with
heteroelements of lower valency and similar sizes, such as AP, Ga*,
and B3+ haS been investigated.223’224’226_229’231_234’236’239_244’247’248
Layered silicic acid/alkali silicates have weak Bregnsted acid
sites owing to their silanol groups on the layer surface.**° Al
is the element conveniently used to substitute Si in the silicate
framework, as seen in many crystalline silicates (zeolites) and
amorphous silicas (including mesoporous silicas). To impart
acidity, Al-containing magadiites have been prepared by the
hydrothermal reaction starting from Si and Al sources
(sodium metasilicate and aluminium tri(isopropoxide); initial
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Fig. 9 (A) XANES spectra of the Ti-containing magadiites and reference.
(B) XANES spectra of the Ti-containing octosilicates and ref. 245.

Al/Si = 1/15-1/60), respectively.”** The FT-IR spectra of Al-
containing magadiite after the adsorption of CO at 100 K
indicated the presence of Bronsted acidity, which was compar-
able with that of acidic zeolites (H-mordenite zeolite). As the Al
content increased (Al/Si = 1/15-1/30), the population of acidic
sites also increased. However, some of the Al was in octahedral
coordination (probably extra framework aluminium oxide or
(oxy)hydroxide), suggesting that the upper limit of the isomor-
phous substitution of Si with Al was lower than Al/Si = 1/30.
Ti-containing kanemite was synthesised from silicon tetra-
ethoxide and titanium(v) tetrabutoxide via the sol-gel process
and subsequent crystallisation by calcination. It was possible to
transform it into Ti-containing mesoporous silicas (designated
as KSW-2).2** The UV-Vis absorption spectra of the Ti-contain-
ing kanemite showed absorption bands at 210-220 nm when
the Si/Ti ratio was larger than 300, indicating that the tetra-
hedrally coordinated titanium oxide species existed in the
framework of kanemite. As the Ti content increased (Ti/Si =
1/100-1/200), the absorption band became broader because of
the co-existence of octahedrally coordinated titanium oxide
species. The upper limit of the incorporation of tetrahedrally
coordinated Ti in the framework was as low as Ti/Si = 1/250.
Recently, Ti-containing octosilicates and magadiites were
synthesised via hydrothermal reactions using TiCl, as the Ti
source in the starting mixture (silica gel and NaOH) for the
preparation of magadiite and octosilicate.”*® The UV-Vis
absorption and X-ray absorption near edge structure (XANES)
spectra suggested that tetrahedrally coordinated titanium oxide
species existed in the silicate frameworks. The XANES spectra
of the Ti-containing silicates are shown in Fig. 9. In the
Ti K-edge XANES spectra of the Ti-containing magadiites
(Ti/Si = 1/100 and 1/50), a weak pre-edge peak was observed
(Fig. 9A), indicating that the titanium oxide species existed
mainly in tetrahedral coordination in the framework of maga-
diite. Alternatively, that of the Ti-containing octosilicate (Ti/Si =
1/200) showed a weak but single pre-edge peak (Fig. 9B),
indicating that some of the titanium oxide species were in
tetrahedral coordination in the framework of octosilicate. As
the content of Ti increased (Ti/Si = 1/100 and 1/50), the XANES
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Fig. 10 XRD pattern and SEM image of the Ti-containing magadiites and
octosilicates (Ti/Si = 1/10 and 1/20).24°

spectra of the Ti-containing octosilicates (Fig. 9B) were
observed to be similar to that of rutile and anatase, indicating
the presence of an isolated tetrahedrally coordinated titanium
oxide species in the framework of octosilicate together with
extra framework octahedrally coordinated titanium oxide spe-
cies. These results suggested that the upper limit of the frame-
work incorporation of Ti was Ti/Si = 1/50 and 1/100 for
magadiite and octosilicate, respectively. In addition, as the Si/
Ti ratio increased (Ti/Si = 1/10 and 1/20 for magadiite and
octosilicate; Fig. 10), the XRD patterns of the products showed
no crystalline phase and morphologies different from the
Ti-containing silicates and aggregated TiO, particles were seen.
The capacity of the incorporation of Ti into the silicate frame-
work was higher for the silicates with thicker silicate layers
(magadiite > octosilicate > kanemite, Table 3).*>* The
amount of tetrahedrally coordinated titanium oxide species
can be increased for kenyaite. To further understand the
relationship between the incorporated amount of heteroele-
ments in the silicate frameworks and emerging functions such
as (photo)catalysis and adsorption, synthetic methods and the
conditions need to be developed to prepare materials with a
higher heteroelement content.

Layered silicic acid/alkali silicates have been used as pre-
cursors of zeolites and mesoporous silicas.”***** In particular,
some zeolites are only obtained by topotactic conversion
through the interlayer condensation of layered silicic acid/
alkali silicates (Fig. 11).>>" The conversion of the Ti-containing
layered silicic acid/alkali silicates into zeolites is worth
investigating.

3.2. Variation in the heteroelements to be incorporated in the
layered alkali silicates

The incorporation of other heteroelements besides AI** such as
Co?'/co*, Er**, Ti*", sn*" and V** into the silicate framework
has also been investigated given that these heteroelements are
expected to play roles as isolated active sites for magnetic and
catalytic properties,>>*?277230,235,237,238,245,246 The jonic radius
of tetrahedrally coordinated heteroelements by the isomor-
phous substitution of Si** (0.026 nm) in layered alkali silicates
and the experimental conditions of the examples are

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Schematic of the topotactic conversion of magadiite into a silica zeolite (RWZ-1) during refluxing in N-methylformamide (NMF) and subsequent
calcination. Reprinted from ref. 251 with permission from John Wiley & Sons.
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Fig. 12 XRD patterns of magadiite and Al-containing magadiites using aluminum triisopropoxide, aluminum sulfate and aluminum oxyhydroxide (Al/Si =

1/40, 1/20 and 1/15) as the aluminium source.??®

summarised in Table 4."*° The effective ionic radius is one of
the important factors determining the isomorphous substitu-
tion. The isomorphous substitution with the elements such as
Ni** (0.055 nm), Fe*"/Fe*" (0.063/0.049 nm), Cu®" (0.057 nm)
and Eu®* (0.0947 nm) seems to be possible because of the size
matching.

3.3. Synthesis of heteroelement-containing layered alkali
silicates

Most of the heteroelement-containing layered alkali silicates
have been prepared via the hydrothermal reaction of the
starting material of layered alkali silicates in the presence of
molecular species (alkoxides and metal salts) as the source of
heteroelements. The amount of heteroelement incorporated in
the framework of layered alkali silicates is as low as a few wt%
(oxide base). The type of heteroelement source plays an impor-
tant role in the incorporation. Al-containing magadiite was
prepared with different types of Al sources (aluminium oxyhydr-
oxide, aluminium triisopropoxide and aluminium sulfate), and

This journal is © The Royal Society of Chemistry 2024

its acidic sites evaluated in the catalytic cracking of cumene.*?®
The XRD patterns of Al-containing magadiite with different
types of Al sources are shown in Fig. 12. Although aluminium
oxyhydroxide led to the formation of crystallised Al-containing
magadiite (Al/Si = 1/15-1/40), the formation of mordenite
impurities was observed using aluminium triisopropoxide at
Al/Si = 1/40. With a higher Al/Si = 1/15, the XRD patterns of the
products using aluminium triisopropoxide and aluminium
sulfate showed no crystalline phase, suggesting that the anions
affected the crystallisation. Thus, the amount of heteroelement
in the heteroelement-containing layered alkali silicates is lim-
ited (detail in Section 4).

3.4. Characterisation of the states of the incorporated
heteroelements

The states of the heteroelements in silica/silicate frameworks
can be evaluated various spectroscopic techniques, including
NMR, UV-Vis absorption, photoluminescence and X-ray absorp-
tion (XANES and EXAFS) spectroscopy.

Chem. Soc. Rev,, 2024, 53,10523-10574 | 10541
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To gain further insight into the chemical state of the
heteroelements in the silica/silicate framework, solid-state
magic angle spinning (MAS) NMR spectroscopy is a key tech-
nique. As a typical example, the >’Al and *°Si MAS NMR spectra
of Al-containing magadiite using aluminium oxyhydroxide are
shown in Fig. 13.>*® The coordination state of the Al sites in
either tetrahedral or octahedral coordination is characterised
by >’Al MAS NMR measurement, showing signals at ca. 55 ppm
or 0 ppm, respectively. These samples (Al/Si = 1/15-1/40)
showed only a signal at around 55 ppm (Fig. 13A), corres-
ponding to the tetrahedral coordination, indicating the iso-
morphous substitution of Si with Al. In the *°Si MAS NMR
spectrum of magadiite (pure silicate; Fig. 13B), four peaks were
observed at ca. —100 ppm, which were attributed to Q* (HOS-
i(0Si);), and ca. —110, —112 and —114 ppm, corresponding to
Q* (Si(0Si),). The *°Si MAS NMR spectrum of Al-containing
magadiite (Al/Si = 1/40) was similar to that of magadiite,
whereas the spectrum became broader with an increase in
the Al content (Al/Si = 1/20), with the appearance of a broad
peak at —107 ppm which was attributed to amorphous silica.
The incorporation of Al in the silicate framework affects the
chemical environment of Si, i.e., not only first coordination but
also second or third coordination environment, resulting in
low-field shifts (about 5 ppm: Q*(1Al) i.e., Si(0Si);(0Al)) and the
broadening of the signal in the >°Si MAS NMR spectrum.?%>2¢
As the content of Al increased (Al/Si = 1/15), two broad peaks
were observed at —112 and —102 ppm, corresponding to
Q*(0Al) and Q*(1A1)/Q*(0Al), respectively, which suggested that
most of this product existed as an amorphous phase.

The incorporation of Ti into various silicas/silicates has
been examined for the design of (photo)catalysts. Titanium
silicalite-1 (TS-1), which is a representative titanosilicate zeolite
with isomorphous substitution of Si** with Ti*" in the MFI
zeolite framework, exhibited selective oxidation of various
hydrocarbons with H,0,.2°7*%® Regarding the states of the
incorporated titanium oxide species in zeolites and meso-
porous silica/silicate frameworks, UV-Vis absorption, photolu-
minescence and XAFS spectroscopy (Section 3.1) are powerful
measurement tools to determine if the titanium oxide species
exist as isolated tetrahedrally coordinated species in the silica/
silicate framework.>*>?*>2%9273  Tetrahedrally coordinated
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titanium oxide species in silicas/silicates showed absorption
bands with the maximum at 220-280 nm due to the charge
transfer excited state ([Ti**-0*"] — [Ti**~O ]*). In addition,
these samples exhibited photoluminescence at around 450-
550 nm upon excitation at 220-280 nm, which is ascribed to the
charge transfer process.

3.5. Summary and perspectives

The incorporated heteroelements in layered silicates/silicic
acids are exposed to the surface of silicate nanosheets, affecting
their surface characteristics and associated functions, while
their function has not been fully explored to date. Layered
alkali silicates accommodate various guest species in their
interlayer space for functional materials. Organic modification
with cationic surfactants and silane coupling reagents has been
done to design materials for applications in environment,
energy and life science-related fields through molecular
recognition,3:249,260-264,274-284  pecently, the  site-specific
organic modification of octosilicate led to the fabrication of a
floating adsorbent for the collection of metal ions from
water.?®® Selective adsorption on layered alkali silicates (with
defects in the silicate layer) and their silylated products has
been reported.>*®**>287 These material designs will be exam-
ined using heteroelement-doped layered silicates.

Regarding synthetic aspects, the incorporation of heteroele-
ments into the silicate frameworks is done during the prepara-
tion of layered silicates via the hydrothermal reaction, where
phase separation of the heteroelements and the formation of
different phases (such as zeolites) may occur depending on the
composition. However, alternative synthesis methods are worth
examining to extend the compositional variation. Heteroele-
ment-containing silicate zeolites, such as zeolites with Ti*", AI**
and Fe®, have been synthesised via mechanochemically
assisted hydrothermal reactions using metal oxy(hydroxide)
(e.g., TiO, (anatase), y-AlO(OH), a-Fe,O;, and o-FeOOH) and
silica (fumed silica).>®**>°* The synthesis of magadiite, octosi-
licate, and kanemite via the solid-state reaction at 50-900 °C
has been reported.”** In addition to the application of these
reported procedures, the development of novel synthetic meth-
ods (including post-synthetic immobilisation®**?°%) is worth
examining to extend the compositional variation.

4. 2:1 type phyllosilicates

Layered clay minerals, namely 2 : 1-type phyllosilicates (Fig. 14),
are materials where isomorphous substitution plays a key role
in their characters/functions. The useful adsorptive, ion
exchange, swelling and catalytic functions of the clay minerals
are known.>®>**® Silicate minerals of various structures and
compositions are widely distributed in nature and clay miner-
als are known to be formed by the hydrothermal alteration or
weathering of these silicate minerals. Metal (Mg>" and AI**)
hydroxide sheets are thought to play a role in directing the
layered structure, given that layered silicic acids/silicates (given

This journal is © The Royal Society of Chemistry 2024
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or

2) TO, tetrahedral sheet (T)
3) RTO, [ primary T =Si¢]

1) O (O, OH, F)soctahedral sheet (O)

AR+, Fe¥* (dioctahedral) ]

{pnmary 0= Mg?*, Zn?* (trioctahedral)

Fig. 14 Structure of a 2:1-type phyllosilicate, two TO, (the primary
element of T = Si**) tetrahedral sheets (T) on each side of an O (O, OH,
F) octahedral sheet (O) occupied by octahedrally coordinated cations (e.g.,
Mg?*, Zn**/AP*, Fe3*, etc.), forming a T-O-T layer (prepared using VESTA
software).**

in Section 3) are less common from the aspects of mineral
quantity in Earth’s crust.

4.1. Structural versatility: combination of an LDH structure
with SiO, tetrahedra and interlayer cations

The compositional variation of 2:1-type phyllosilicates by iso-
morphous substitution has led to versatile applications
(Fig. 14). The layered clay minerals, which belong to the
hydroxylated phyllosilicates, include T-O (1:1) and T-O-T
(2:1) phyllosilicates.® Table 5 shows the classification of phyl-
losilicate clay minerals. They can be classified based on their
sheet stacking (1:1 or 2:1), layer charge (x + y: or charge per
unit cell of Sig0,,(OH),), and type of interlayer into eight major
groups. Further subdivision into sub-groups and species is
made based on the type of octahedral sheet (dioctahedral and
trioctahedral, which will be explained later), chemical composi-
tion and the geometry of the superposition of individual layers

View Article Online

Review Article

and interlayers. The names used for groups, sub-groups, and
mineral species are those approved by the AIPEA Nomenclature
Committee or the IMA Commission on New Minerals and
Mineral Names.

Isomorphous substitution of the main components in
the silicate layer as Si** and/or M>"*" with cations of similar
size and lower valency gives a net negative charge. The
quantity of the isomorphous substitution is expressed as x
and y in the unit cell of (Si, Al)s0,4(OH), (e.g., [Sig_ M "]V
[AL,_ ,M°“? 1V10,0(OH),, where M and M°®* are heteroele-
ments in the SiO, tetrahedral sheet (T) and octahedral sheet
(0), respectively. The compositional variation of 2 : 1-type phyl-
losilicates arises from three structural aspects, as follows: (1)
Two types of octahedral sheets (O; dioctahedral and trioctahe-
dral types composed of M** and M>* hydroxides, respectively)
are represented, as shown in Fig. 14, with a wide variety of
octahedrally coordinated cations to replace M** and M*>*, which
influence their functions similar to LDHs (the structures and
functions were described in Section 2). (2) Substitution of Si**
with M?* in the tetrahedral sheet (T) affords acidic character, as
observed in zeolites, mesoporous silicas and other silicas in
addition to the generation of negative charge. (3) Covalent
attachment of organic groups (R) with the silicon atom in the
SiO, tetrahedra in T provides organically modified silicates
with a type of self-assembled monolayer, which can form
multilayers composed of alternatively stacked silicate layers
and organic layers. When the silicate possesses a permanent
net negative charge as a result of the isomorphous substitution,
cations are interposed in the interlamellar region between the
silicate layers. The amount and the location of the isomor-
phous substitution influence the surface characteristics, which
are correlated with the colloidal, catalytic and adsorptive prop-
erties of the phyllosilicates. The charge per unit cell (x +y) is an
important value in determining the characteristics of phyllosi-
licates. Among the phyllosilicates, smectites have been used
most extensively in industrial applications as well as scientific

Table 5 Classification of phyllosilicate related to clay minerals adapted from Brindley and Brown®

Layer type Group (x +y = charge per unit cell?) Sub-group Species”
1:1 Serpentine-kaolin Serpentine Chrysotile, antigorite, lizardite, amesite
(x+y ~0) Kaoline Kaolinite, dickite, nacrite
2:1 Talc-pyrophyllite Talc Talc, willemseite
(x+y ~0) Pyrophyllite Pyrophyllite
Smectite Saponite Saponite, hectorite, sauconite
(x+y ~ 0.4-1.2) Montmorillonite Montmorillonite, beidellite, nontronite
Vermiculite Trioctahedral vermiculite Trioctahedral vermiculite
(x+y ~ 1.2-1.8) Dioctahedral vermiculite Dioctahedral vermiculite
Mica Trioctahedral mica Phlogopite, biotite, lepidolite
(x+y ~ 2.0) Dioctahedral mica Muscovite, paragonite
Brittle mica Trioctahedral brittle mica Clintonite, anandite
(x+y ~ 4.0) Dioctahedral brittle mica Margarite
Chlorite Trioctahedral chlorite Clinochlore, chamosite, nimite
(x + y variable) Dioctahedral chlorite Donbassite

2:1 inverted ribbons Sepiolite-palygorskite (x + y variable)

a

This journal is © The Royal Society of Chemistry 2024

Di, trioctahedral chlorite Cookeite, sudoite

Sepiolite
Palygorskite

Sepiolite, loughlinite
Palygorskite

x +y refers to an SigO,,(OH), unit cell for smectite, vermiculite, mica, and brittle mica. ® Only few examples are given.

Chem. Soc. Rev., 2024, 53,10523-10574 | 10543


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00339j

Open Access Article. Published on 07 spalio 2024. Downloaded on 2025-10-16 20:55:01.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

Table 6 Classification of dioctahedral A", ,,[TglV[04]¥'O20(OH)4 and trioctahedral smectites A", ;,[TglV[Og]'O20(OH)4

T o

Sub-group Species Main 1Y Main Mo Chemical formula®

Dioctahedral smectites Montmorillonite sit — AP Mg>* A", [Sig] VAL _,Mg,]'0,0(OH),
Beidellite sit* AP AP — A" n[Sig_AL]V[AL]'0,0(OH),
Nontronite si** AP Fe** — Al Sis_ AL ™ [Fe,]"0,0(OH),

Trioctahedral smectites (Fluoro)hectorite Si** — Mg** Li* A" [Sig] VMg ,Liy]Y'0,0(OH, F),
Saponite Ssit AP Mg — A'”x/n[Sig,xAlx]N[MgGE’IOZO(OH)‘l
Sauconite si*t AP Zn* — A" n[Sig_ AL ]"V[Zne]"0,0(0OH),

@ A™': exchangeable cation.

research. Smectite is the name of a group of swellable 2 : 1-type
phyllosilicates (0.4 < x + y < 1.2).>**” Depending on the
composition and the location of the isomorphous substitution,
smectite is classified as summarised in Table 6. The interlayer
cations (e.g.,, Na* and Ca®>") are usually hydrated and are
exchangeable.

Swelling occurs when the hydration energy overcomes the
attractive forces between the silicate layers and is sufficient to
cause osmotic swelling in excess water.>® The spontaneous
swelling of smectites in water leads to the formation of a stable
thixotropic gel or suspension.**¢29829° gmectites occasionally
form liquid crystalline phase phyllosilicates under specific
conditions with careful preparation.>*®3°* Structural colour
emerged when nanosheets were stacked with submicrometer
periodicity in an aqueous suspension (Fig. 15).°> Gravity and
an electric field led to different alignments of the nanosheets in
poly(N-isopropylacrylamide) composite gel films. The com-
bined two-layer gels exhibited three-dimensional deformations

(B) » 1.0

g ol M\
3\
© 0.6 V'
3 \ |
N 0.4 \ \
g \ |
E 0.2 \
C

0.0 T T - -
200 300 400 500 600 700
wavelength / nm

800

Fig. 15 (A) Photographs of nanosheet colloids (average nanosheet dia-
meter of 1.8 um) with various nanosheet concentrations c. (B) Photographs
and UV-Vis spectra of the nanosheet colloid with the average nanosheet
diameter of (a) 0.14, (b) 0.16 (c) 0.98, and (d) 1.8 um. The spectra were
recorded at an observing angle of 10°.3%2
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icm

4.0050C  em——

icm

3.8050C  mummm—

Fig. 16 Jumping motion of poly(N-isopropylacrylamide) composite gel
films in water in response to thermal stimulus. Photographs and corres-
ponding illustrations show the time course of the gel films after immersion
in hot water. The heights from the ground surface to the red point on the
gel are also shown. The red arrows indicate the direction of movement of
each part. Reprinted with permission from ref. 303. Copyright 2022, the
American Chemical Society.

(e.g., jumping motion), which were triggered by temperature
changes with controlled curvature (Fig. 16).>%

When the solvents in the suspension are evaporated on a flat
plate, plate particles pile up with their ab plane parallel to the
substrate to form an oriented film.>**°® A similar procedure in
the presence of a water-soluble polymer afforded multi-functio-
nalised inorganic-organic hybrid films with transparent gas
barrier,°® thermal stability, water resistance, water-induced
self-healing behaviour, and adhesion.**” The Langmuir-Blod-
gett®®® and layer-by-layer deposition techniques (alternating
adsorption of a cation and an anionic silicate layer) from
exfoliated platelets were used to obtain inorganic-organic
multilayer thin films.***>""

In addition to the swelling property and the associated film-
forming ability from a colloidal suspension, isomorphous
substitution is the origin of cation exchange ability and acidic
character. The cation exchange capability was used to
modify the properties of smectites for application as
fillers in clay-polymer hybrids,***"” rheology-controlling
reagents,”'®3'° reaction media to control photochemical
reactions, optics,>** selective adsorption,****?” chiral
discrimination,**®**° and catalysis.>*°

320-323

4.2. Bentonite and purified bentonite

Bentonite (coarse samples, a natural resource containing smec-
tites as the main component) contains accessory minerals such
as crystalline SiO, (e.g., quartz, cristobalite), amorphous SiO,,
feldspar, and goethite FeO(OH), as presented in Table 7.>*'3>
Depending on the application, purified bentonites, which are
commercially available, are used.

This journal is © The Royal Society of Chemistry 2024
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Table 7 Composition of some reference clay minerals in the structural
formula of [Tg]" [04/0¢]"'O20(0H),

T 0
Si Altetra Alocta Fe Mg
SAz-1%3%1 8.00  0.00 2.67 0.15  1.20
sT?331 722 078 1.96 1.60  0.58
SWa-1¢%3! 733 0.67 0.91 2.86  0.28
Jpd3st 771 0.29 3.00 0.38  0.63
JCSS3101 NIMS? 7.66  3.37 (Alratoc 021  0.64
€332 NMNS"  7.56  3.47 (Al*Tarocta 0.25  0.69
JCSS3501 NIMS 7.19  0.81 (Al*"oc?) 0.00  5.99
J3s2 NMNS 7.02  0.71 (Al'raroc) 0.00  6.26

 SAz-1: (Cheto, AZ), a magnesium rich montmorillonite. * ST (Stebno):
an iron-rich beidellite from the Czech Republic, which contains about
21% of total iron bound in goethite. © SWa-1: a ferruginous smectite
from The Clay Mineral Repository of the Clay Minerals Society. ¢ JP:
hydrothermal, aluminium-rich montmorillonite from the Kremnica
mountains in central Slovakia. ¢ JCSS3101: montmorillonite, a refer-
ence clay sample of the Clay Science Society of Japan.” JCSS3501: a
synthetic saponite, a reference clay sample of the Clay Science Society of
Japan. ¢ NIMS: analysed by the National Institute for Materials Science,
Japan. " NMNS: analysed by the National Museum of Nature and
Science, Japan.

Purification is possible by the following dispersion-sedimen-
tation method. Coarse samples were suspended in deionised
water, treated several times with 1.0 M aqueous CaCl,, washed
until free of chloride, and centrifuged. After the nominally
<2 pm sample was collected, drying at 60 °C and subsequent
grounding to <0.2 mm were performed.**' As a dissolution
method, the alkaline fusion technique was employed, melting
the sample with BO; and Li,COs;, followed by dissolution in
acidic HCI solution.*®* The purification was confirmed by XRF
and ICP.

Bentonite, purified bentonites (non-swelling impurities were
removed from bentonite by dispersion-sedimentation method),
and synthetic smectites are commercially available and some of
them are authorised by academic societies (The Clay Minerals
Society*** and The Clay Science Society of Japan®**). However,
their quantitative characterisation is difficult because of the
fine grain-size of clay minerals and the association with acces-
sory minerals. The compositional variation is seen even for
samples from the same deposits.**®> The Clay Science Society of
Japan authorizes reference clay samples with their chemical
formula/compositions.**> Some additional data are available,
as shown in Table 7. JCSS3101 includes only a small amount of
quartz as a result of careful purification. The associated miner-
als make it difficult to determine the accurate compositions of
the smectite phase by bulk analysis. The location of isomor-
phous substitution is another difficulty given that the quantity
is normally low and clay minerals are commonly poorly
crystalline.

4.3. Site of isomorphous substitution in 2 : 1-type
phyllosilicates, heteroelements and their amount

Available range of Al/Si ratio in T-O-T (2:1)-type phyllosilicate
is discussed employing the ‘“pyrophyllite” structure as the

This journal is © The Royal Society of Chemistry 2024
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original structure, as represented by the following formula
(eqn (1)).
[Sig]V[AL]"'0,0(OH)4 (1)

According to the Loewenstein rule,**® which applies the avoid-

ance of the Al-O-Al bond in T, the maximum Si*" can be
substituted with AI*" at the Al/Si atomic ratio of 1/3 in the
tetrahedral sheet (Al/Si = 1/1 in total, eqn (2), the charge
compensated cations are omitted hereafter), forming parago-
nite-type mica (x +y = 2, Table 5).

[SicAl,]V[ALy]"0,0(OH) 4 (2)

Ross and Hendricks®®” published a series of 100 analyses of

smectites, from which they worked out their structural formula.
As a result, two equations (eqn (3) and (4)) were given as typical
substitutions in O and T, respectively, which are intermediate
values in the common range of x + y (0.4-1.2) in smectites.

[SiB]N[Al.s.33Mg0.67]VIozo(OH)4 (3)
[Si7.33A10.67]IV[Mg6]VIOZO(OH)4 (4)

Compared with other 2:1-type phyllosilicates, smectites
have high interlayer accessibility for various inorganic and
organic species. The cation exchange capacity (CEC) of smec-
tites, which is directly correlated with the amount of isomor-
phous substitution, is usually expressed in the unit of
milliequivalent (meq) of exchangeable cations per 100 g of
smectite (clay). The CECs of smectites are empirical values
ranging from 60 to 120 meq/100 g of clay. Several techniques
have been used for determining the CEC using ammonium
acetate,®*® triethanolamine buffered barium chloride,®33%!
calcium chloride,*** methylene blue,>***** silver thiourea,*®
and copper(n) ethylenediamine.**° It should be noted that some
organic and organometallic cations may be adsorbed over the
CEC by van der Waals interactions (intersalation).**”*® The
CECs of smectites are governed by permanent charge and
independent of the ionic strength electrolyte concentration
and pH.

Smectites and vermiculites are distinguished at the layer
charge of x + y = 1.2 per unit cell.®> The identification is
commonly made by swelling in water and in glycerol; when
saturated with Mg”" ions, the basal spacing of vermiculite
expands to approximately 1.5 nm in water and glycerol, whereas
smectites expand to 1.7-1.8 nm in glycerol. The synthesis of
smectites with an extremely large layer charge (e.g., x +y = 2.66)
resulted in the formation of a non-expandable phase even in
the presence of Na* ions.**® The question arises if any division
can be made between smectites (x +y = 0.4-1.2) with high layer
charge and vermiculite (x + y = 1.2-1.8) with a low layer charge?
Méring and Perdo®® suggested that the order or disorder of the
isomorphous substitutions may be another feature of these
minerals.

Here, the amount of isomorphous substitution (x + y value
or CEC) will be discussed for both sites (T and O) in
2:1-type phyllosilicate [Tg]"V[0,4]"'02(0OH), and [Tg]"V[Og]
V10,4(OH)4, where the isomorphous substitution occurs as
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[Sig 7xMtetrax]IV[A147yMoctay:|VIOZO(OH)4 and
VIMge_, M ]V10,4(OH),, respectively (Table 8).

[Slg —xMtEtrax]'

4.4. Roles of isomorphous substitution in the functions of
smectites

4.4.1. Heteroelements in T. The most common M™*"™ is

AI**, whereas several types of M°* are incorporated in the
octahedral sheet (O) (Table 8). When the Al/Si ratio is higher
than that in the “pyrophyllite” structure [Sig]"V[Als]""0,0(OH),
(eqn (1)) in the range of x less than 1.56 (Table 8),3*%331,368:369
the host formula (the charge compensating cation is omitted)
is expressed as [Sig_,AlL]V[Al;]"'0,0(OH); (“dioctahedral
smectites”).

The phase diagram of smectites was summarised by Klo-
progge et al>’® The dioctahedral smectite was obtained as
single phase at 0.34 < x < 1.34 when the synthesis conditions
were 300 °C and 100 MPa (Table 8).>*° Single-phase smectite
with the x of 0.66 was exemplified at the temperature range
260-430 °C (Table 8).**° Instead of AI*" in O, three Mg>" ions are
incorporated in O in half of the unit cell with the Si*'-AI**
substitution in T (“trioctahedral smectites’’), where the formula
is expressed as [Sig_,Al]"[Mgs]""0,0(OH),. When x was 0.66, a
single phase was achieved in the temperature range of 260-
450 °C. In the case of 0.34 < x < 1.34, 550 °C was required to
obtain a single phase (Table 8).>°> A high concentration of AI**
in the initial mixture and high temperature were preferred for
the Si**-AI** substitution in T (100 MPa).>*

The Si**-AI** substitution in T was discussed for trioctahe-
dral smectites using a reference clay (JCSS3501, synthetic
saponite) for application in solid-acid catalysis®”* and dye
immobilisation.>”>”* The synthesis and characteristics of
saponite (one of trioctahedral smectites) were summarised in
a recent review.>”> The maximum x value was 1.88 (Table 8),
when the preparation was conducted at 450 °C and at x’ = 2.0 (x’
corresponds to x in the initial mixture for the preparation).®*®
When the preparation was conducted at 300 °C and 8.5 MPa for
6 h, x in [Sig_,AL]"[Mgs_,AL]"'0,0(OH), was in the range of
0.33 to 1.61 (Table 9). A small amount of Al** was substituted in
0.>*® 1t was confirmed experimentally that the CEC varied
depending on x. Cationic porphyrins were immobilised without
aggregation as a result of matching the distances of the positive
charge of the porphyrins with that of the negative charge on the
silica layer, giving highly emissive materials (dye aggregation

Table 9 Chemical compositions determined using XRF for trioctahedral
smectites with varying x and y values*>*

{[Sis_ALT"[Mgs L] Os(OH)}

CEC/meq Inter-charge dis-
x y x-y (100 g)* tance/nm
1.61 0.05 1.56 195 0.83
1.32 0 1.32 168 0.92
1.11 0 1.11 142 1.00
1.03 0 1.03 132 1.04
0.79 0.01 0.78 100 1.19
0.56 0.03 0.53 69 1.45
0.45 0 0.45 59 1.57
0.33 0.03 0.30 39 1.92
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Fig. 17 (A) Structures of cationic porphyrins H,TMPyP** and H,TMAP?*,
where the distances between quaternary ammonium (arrow) are 1.05 and
1.31 nm, respectively and (B) relationship between the inter-charge dis-
tance on the trioctahedral smectites shown in Table 8 and the position of
the absorption maximum for @ H,TMPyP*" and A H,TMAP** on the
smectites. Reprinted with permission from ref. 353. Copyright 2011, the
American Chemical Society.

usually deactivates the excited state via energy transfer between
the dyes: Fig. 17).

Solid-acid catalysts were obtained by Si**-AI’* substitution
in T.>*"%7137¢ Acid-treatment activated smectites to be Brgnsted
acids because the protons in the Si**~0-Al**-OH bonds parti-
cipated as Brgnsted acidic sites, as seen in aluminosilicate
zeolites. Pyridine has been employed as a probe for evaluating
the acidic sites (IR and temperature-programmed desorption
(TPD) are used to distinguish physisorption and chemisorption
at Brensted and Lewis acid sites, and by hydrogen bonding).
The desorption behaviour of pyridine depended on the particle
size (60% of montmorillonite JCSS3101 particles are >0.2 um,
whereas 90% of synthetic smectite JCSS3501 was < 0.2 pum).>”*
The acid-treatment of smectites with high magnesium contents
(trioctahedral smectites, O = Mg”*) more readily leached Mg**
than that containing a higher proportion of AI*" as M°*?, giving
more acidic sites. This difference was explained by the differ-
ence in the bond energy of Mg-O (362 k] mol ") from that of
Al-O (511 kJ mol ). Some of the cations leached from O to
migrate into the interlayer space as exchangeable cations,
which also participated as catalytically active species.

4.4.2. Heteroelements in O. In addition to the substitution
in T, that in O is also seen. A typical main component in
OisMg™, ie., [Sig] [AL_,Mg;]""0,0(OH), and [Sig]" [Mgs_ M-
0,0(0OH), (Table 8). An important mineralogical problem is the
extent of the substitutions in O between heterovalent cations
(possible existence of “intermediate” di-tri-octahedral smectites).
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Fig. 18 Octahedral layer of Nag s[Sisl"[Alz 2Mgg gl "'O20(OH).4 viewed nor-
mal to the surface. The average distribution of Mg defects (highlighted) is
shown. Four types of “defect” distribution: (1) a total of 35% of the Al atoms
is surrounded by three Al atoms and no Mg; (2) 55% of the Al atoms is
surrounded by two Al atoms and one Mg atom; (3) 10% of the Al atoms is
surrounded by one Al atom and two Mg atoms; and (4) none of the Al
atoms are surrounded by three Mg neighbours. Reprinted with permission
from ref. 377. Copyright 2005, the American Chemical Society.

Decarreau et al. synthesised smectites with AI’* and Mg”* as
octahedral cations via hydrothermal reactions at 200 °C and
equilibrium pressure (almost 16 bars) for 15 to 30 days.*** They
concluded that the segregation of AI** and Mg®>" in O was
common and led either to clusters within O or to the phase
separation of two different phases. In contrast, in a molecular
dynamic simulation, average distribution of the isomorphous
substitution was employed in the structural unit.*””*"® A “defect
(coordinated with Mg®* in the defect)” distribution in a mon-
tmorillonite model with the average CEC = 108 meq/100 g,y = 0.8,
Nay g[Sig]V[Al; ;Mg 5] "0,0(OH);, was adapted, as shown in
Fig. 18. Several defect distributions were possible depending on
the size of the model cell. They all contained domains with a
density of three defects per square nanometer to the density of
one defect per square nanometer.””” The layer charges were
directed as x + y = 0.50, 0.62, 0.76, and 0.88 per unit cell, which
were in the typical charge range of smectite’”® to understand
“how does the layer charge influence the attractive force of the
adsorbed water molecules with the silicate layer?”

Both Lewis (octahedral) and Brensted (tetrahedral or inter-
layer cations) acidic sites have been investigated for applica-
tion as solid-acid catalysts.****79%° Bifunctional catalysts were
designed when basic nanoparticles (e.g., Pt) were deposited.*®"
The Lewis acidic sites emerged from Zn”" in O were effective in
a catalytic reaction (Friedel-Crafts alkylation of benzene) with
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the aid of the Brensted acidic sites, which were derived from
the Si**-Al*" substitution in T. The molar Al/Si ratio was varied
in [Sig_,AL]"V[06]"02(0H), as 0.2 < x’ < 1.2 (0=Mg*"), 0.2 <
x' <2.4(0=2Zn*"),and 0.2 < x’ < 0.9 (0 = Co>") (Table 8)**7*>8
to examine the catalytic activity in n-alkane cracking above
200 °C in an inert atmosphere.>*® The interlayer cation was
exchanged with AI** to enhance the acidic properties. However,
the reduction of Ni*" in O by hydrogen resulted in the for-
mation of metallic Ni particles, causing deactivation by coke
formation. The substitution of Ni*" with Co>" in O suppressed
the coke formation.*®*

Transition metal ions such as Ni**, Co**, Mn?*, Fe**, and
Zn*" have been incorporated in O (Table 8).>3%*%* Hydrothermal
reactions led the incorporation of Zn>* in O as compared to
Cu**, Co®" or Ni*".**® Ti"" was incorporated as octahedrally
coordinated species, when Zn** was incorporated in O of a
(fluoro)smectite.*®’

The incorporation of iron with varying oxidation states has
been studied. Iron in O has been recognised as an electron
donor/acceptor®®®3%? and energy acceptor to deactivate the
excited state of the adsorbed luminophores.***°¢ The lumi-
nescence quenching is not favoured for designing photolumi-
nescent materials, and thus synthetic 2:1-type phyllosilicates
have been used. Alternatively, the quenching of the excited
state by iron was wused to stabilise dyes upon
photoirradiation.””™ When rhodamine 6G was adsorbed on
2:1-type phyllosilicates with varying iron contents, the dye
stabilities were proportional to the quenching efficiency, which
was correlated with the iron content (Fig. 19). This is an
important phenomenon given that dye stability is required
for the development of dye-clay pigments.**” Along this line,
a bentonite with a low iron content was reported recently.**®
The mechanical properties of a biopolymer hydrogel were
improved using the bentonite, where synthetic hectorites did
not have positive effects. Due to the low iron content, the
photoluminescence from the adsorbed cyanine dyes on the
clay in the hydrogel was seen and a unique photoluminescence
mechanochromism was reported.?”**%°

A bentonite with high iron content was also found and the
state of the iron was extensively characterised to be octahedrally
coordinated Fe*" probably in T. The bentonite was shown to be
a photocatalyst for H, evolution from aqueous methanol
(Fig. 20).>®¢ The layer charge varied in response to the content
of Fe** and Fe*', affecting the hydration of the interlayer
cations and swelling pressure.*°°"*°* Iron-containing smectites
have been synthesised,***™*°® where a reducing agent (hydra-
zine or sodium dithionite) was required to obtain Fe**-rich
(ferruginous) smectites. Ferruginous smectites (nontronite)
included iron as Fe*", g(Si, Al)gO,, for the SWa-1 sample (Grant
County, Washington, USA, Clay Mineral Society),®’
and Fe®;4(Si, Al)sO,, for Garfield nontronite (Spokane,
Washington, USA, API-no. 33-A).*°° The syntheses were per-
formed at 90 °C for 2-3 weeks, and the amounts of Fe were
Fe®", 5(Si, Al)s0,0*°® and Fe®*; 5(Si, Al)g0,,.%°* According to the
IR absorption band due to the Fe*'-Al-OH bonds, AlI*" and Fe**
were miscible (not Fe®" because the ionic radius of Fe>" was too
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Fig. 19 (A) Photograph of an organic luminophore (Rhodamine 6G) and
(B) relationship of the photodecolorisation rate constant with the normal-
ised photoluminescence intensity (black) and the photoluminescence
quantum efficiency (red) of SWF-R6G, SA-R6G, LPN-R6G, and KF-R6G
suspensions.>°®

large to be miscible with AI’*) in 0.°** Mg”" and Fe®* were
miscible in O (Table 8).>***'° The incorporation of Mn in O of
smectite has scarcely been reported, which is probably because
of the difficulty in controlling the oxidation state of Mn.*'!

4.4.3. Vacancy in O. Lattice defects/vacancies in the octa-
hedral sheets also generate a negative charge. The solution pH
played an important role in crystallising [Sig]"[Mge_,]"-
0,0(0H),.*"* Tosca and Masterson investigated the influence
of pH on silica oligomerisation for T and precipitation of
Mg(OH), at 25 °C.*'* Vacancies in O arose if the velocity for T
was higher than that for O. At a relatively high pH, a greater
number of octahedral vacancies was generated as the velocity of
silica oligomerisation was higher than that of Mg(OH),
precipitation.

Torii et al®®' prepared [Sig]"[Nis_,]"'0,0(OH, F), in the
presence of HF at an atomic F/Si ratio in the range of 0 to 1/2
in the initial compositions. When the HF amount was larger, a
smaller amount of vacancy was shown by the methylene blue
adsorption. Replacing OH with F resulted in lower viscosity
in the aqueous slurry. Al-rich fluorophyllosilicates ([Sig]™-
[AL,_,Zn,]"'0,0(OH, F),, y' = 0.4 and 0.8) were synthesised at
220 °C in the presence of HF.>*>*" Despite the large difference
in the ionic radius between AI** and Zn>*, they were adjacent to
each other (miscible) and bridged by oxygen in O.

This journal is © The Royal Society of Chemistry 2024
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Fig. 20 (A) Polyhedral model of the smectite structure from the [100]
direction and [001] direction, (B) Fe 2p XPS spectrum of Fe-clay, and (C)
photocatalytic H, evolution of Fe-clay (red circle), Bengel next LU (black
square), and LAPONITE® (blue triangle) from aqueous MeOH.8®

Dioctahedral-type 2:1 phyllosilicates (montmorillonite,
[Sig]"[Al,_,Mg,]""0,0(OH), in the most common example) have
vacancies in O. Interlayer Li* is migrated to O to decrease the
layer charge. This phenomenon is named the Hoffman-Klemen
effect.*'* This is a method for the post-adjustment of the y
value in this smectite system. The reduced charged silicates have
been used*'® as a clay-based gas barrier film,*' adsorbents for a
cationic dye,*"” a polymer,*'® and organic contaminants.*****

LAPONITE® is a synthetic hectorite, in which Li" is fixed in
O: [Sig]™V[Mge_,Li)]"'0,0(0H),, and its reported formula is
Nay /[Sis]V [Mgs.5Lio 3] 020(0H),.>%**? Its synthesis, character-
istics, and applications were previously summarised in a review
article.”** A hectorite analogue was prepared using LiF,
Mg(OH),, and silica sol under reflux condition*** at the molar
ratio of Li: Mg: Si =1.4:5.3 : 8**® in the starting mixture (y' = 0.7
in [Sig]"V[Mge_,Liy]"'050(OH, F),, where the amount of Li was
twice in the formula). Fluoride in LiF was proposed to be an
accelerator for crystallisation.””®> The structural OH group was
partially substituted with F. Tetraethylammonium was used to
assist crystallisation and incorporated as an exchangeable
cation.””” A small amount of actinoids (Am*"3%** and Cm’*3%)
and lanthanoids (Eu®**)**® in the range of 10°-107°/Mg”" was
doped in O of the tetraethylammonium form. Another example
was proposed for preparing analogues at 180 °C by Torii and co-
workers, where the atomic ratios of Li:M:Si were 0.6:5.4:8
M = Ni*")**' and 0.8:5.2:8 (M = Mg”)**° in the starting
mixtures with the formula of [Sig]"[Ms_Li,]"'050(OH),.

The limitation of the Li'-fixation in O was examined when
hectorite was prepared using LiF, Mg(OH),, and SiO, by varied
Li:Mg:Si ratio in the starting mixture (Table 8).**%*3' The
variation of y has been frequently discussed by CEC. The CEC
varied empirically in the range of 40 to 90 meq/100 g, when y’
ranges from 0.07 to 1.4 in [Sig]"[Mges_,Li,]"'050(OH),. The high
solubility of Li* in water and uncontrollable formation of
vacancies in the MgOy octahedral sheet make it difficult to
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Fig. 21 Route for the formation of hectorite: (A) substitution or fixation of
Li into brucite Mg(OH), sheet, (B) adsorption of silicate anions on the
octahedral sheet and (C) progress of the silicate anions to form the 2:1
type. phyllosilicate.**”

precisely control the amount of Li'-fixation in O. However, the
Li*/Mg>" ratio in the starting mixture was dominant in deter-
mining the CEC, which was directly influenced by the Li'-
fixation in O. An excess amount of silica sol did not influence
the layer charge density of the hectorite analogue.***> Microwave
and ultrasonication were used to promote the migration of Li"
toward the vacancy in O to decrease the CEC.****** It was
difficult to obtain pure hectorite giving the remaining amor-
phous silica in the product.

The mechanism of Li'-fixation in O is still controversial and
two schemes were proposed, as follows: (1) migration of Li"
from the interlamellar to O upon heat treatment®*® and (2)
substitution or Li'-fixation into O during the hydrothermal
reactions (Fig. 21)."*” Regarding the formation of 2:1-type
phyllosilicate, the mechanism in the initial stage was kineti-
cally discussed using an in situ SAXS technique during the
reactions for 48 h at 100 °C.**” The SAXS data showed a
progressive increase in the power law value with time from
2.39 to 3.36 recorded at a low Q (nm™') region, indicating
condensation into more dense structures. The *°Si MAS NMR
spectra displayed a Q’ signal, referring to the number of
branching units typical of sheet silicate structures, which
appeared after 1 h and intensified after 4 h, the time at which
a (001) reflection (1.50 nm) at a high Q (nm ") region was
observed in the SAXS pattern.

4.5. Synthetic methods for 2 : 1-type phyllosilicates

2: 1-type phyllosilicates have been synthesised®”® and the meth-
ods can be classified into three groups, as follows: (i) precipita-
tion from an aqueous solution at room temperature and

Table 10
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0.1 MPa for a long time (Section 4.5.1), (ii) hydrothermal
reactions of a stoichiometric mixture of amorphous and/or
crystalline oxide solids (Section 4.5.2), and (iii) melting of
oxides in metal fluorides as a flux via solid-state reactions
(Section 4.5.3).>”° Part (i) evokes chemical weathering including
lateritic weathering condition as precipitation of amorphous
Al(OH); with coprecipitating goethite and silica.**® Homoge-
neously mixed glasses are preferred in (ii), which are evoked
from quenching magma/lava by water.**®*°>*%7 (iii) High-purity
reagents are necessary for stoichiometry in a fluorine medium
at a high temperature.®>

4.5.1. Precipitation of 2 : 1-type phyllosilicates under ambi-
ent conditions. Smectite was precipitated from low-
concentration solutions of SiO, (30 ppm) and Al,O; (3 ppm)
at 20 °C for 3 months at a high Mg®>" concentration and
higher pH. Its formation mechanism was explained as the
initial formation of Mg(OH),, followed by the polycondensation
of silica on the brucite layers.**® Under alkaline conditions
(pH 9-10), it was possible to precipitate10 ppm Mg, whereas at
pH 8, 1250 ppm Mg (seawater concentration) was necessary.**
Subsequently, the polycondensation with silica sol was fol-
lowed by forming a T-O-T layer. Even at a dilute Zn*>* concen-
tration (1-2.5 ppm), a smectite containing Zn>* in O was
formed at 20 °C by aging for 1 year.

The effective ionic radius of the components are important
factors in designing 2:1-type phyllosilicates with a controlled
composition (Table 10). The presence of Fe®" enabled the
formation of 0.**® Harder also suggested that the small size
of AI** made it difficult to be installed in O, whereas appro-
priate sizes ranging 0.078 to 0.082 nm**® or 0.069 to 0.078
nm"'*® were necessary to form O. This is a reason for the
formation of an Fe**-rich (ferruginous) phyllosilicate under
reducing conditions. It became possible to crystallise tetrahed-
rally coordinated AI*" in 2:1-type phyllosilicates with the help
of divalent cations, which enable the direct formation of
phyllosilicates. The mechanism for the primary formation of
O seems to be different from that for the formation of Mg-Al/
LDHs (uptake of Mg>* by the Al hydroxide is the possible
reaction for the formation of the LDH).

Organosilanes were reacted at room temperature with metal
chlorides to form 2:1-type phyllosilicate derivatives,*****

Influence of ionic radius on the formation of 2 : 1-type phyllosilicates at surface temperatures from chemically pure solutions

Effective radius of ion in octahedral coordination®’/nm

Synthesis of 2:1-type phyllosilicates®

Mg** 0.078 0.0720

Ni** 0.078 0.0690
Co™ 0.082 0.0745 (HS: high spin)
Zn* 0.083 0.0740

Fe?* 0.082 0.0780 (HS)
Fe32*+ 0.067 0.0645 (HS)
Cu 0.070 0.073

v 0.065 0.0640

cr’t 0.064 0.0615
Mn** 0.091 0.0830 (HS)
Mn** 0.070 0.0645 (HS)
AP 0.057 0.0535

Possible

Possible

Possible

Possible

Possible

Not possible under oxidative condition
Difficult in chemically pure solutions
Difficult in chemically pure solutions
Difficult in chemically pure solutions
Probably too large for clay minerals
Difficult

Not possible in chemically pure solutions at low temperatures

“ H. Harder, Clay Miner., 1977, 12, 281-288.%° ® R, D. Shannon, Acta Cryst., A, 1976, 32, 751-767.1%°
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Table 11  Apparatus for the synthesis of clay minerals*>?
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Reactions Reactor Maximum pressure Maximum temperature (°C) Scale of production (mL)
Precipitation Beaker Atmospheric 100 No upper limit
Hydrothermal reactions Morey type 50 MPa 350 <1000

Autoclave 200 MPa 600 <1000

Test tube 1 GPa 1100 <0.5

Internal heat type 1 GPa 1400 <30

Pin cylinder type 6 GPa 1800 <0.1

Belt type 8 GPa 2500 <1000

Bridgman anvil 30 GPa 3000 <0.01

Diamond anvil 200 GPa 3000 10°°
Solid-state reactions Electronic furnace Vacuum ~ atmospheric 1700 <50

which were later named “aminoclay”’****** and “organo-

talc”,**® after the pioneering study by Fukushima and Tani
on the preparation of 2:1-type 3-(methacryloxy)propyl phyllo-
silicate with O = Mg®", Ni** for a polymer additive.*****> The
amphiphilic nature of RSiO; (R = CgH;,) also assisted the
formation of a T-O-T layer at room temperature; this type
of octylsilyl derivative of 2:1 phyllosilicate is based on
the structural formula of [Siz_,AlLJ"[AL]"0n0(0OH),****”
and [Sig_,AlL]"[Mge]V"0,6(0H),.**""**° Reflux or hydrothermal
conditions were employed to prepare various functionalised
phyllosilicate derivatives (R = CH;,"*® C¢He,*° 3-(methacryl-
oxy)propyl),”®" and 3-acryloxypropyl*>!) based on the structure
of [Sig]"V[Mge_,Li,]'050(OH),. It is worth examining the incor-
poration of heteroelements in the T of these organic derivatives
of 2:1 phyllosilicates.

4.5.2. Hydrothermal synthesis of 2:1-type phyllosilicates.
The apparatus and the conditions for the preparation of smectites
are listed in Table 11 with the upper limits of pressure, tempera-
ture, and mass of product for each apparatus.*”> A hectorite
analogue, [Sig]"[Mgs_,Li,]""0,0(OH, F),, was obtained, as
described in Section 4.4.3, and the dosage of organic molecules
or cations assisted its crystallisation.*”® The nominal composi-
tions for Mg and Si in the initial mixture were maintained after
the crystallisation, whereas a larger amount was required for the Li
dosage because of its high solubility in water. (The reaction
mechanism was already introduced in the Section 4.4.3.) The
reactions were performed using Morey-type autoclave, where the
pressure is often autogenous water pressure. Researchers prepared
materials of desired structures and compositions based on the
phase diagram under controlled pressure, if available (Sec-
tion 4.4.1). Smectite single crystals of several tens of micrometers
in lateral size were successfully synthesised at pressure higher than
3 GPa (up-to 5.5 GPa) and temperature of 1000 °C using a belt-type
high-pressure apparatus.’> The smectite crystals were considered
to be quenched crystals metastably formed from the hydrous
silicate melts formed at high pressures and temperatures.

4.5.3. Ceramic processes; solid-state reactions and the
formation of 2:1-type phyllosilicate from melt. Solid-state
and melt syntheses were applied to prepare 2:1-type phyllosi-
licates, where the OH groups in smectites were substituted with
fluorine. The temperature and pressure in these syntheses were
below 1700 °C and normal pressure, respectively (Table 11).
Careful melt synthesis was investigated by Breu to prepare

This journal is © The Royal Society of Chemistry 2024

fluorosmectites with nominal compositions of Naj o[Sig]™-
[Mgs.oLi; 0]"020F4>*% and Kgg[Sis]" [Mgs.4Lio3]""020F, with a
homogeneous charge distribution.*®®> High-purity reagents of
LiF, MgF, (>99.9%), MgO (99.95%), NaF (99.99%), and washed
and calcined SiO, (99.9%) were used.**> To avoid gravity
segregation in the melt, the crucible was aligned horizontally
with rotation by 60 rpm during heating to 1550 °C for 1 h, and
finally to 1650 °C for another 15 min. This method is advanta-
geous for the large-scale production (0.85 kg**®) of the product
with a composition similar to the initial composition of
Ko.06[Sis]"[Mgs.00Lio.s6] "O20F4.*>> High structural order was
found for the synthetic fluorohectorite in contrast to smectites,
and a huge aspect ratio of 20k was realised.*>® Accordingly,
structural coloured nanosheet suspensions®®® and gas barrier
films prepared from suspension were developed.*””*>° A stretch-
able nanocomposite barrier film for improving water vapour
permeability was obtained by sandwiching poly(ethylene glycol)
(PEG)-fluorohectorite crystalline (Bragg stack) barrier films
between plasticised poly(vinyl alcohol) (PVOH) (Fig. 22).

A synthetic strategy was developed to obtain pillared clays
with a homogeneous micropore distribution.***** The homo-
geneous charge distribution was confirmed by the two-
dimensional 3a x b super-cell (Fig. 23A and B) in Me,DAB-
CO>*(N,N-dimethyl-1,1-diazabicyclo[2.2.2]octane  dication)-*®°
and 2H-DABCO (diprotonated 1,4-diazabicyclo[2.2.2]octane)-
exchanged fluorohectorites.*®!

Charge homogeneity was also shown in a high-
charged phyllosilicate, an iron-containing Cs-exchanged mica
(Cs1.06[Sis]V[Fe™*5 goLin.0] "O20F4)-*** Fig. 23C illustrates the orienta-
tion of the pillar (Me,DABCO") with its C; axis tilted by approxi-
mately 24° against the ab plane. Although two of the C,H, handles
protruded into the silicate layers, the third one was in the hexagonal
plane of the interlayer space.*® The layer charge was reduced as CEC
from 84 to 59 meq/100 g (Fig. 23) by the migration of interlayer Mg*",
which was exchanged with interlayer K' in the pristine
fluorohectorite.*® The sizes and volume of the micropores created
by Me,DABCO** and tris(2,2'-bipyridine)rhodium(m) ([Rh(bpy)s]*")
increased by the reduction in the layer charge.

4.6. Characterisation of 2 : 1-type phyllosilicate

4.6.1. Layer charge density. The Green-Kelly test*®* using

ethylene glycol vapour exposure is used to estimate the layer
charge of the unit cell.*®® Solvation of the interlayer cation with
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self-standing barrier laminate. (D) Schematic structure and SEM micrographs of a cross section of the self-standing barrier laminate. Elemental mapping
of Si (cyan) via EDX spectroscopy indicates no interdiffusion of fluorohectorite nanosheets into the poly(vinyl alcohol) (PVOH) layers.*>”
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(IRh(bpy)sl**). The layer charge was reduced by the migration of Mg?*, which was exchanged with K* in the pristine fluorohectorite.*>> (A) Powder XRD
pattern of 2H-DABCO-ecchanged fluorosmectite. Asterisks (*) mark reflections due to the two-dimensional 3a x b super-cell. (B) Scheme of the a x b
super-cell of pillars in 2H-DABCO-fluorosmectite. The unit cell of the parent fluorohectorite is shown as dotted lines.*° (C) Results of the X-ray single-
crystal refinement (tetrahedral sheet of the layered silicate and Me,DABCO?* in the interlayer space).*6
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ethylene glycol expands the interlayer space in K'-saturated reducing the layer charge. The LayerCharge computer code*®®

smectites, accompanied by an increase in the doo; spacing upon determined the layer charge (a lower threshold of 0.39 e /half
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Fig. 24 (A) Room-temperature XRD patterns of K-saturated and ethylene

glycol-solvated LiSAz-1 samples pre-heated in the range of 60-135 °C for
24 h. Layer charges (e /(Si, Al)4010(OH),) calculated according to ref. 465
are shown in parentheses. The inset shows the patterns of the corres-
ponding samples heated at higher temperatures and up to 300 °C. Note
the appearance of a new peak ~ 9.5 A, which indicates collapsed layers. (B)
Dependence of CEC on the heating temperature. The inset compares the
layer charge and CEC data of the same samples. Reprinted with permission
from ref. 466. Copyright 2013, Springer.

of the unit cell). A temperature in the range of 60 °C to 130 °C
increased the dyo; spacing from 1.37 to 1.71 nm (Fig. 24A) with
a decrease in the layer charge from 0.54 to 0.39 e /half of the
unit cell. Above this temperature, the ordering of the lamellar
structure became lower, whereas a reduction in CEC, which was
determined by the reactions with ammonium acetate, was
observed (Fig. 24B).

Quantitative ion exchange of the interlayer cation with a
series of alkylammonium ions using varying alkyl chain lengths
has been proposed as a method for the determination of the
layer charge density.*®” The dyo; spacing should increase with
the layer charge of 2:1-type phyllosilicates (Fig. 25), corres-
ponding to the inclination of the alkyl chains. Owing to their
adsorption selectivity in 2:1-type phyllosilicates, alkylammo-
nium ions are a good indicator of estimating the layer charge,
even when accessory minerals are present. After the ion exchange,
interactions of another guest (solvent) with the intercalated
alkylammonium became a dominant driving force for the guest

inclusion to expand the interlayer space’®®*®® in several

Fig. 25 Schematic of the variation in the arrangements of the intercalated
alkylammonium ions in 2 : 1-type phyllosilicates depending on layer charge
density.

This journal is © The Royal Society of Chemistry 2024
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applications as rheology-controlling agents®'®*®® and plastic
fillers.*”° Purification and classification were necessary to opti-
mise the performances of the materials.*”*™"

4.6.2. Li'fixation in O. Li'-fixation in O was examined
based on the stretching vibration of OH in O in the IR
spectrum.*®® The second derivative spectra of Al-OH stretching in
O were employed to determine the anharmonicity value X (eqn (5)).

Voo)/2 (5)

where vy, and v, are the frequencies of the stretching vibration
and its overtone, respectively. The X value ranged from
87-88 cm ' for the dioctahedral and 84-85 cm ' for the
trioctahedral types. When a dioctahedral smectite (SAz-1) was
heated at 300 °C, the X value decreased to 85 cm ™', indicating
the fixation of Li* into the AlI>*-AlI**-vacancy in O (forming
trioctahedral sheet).

The migration of Li" into montmorillonite was investigated
by “Li NMR.*’* Heat-treatment up to 250 °C split the signals at
—0.16 and —0.60 ppm. The former signal, which was observed
before heating, was attributed to the tetrahedrally to pentahed-
rally coordinated Li' located in the interlayer space in a
symmetrical environment due to the presence of water. The
spectral shift to —0.60 ppm upon heating at 250 °C indicated a
more strongly bonded cation in the octahedral coordination.
Combined with the "F-MAS NMR result, the Li* migration
occurred in two steps, as follows: at 110 °C, 86% of Li" moved to
the hexagonal cavity of the basal surface in T. The remaining
interlayer Li" migrated progressively to this cavity upon heating
at 170 °C to 250 °C.

The chemical shift of the resonances in the '°F NMR spectra
is determined by the average electronegativity of the groups
attached to F. Therefore, it was employed to determine the
elements in 0.**° The larger electronegativity of Zn>" than Mg>*
resulted in a less (shielded) chemical shift in a fluorohectorite.
The incorporation of Li' into vacancies of O was reflected in
the resonances; it was ascribed as F bound to three elements in O,
either containing two Zn>* and one Li* or one Zn>" and two Li".

4.6.3. Location of the heteroelements in 2 : 1-type phyllosi-
licate. The coordination numbers of the heteroelements are a
clue to monitor their location. Although >’ Al-MAS NMR spectro-
scopy is a method for identifying coordination, the quantitative
analysis of the *>’Al spectra is difficult’’> because of the strong
*’Al resonances in Al in T. The resonances due to AI** in O are
considerably weaker than that expected based on chemical
analysis. An amorphous aluminium (hydro)oxide would also
interrupt the accuracy. >°Si MAS NMR spectra provided sup-
porting evidence for the Al occupancy.?’® The 2°Si spectra of the
synthetic [Sig_,AL]" [Mg,Zn]""0,,(OH), displayed three Q-type
signals at approximately —94, —90 and —85 ppm, corres-
ponding to Q’Si(0Al), Q*Si(1Al) and Q°S, respectively.***

Given that the d spacing of the (060) reflection in XRD
reflects the ionic radius of the main components in 0,*” it
has been used to identify dioctahedral (AI**-AI**-vacancy) or
trioctahedral (Mg>*-Mg®*-Mg>") type. Depending on the
amount of heteroelements in O, the dyeo Spacing changes.>**
Although the similar ionic radius of Ni** and Mg>" made it

X = (21 —
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difficult to identify (doso = 0.1520 and 0.1523 nm), the differ-
ence in the ionic radius between Ni** and Co®" caused a change
in the dyeo spacing, respectively. This obeyed Vegard’s law, which
is interpreted as direct proof of a solid-solution. In the case of Fe**
and Mg”", because of the small difference in their ionic radius, a
linear change was observed in the relationship between the
composition and the dyeo spacing. On the contrary, in the case
of the Mg”*-AI** combination, the relation was not linear, indicat-
ing the immiscibility of AI** and Mg>* in O. The IR absorption
band of OH stretching in O is useful as an alternative to dyso when
the ionic radius of two cations is similar.***

'F NMR was used to discuss the states of the heteroele-
ments. Zn>" and AI*" were miscible in O of a fluorophyllosili-
cate ([Sig]"[Al;_,Zn,]""0,0(OH, F),, )’ = 0.4 and 0.8), as
indicated by the splitting of the signal in its '’F NMR spectrum,
where one was attributed Zn*"-AI** (—142 ppm) and the other
AP"-AP** (—133 ppm).*®° The former signal was intense when
the y value increased from 0.4 to 0.8.

Extended X-ray absorption fine structure (EXAFS) spectro-
scopy has been used to monitor the local structures of O. A
fluorophyllosilicate ([Sig]"“[Al,_,Zn,]"'0,(OH, F),, y' = 0.4 and
0.8 in nominal) was examined to determine its interatomic
distances and the apparent (average) coordination number of
APP*3% In addition to the interatomic Zn>*-Zn>" distance of
0.311 nm, a short distance of 0.298 nm was obtained, indicat-
ing neighbouring Zn>" with AI>* between the oxygen in O. The
coordination number was four, indicating the presence of
vacancy in O, as well as Si**-Al*" substitution in T.

4.6.4. Possible roles of iron as the heteroelement. Iron in
smectites decreases the NMR spectral resolution and compli-
cates the interpretation of the local structures because of its
paramagnetic effects. Thereby, IR, Mossbauer, and EXAFS
spectroscopy are useful tools for monitoring iron-containing
structures. Also, in NMR studies, leaching iron from the
samples and preparing non-iron samples are required.

Mossbauer spectra have been used to examine the valence,
coordination number, and structural symmetry of Fe in
smectites.”’® Given that the quadrupole shift (QS) and the
isomer shift (IS) of high-spin Fe*" are smaller than that of
high-spin Fe®" and their values are defined, the Fe*'/Fe’" ratio
can be determined. The QS of Fe-containing clays is reversibly
changed by the oxidation/reduction of Fe.?®”*79:8°

Dithionite (S,0,””) and hydrazine (N,H,) were used to
reduce Fe in smectites.*®' The reduction of the structural Fe**
was proposed?®*> based on the literature’® using sodium
dithionite in a citrate-bicarbonate buffer solution as the redu-
cing agent. The layer charge increased upon the reduction of
Fe®". Stucki and Roth*® proposed that a couple of hydroxyl
groups bound to Fe** and Fe*' in O was removed by releasing
H,0, followed by combining H" in the aqueous solution with
the remaining oxygen atoms in O to form a hydroxyl group. The
resulting OH group was predicted to bind to Fe*" and Fe*" as
pentahedral coordination (later this prediction was modified to
Fe maintains octahedral coordination after complete reduction
through Fe-EXAFS studies’®®). Gan et al used a two-step

reduction for the reduction of Fe**,*** generation of SO, -

10554 | Chem. Soc. Rev., 2024, 53, 10523-10574

View Article Online

Chem Soc Rev

radical from sodium dithionate and the reduction of Fe*" by
combining with H' in the solution, which compensated the
charge generated by the removal of the hydroxyl group in O.
Fe®" in a reduced Fe-rich smectite was examined to apply the
products of varying layer charges obtained by Li'-fixation.*®”
Mossbauer spectroscopy proved that more than 20% of the total
Fe was stabilised as Fe>* by heat treatment in N, at 260 °C for 24 h.

4.7. Summary and perspectives

In O of montmorillonite, [Sig]"[Al,_,Mg,]"'0,(OH),, the two
cations with oxygen between are not necessarily next to each
other (described in Section 4.4.2). After the formation of the
brucite Mg(OH), layer, the condensation of silicate anions on
the layer gave 2 : 1-type phyllosilicate (T-O-T layer: Fig. 21). This
reaction was rapid (preferential adsorption of silicate anions to
carbonate ones) compared to substituting AI** for Mg”*. Dis-
solved CO,**®*38 and carbonate anions****%¢ did not affect the
formation of trioctahedral smectite.’®® The large difference in
ionic radii between Mg”* and AI’" is the reason preventing Al**
substitution in 0.**® Therefore, the expression of the isomor-
phous substitution, [Al,_,Mg,]"", in the formula of montmor-
illonite should be apparent or nominal, and the negative charge
should originate from the vacancy in O.

A high concentration of AI’* in the starting mixtures or a
high temperature was necessary to obtain a dioctahedral smec-
tite, beidellite ([Sig_,AL]"V[Al,]""05(OH),). AI*" and Zn** co-
existed in O of fluorophyllosilicate ([Sig]"[Als_,Zn,]""
0,0(OH, F),, y’ = 0.4 and 0.8 in nominal) (Section 4.4.3).>%°

According to Loewenstein’s rule, the amount of Si*'-AI**
substitution in T is limited within Al/Si = 1/3, as shown in
Table 8 (A recent '”O-MAS NMR study should be noted as being
in disagreement with Lowenstein’s rule with Si**~AI’** substitu-
tion in T of synthetic micas*®”). The charge per unit cell (x + y)
of smectites is in the range of 0.4 < x + y < 1.2, which is
approved by the AIPEA Nomenclature Committee or the IMA
Commission on New Minerals and Mineral Names. This range
resulted from the limitation of Si**-Al** substitution in T, in
addition to the amount of vacancy in O. The amount of vacancy
in O should be influenced by the solution pH during the
formation, given that vacancies may arise if the sheet expansion
rate of T is higher than that of O (Section 4.4.3). Further kinetic
study on the balance of the sheet expansion will optimised the
amount of vacancies. The migration of Li* from the interlayer
space toward the vacancy (Hoffman-Klemen effects) reduces
the negative charge by heating at around 250 °C, losing
hydrated water around Li" (Section 4.6). The mechanism of
the incorporation of Li* in O of hectorite during the synthesis
(during precipitation or drying) is still unclear (Section 4.4.3).

The synthesis of 2:1-type phyllosilicates with various het-
eroelements at 220 °C or lower temperatures was overviewed
(Section 4.4.2 and Table 8). The cations with similar ionic radii,
0.07 nm, in O (e.g., O = Ni**~Co***** and Mg**-Fe*" *'°) were
miscible in O based on Vegard’s law (Section 4.6). As schema-
tically shown in Fig. 26, the Ni** and Mg”* cations at a 1:1
atomic ratio became miscible in a 2 : 1-type phyllosilicate, when
the synthesis temperature was increased from 100 °C to

This journal is © The Royal Society of Chemistry 2024
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Fig. 26 Proposed model of the locational changes in Mg?* (blue) and Ni®*
(green) at 1:1 atomic ratio under hydrothermal conditions in the octahe-
dral sheet of a phyllosilicate. Conditions are (A) after precursor precipita-
tion, after synthesis at (B) 100 °C, (C) 200 °C, and (D) 300 °C for 6 h. The
model was also compared based on the difference in the precursor
preparation (2P and M), where 2P and M designate subsequent and
simultaneous dosages of Mg®* and Ni?*, respectively. Reprinted with
permission from ref. 488. Copyright 2015, the American Chemical Society.

300 °C.*®® However, hydrothermal synthesis at 300 °C may be
difficult to prevent the thermal decomposition of the target
mineral and cogeneration of accessory minerals. Although
water is a commonly used flux for crystallising 2 : 1-type phyllo-
silicates, the location and the amount of heteroelements in the
products were not critically controlled. The fluorohectorite
prepared by solid-state reaction at 1650 °C (Section 4.5.3) had
a highly homogeneous charge distribution,?**3¢6:455-458

In addition to precise control of the charge distribution,
incorporating functional units in the silicate layers is a challen-
ging task for designing multiply-functionalised materials, as
shown by the redox ability in Fe-containing bentonite®$%*!
(Sections 4.4.2 and 4.6.4). The aforementioned hybridisation of
LDHs with functional particles (Section 2.6) was also reported
in a 2: 1-type phyllosilicate structure for modifying and improv-
ing its performances.*®*~*°* Huge crystals (high aspect ratio)*®
exhibit superior functionalities including optical*®” and gas
barrier properties (Section 4.5.3).*°® The structural and mor-
phological variation in 2:1-type phyllosilicates will satisfy the
requirements in photochemical reactions, optics, selective
adsorption, and catalysis and lead to unexplored applications.

5. Layered transition metal oxides

Besides the layered oxides and hydroxides of main elements,
layered transition metal oxides with interlayer reactivity are

This journal is © The Royal Society of Chemistry 2024
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MnO,

Na,Ti;0,

K,Ti O, K,NbgO,,

Fig. 27 Variation in LTMOs.*9274%8 The crystal structure was drawn using
the VESTA program.**

known (hereafter abbreviated as LTMO) (Fig. 27).***"*°® LTMOs
are distinguished from the layered oxides/hydroxides of main
elements by the variation in their electric, electronic, optical,
and magnetic characteristics. Similar to bulk transition metal
oxides, the characteristics of LTMOs are designed by isomor-
phous substitution.

Simple metal oxides with layered structures such as RuO,,
V,0s and MnO, are known.**°">°2 These LTMOs accommodate
cations through redox reactions. For example, a layered MnO,
(birnessite) accommodates alkali or alkaline earth metal ions in
its interlayer space for compensating the negative charge of the
host layer, which is caused by the difference in the oxidation
state of manganese ions. The layer charge is variable depending
on the redox reaction employed, and the average oxidation state
of the manganese in birnessite was reported to be between 3.4
and 3.99.°°% Although V,05 and MnO, have been synthesised
through solution routes,’*"*°> some metal salts of LTMOs
(layered alkali titanates and layered alkali niobates are known
examples) with a defined stoichiometry (e.g., A;Ti;O1+2,) are
obtained by solid-state reactions. The incorporation of hetero-
elements in LTMOs and their characteristics such as chemical,
electric, electronic, magnetic, and optical properties have been
examined thus far.

Ion exchange reaction is used to tune the characteristics of
LTMOs. For example, the protonated forms of LTMOs, which
are obtained by the acid treatment of LTMOs, exhibit charac-
teristics different from that of LTMOs. Protonated forms of
LTMO are exfoliated into nanosheets through an ion exchange
reaction with the appropriate alkylammonium salts.”*>~*°® The
obtained nanosheet is regarded as an anisotropic single crystal
of transition metal oxide with an atomic-order thickness and
bulk lateral size. As a unique magneto-optical property, an
LTMO nanosheet with a high-aspect ratio was shown to orient
along the magnetic field and its orientation was switchable by
photoirradiation, which reduced Ti** in the LTMO nanosheet
and Ti** was oxidised in the dark spontaneously, suggesting
that the LTMO-based nanosheet is likely to be applicable as an
optical switch operated by light and magnet (Fig. 28).>°” The
deposited on a substrate by drop
Langmuir-Blodgett method,**® layer-by-layer
and spin-coating®**'® for device design.’'*

nanosheets
Casting’508—51o
assembly

were

510,511
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Fig. 28 Schematics of the magnetic orientation; Ti**-based nanosheet
(TI'VNS; left) and its reduced form containing Ti** species (Ti'/""NS; right)
orient their 2D planes orthogonal and parallel to the applied magnetic
field, respectively. Reprinted from ref. 507. Copyright (2018), the American
Chemical Society.

The nanosheets of LTMO were also used as building blocks of
hetero-assemblies with other nanoparticles to design porous
hetero-structures for application as electrodes, catalysts, photo-
catalysts, and adsorbents.””®*>'”7 The layered structure with
expandable interlayer space was useful for molecular recogni-
tion photocatalytic reactions.>'*>>° Thus, the preparation and
the modification of various LTMOs have been investigated for a
wide variety of applications.

Fig. 29 shows the characteristics of LTMOs designed by
isomorphous substitution. Isomorphous substitution has also
been used to impart functional units in the LTMO lattice. For
example, light-emitting materials by the emission from the rare
earth elements in LTMOs have been reported.”*'** Surface
characteristics including soft-hard acid (surface ion mobility),
swelling (dispersion) and acidity, which are correlated with
application in solid-electrolytes, fillers (UV-absorber using the
band gap absorption) and solid-acid catalysts, have been
designed by isomorphous substitution. Different from the
common targets reported for main element oxides/hydroxides
(Sections 2-4), the band structure of LTMOs has been tuned by
isomorphous substitution (doping), resulting in the designed
electrical conductivity, magnetic and optical properties for a
wide range of applications starting from superconductor to
dielectric®* %’ applications. Among the many functions of
LTMOs designed by isomorphous substitution, catalytic func-
tions are a representative example. The substitution has been
used to control the adsorptive properties and band structure as
well as incorporate single-atom catalysts. In this review article,
lepidocrocite-type layered titanates and a layered perovskite
(KCa,Nb3044) (Fig. 30) will be introduced as representative
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Fig. 29 Roles of heteroelements and the functions/applications designed
by isomorphous substitution in LTMOs.

examples of LTMOs to explain the important effects of the
incorporation of heteroelements in the structure of LTMO on
their characteristics.

5.1. Crystal structures of lepidocrocite-type layered titanates
and a layered perovskite (KCa,Nb30,)

Lepidocrocite-type layered titanates are characterised by s
single-layer titanium oxide sheet, where the Ti in the octahed-
rally coordinated TiOg site is replaced with heteroelements.

@ Ti0, or LiOg octahedron "“NbOG octahedron
Ok Oca

Fig. 30 Crystal structures of (A) lepidocrocite-type layered titanate
KogTi173Lio2704 and (B) Dion-Jacobson-type layered perovskite
KCazNbzO1o. The structural parameters were referred from ref. 528 and
529, respectively. The crystal structure was drawn using the VESTA
program.**

This journal is © The Royal Society of Chemistry 2024
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Table 12 Functions of lepidocrocite-type layered titanate designed via
isomorphous substitution

Function Mug Mpug/Mog (Ti) atomic ratio
Photocatalysis (Vis.) Fe, Ni 1/5-2/5
Magnetism Fe, Co, Mn 1/20-2/5

Solid acidity Zn, vacancy 8.3/100-17.5/100

Layered perovskites have multilayered structures with varying
compositions, where several sites can be replaced with hetero-
elements. Perovskites with varying layer thicknesses have been
designed, showing their extended possibilities. To make the
discussion simple, examples of KCa,Nb;O;, will be mainly
introduced.

5.1.1. Heteroelement incorporation into lepidocrocite-type
layered titanate. Lepidocrocite-type layered titanates consist of
an anionic titanium oxide layer and exchangeable interlayer
cation and characterised by the general formula
Al Tip_ Myug,O4 (A/, interlayer cation; Myg, vacancy (k) or
heteroelements such as Li, Zn, Ni, Co and Fe; x = a/(4 — n),
where a and n represent the number of interlayer cations per
unit formula and the valence of the My cation, respectively)
(Fig. 30).>**31 The 2D structure of the titanium oxide layer is
formed by the assembly of 1D chains of edge-shared TiOg
octahedron through edge-sharing along the a direction.’*®
The negative charge in the titanium oxide layer arises from
isomorphous substitution as Ti** — vacancy or Mi; (n < 4).
The origin of the permanent negative charge is similar to that
for smectite. Ti is substituted with My with the x of up to ~0.8
(equivalent to 2/5 of all the Ti sites), making its compositional
variation wide. The functions of lepidocrocite-type layered
titanate, which are designable by heteroelement and Myy/
Mo (the original element, Ti) ratio, are summarised in
Table 12. One application of lepidocrocite-type layered titanate
taking advantage of its compositional variation is to construct a
multilayer film of diluted magnetic semiconductors, which is
useful in the field of spintronics.>*>>*° The a value, which is
equivalent to the number of interlayer cations per Ti,_ MpgxO4
unit, was correlated with the interlayer cation species, and the
typical value was reported to be 0.70, 0.75, and 0.80 for Cs, Rb,
and K, respectively.’*® The low charge density (2.63-4.00(—)
nm™ %) compared with other LTMOs, which is likely favourable
in accommodating guest species into the interlayer space
based on relaxed the electrostatic interactions between the
titanium oxide layer and interlayer cation, is another
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characteristic of lepidocrocite-type layered titanate. Conse-
quently, lepidocrocite-type layered titanate has been used as a
host material for designing nanostructured composites or
exfoliated into titanate nanosheets through ion-exchange reac-
tion with the tetrabutylammonium ion.>%3>%%34°

5.1.2. Heteroelement incorporation into Dion-Jacobson-
type layered perovskite. As a layered perovskite with ion-
exchange ability, Dion-Jacobson phase A'[A;,_1B;,O3m41] (A,
interlayer cation; A, alkali earth metals; B, transition metals;
m, thickness of the perovskite layer) is the most commonly
reported example.>*'>*® The crystal structure of KCa,Nb;04,, a
typical example of Dion-Jacobson phase, is shown in Fig. 30.
Compared with the titanate layer of the lepidocrocite-type
layered titanate Ko gTi; 73Lig 2704 (0.42 nm), the perovskite layer
of KCa,Nb304, (1.21 nm) is thicker, and Dion-Jacobson phases
with a thicker layer are known.’*’">*° The thickness of the
perovskite layer has been correlated with the characteristics
of the materials,>*”>4%°5517553

Table 13 summarises the functions of the Dion-Jacobson
phase with m = 3 depending on the heteroelement and the
atomic ratio, Myg/Mgg. The Myg/Meg ratio in both the A and B
sites has been varied to tune the characteristics of layered
perovskites.>*>®" The number of interlayer cations per unit
formula (A') is variable, in accordance with the change in the
charge density in the perovskite layer upon the substitution of
Mok by Myg with different valence.>?

5.2. The roles of heteroelements in the characteristics of
LTMOs
5.2.1. Photocatalysis, controlled activity by heteroele-

ments. Photocatalysis is a well-explored function of semicon-
ducting LTMOs. Photocatalytic activity is correlated with their
band structure, which can be modified by isomorphous sub-
stitution. As reactants can be diffused into the interlayer space,
LTMO is regarded as a high surface area photocatalyst com-
pared with its bulk counterparts. To take advantage of the large
surface area per volume, exfoliation into LTMO-derived
nanosheets has been done.’®>*** The colloidal suspension of
nanosheets is beneficial for efficient light absorption due to the
less light scattering as well as the quantum size effect. The
nanosheets enable the smooth migration of photogenerated
charges to the surface-adsorbed reactants, leading to efficient
charge separation. The migration of electrons and holes to
different directions based on the two-dimensional morphology

Table 13 Functions of Dion—-Jacobson-type layered niobate (m = 3) designed via isomorphous substitution

Isomorphous substitution

A site B site
Function Mog Mug Mye/Mog atomic ratios Mok Mug Mye/Mog atomic ratio
Electric conducting Ca La, Sr, Nd, Sm, Gd, Se 1/50-1/5 Nb — —
Dielectric Ca, Sr Sr, Bi 1/10-1/2 Nb Ta 6.7/100-1/3
Photocatalysis Ca Sr 1/8-3/4 Nb Mo, Ta -1
Solid acidity Ca La 1/4-1 Nb Ti 8.3/100-2/3
Electrocatalysis Ca — — Nb Vacancy 3.3/100-13.3/100

This journal is © The Royal Society of Chemistry 2024
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of nanosheets has been pointed out as a beneficial aspect for
efficient charge separation.®®*°%

The roles of isomorphous substitution are divided into two,
as follows: (i) the control of band edges and (ii) the creation of
localised energy states in the band gap. The position of the
band edges (the valence band maximum and the conduction
band minimum) determines the photo-absorption and the
redox potentials of the semiconductors, which are important
in energy conversion, energy storage, and energy transfer
applications. Alternatively, excitation from the localised energy
states to the conduction band minimum often imparts visible-
light absorption to semiconductors whose band gap energy is
equivalent to UV light. As another case, visible-light absorption
associated with the colour centre created by oxygen vacancy
formed for compensating positive charge deficiency was
reported.’®® Compared with the control of the band edge
positions, the amount of the heteroelement required for the
localised energy state creation is generally small.>**%

The Ti in lepidocrocite-type layered titanate has been sub-
stituted by heteroelements with the Myg/Mog value of ~2/5,
and the compositional variation has been correlated with the
6% As shown in Fig. 31, the
absorption edge for a colloidal suspension of K, gTi; ,Feq 3O,
nanosheet was located at the wavelength of ca. 400 nm, which
is remarkably longer than that for the titanate nanosheet
obtained from a lepidocrocite-type layered titanate containing
vacancy, Cso 5 Ti; g25h0.17504.>%” This indicated a decrease in the
band gap energy by the Fe-incorporation. Also, the tail of the
absorption edge was observed in the wavelength range of

band structure modification.

Isomorphous
substitution
Ti“* — Fe3* or Ni2*

1.5
[
o
c
8 1
o
1%
Qo
<
05 Development of visible-light

absorption upon the
isomorphous substitution

L

400 500 600 700
Wavelength / nm

0 1

200 300 800

Fig. 31 Example of the functionalisation of lepidocrocite-type layered
titanate by isomorphous substitution; development of visible-light absorp-
tion and red-shift in the light absorption edge. The absorption spectra
correspond to an aqueous colloidal suspension (0.16 g dm™®) of
nanosheets derived from the protonated forms of (a) Kq gTiy 2Feq 04 and
(b) Ko gTi16Nio.404.>%°
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Fig. 32 Schematic of molecular recognition photocatalytic reaction
induced by Na*-type lepidocrocite-type layered titanate with reduced
layer charge density.>'°

400 nm < in both cases of K, gTi; ¢Nig 40, and K gTi; ,Feq Oy,
resulting in colouration of the suspensions. The light absorption
in the visible-light region is presumably correlated with the energy
transition between the localised energy states formed by the
transition metal ions and the conduction band minimum. The
Fe- and Ni-substituted titanate nanosheets were used as photo-
catalysts to decompose the poly(diallyldimethylammonium)
(PDDA) located between the nanosheets in titanate nanosheet/
PDDA alternative multilayers by visible-light, indicating the
visible-light responsive photocatalytic activity taking advantage
of the isomorphous substitution in the lepidocrocite-type layered
titanate.>*®

The layer charge density, which is correlated with the iso-
morphous substitution in the metal oxide layer, is a parameter
that affects photocatalytic reactions through the diffusion of
reactants/solvents/products into the interlayer. The layer charge
density of LTMO is determined by its structures, and its
modification has been examined by the introduction of hetero-
elements in the metal oxide layer. Post-synthetic treatment is a
way to control the layer charge density.’*®*>%° For example,
the composition of a lepidocrocite-type layered titanate,
Ko.gTi; 73Li0. 2704, was controlled by dilute HCI treatment and
subsequent annealing process. The interlayer K* of the product
with a decreased layer charge density was replaced with Na* for
the selective decomposition of benzene in a ternary aqueous
solution of benzene, phenol, and 4-buthyl phenol under UV-
light irradiation (Fig. 32). This molecular recognition photo-
catalytic reaction was not observed when K gTi; 73Lig 27,04 Or
bulk TiO, was applied.>*® The lepidocrocite-type layered tita-
nate with reduced layer charge density was also used as a
photocatalyst for the selective conversion of benzene to phenol
under visible-light irradiation after the deposition of gold
nanoparticles in the interlayer space.>*° These results reinforce
the roles of isomorphous substitution in the photocatalytic

This journal is © The Royal Society of Chemistry 2024
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Fig. 33 Controlling the flat band position of perovskite nanosheet by iso-
morphous substitution of A or B site. The flat band potential of the nanosheets
with varied compositions on a tin oxide-coated glass was measured by Mott—
Schottky method under valid pH.>”* The measured values are in good agree-
ment with the Fermi level values estimated based on Matsumoto's empirical
correlation between the conduction band-edge positions and band gap
energies for metal oxide semiconductors (solid lines).>”

activity of LTMOs through their controlled layer charge density
and the band structure.

The band structure of layered perovskites has been con-
trolled by isomorphous substitution with the elemental
variation in the A and the B sites of the perovskite layer.”**>”°
To correlate the element in the A or the B site with the
band edge position in KCa,Nb3;O,,, restacked-nanosheets of
KCa,_,Sr,Nb3040 (0 < x < 1.5) and KCa,Nb;_,Ta,049 (0 <y <
1.5) were obtained through exfoliation and re-assembly, and
their optical properties and photocatalytic activity were
investigated.””® The more the A site element was substituted,
the light absorption wavelength became longer. Alternatively,
the opposite trend was observed for the case of the substitution
of the B site element. These facts indicated that the band gap
energies decreased and increased with an increase in Sr and Ta
contents. The amounts of Sr (x) and Ta (y) were optimised at 0
and 1, respectively, for the photocatalytic H, evolution reaction,
where photoexcited electrons reduced water, while photogen-
erated holes were consumed to oxidise an aqueous organic
compound. Given that the valence band of d’transition metal
cation-based oxides consists of O 2p orbitals®’* and the valence
band maximum position is constant regardless of the
composition,””? the difference in the band gap energy indicated
different conduction band minimum positions. Mallouk and co-
workers applied the Mott-Schottky method to multilayers of
Ca,_,Sr,Nb;O, (x = 0 or 2) or CaNb;_,Ta,0,, (0.75 < y < 1.5)
nanosheets assembled on a substrate by the layer-by-layer method
to directly measure their flat-band potential, and successfully
correlated the conduction band minimum position with the band
gap energies (Fig. 33).>”® The synthesis of perovskite-based mixed
anion compounds has been reported, and control of their valence
band maximum position is also possible.””***® These results
indicate the benefits of the compositional variation of Dion-
Jacobson-type layered compounds for designing nanosheet-
based opto/electronic materials with optimised band edge posi-
tions depending on the target applications.

Rh was incorporated into the Ti site in a lepidocrocite-type
layered titanate containing vacancy’®’ and the Nb site in

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

KCa,Nb;0,,.°%% The nominal Myp/Mog ratio of ~1/20 and
1/100 for the Ti site in a lepidocrocite-type layered titanate
and the Nb site in KCa,Nb3;0;,, respectively, was demonstrated
for high photocatalytic activity in H, evolution from an aqueous
solution of methanol compared with that loaded with Rh.
Considering the amount of heteroelement, there is a possibility
that the doped Rh contributed to the development of visible-
light absorption properties by creating localised energy states
in the band gap, while the role of Rh as a co-catalyst to suppress
the charge recombination in the semiconductor nanosheets is
also plausible.

The heteroelements in the titanium oxide layer of
lepidocrocite-type layered titanate often leach upon acid-
treatments,>>%°%3°8% and a defect site is generated to correlate
the structural transformation of titanium oxide layer into rutile
during the drying process in the air at room temperature with
the aid of remaining Cl~ from the treatment with dilute
hydrochloric acid.”® A rutile nanoparticle-decorated proto-
nated layered titanate exhibited high photocatalytic activity
for the H, evolution reaction, benefiting from the created
heterojunction, which enabled inter-particle electron transfer
for retarding charge-recombination. The sensitising effect by
rutile with a narrower band gap was also pointed out. This
result demonstrates the beneficial aspect of defects originating
from heteroelements in the design of lepidocrocite-type layered
titanate-based photocatalysts.

5.2.2. Application of heteroelement incorporation in
LTMO in solid-acid catalysis. The effects of isomorphous sub-
stitution on the solid-acidity of proton-exchanged LTMO
have been investigated. To correlate the Brgnsted acidity of
HCa,Nb;0,, with the heteroelements in the B site, a series of
HCa, ,La,Nb; ,Ti,O10 (0 < x < 2.0), where the excess negative
charge arising from the substitution of Nb*>* with Ti*" was
compensated by A site substitution, was synthesised.’>*>"’
The Bronsted acidity, which was evaluated by the intercalation
of organo-amines, of HLa,Nb,Ti,0;, (x = 2) was weak compared
with HCa;La;Nb,Ti;04, (x = 1), indicating that Nb played an
important role in the solid acidity of HCa,Nbz;O;,. These results
indicate the importance of the selection of heteroelements for
the modification of the acidity of LTMOs.

Given that proton exchange of LTMOs with varying layer
charge densities leads layered solid-acids with varying H'
(Brgnsted site) densities, the correlation of the layer
charge density of LTMOs with their performances as solid-
acid catalyst is of interest. HCa,Nb;O;, with controlled
amounts of acidic sites was obtained by the acid-treatment of
K;_Ca, ,La,Nb;O; (0 < x < 1.0), whose interlayer cation
amount was controlled by the substitution of Ca®>" with La**.>
Because lower charge density leads to weaker electrostatic
interactions between the layer and the interlayer cation, the
correlation between the catalytic activity and reactant diffusion
into the interlayer is also of interest. The layer charge density
was controlled by the isomorphous substitution of a Ruddle-
sden-Popper layered perovskite, A,La,Ti;010 (A = K or Rb).”*®
The replacement of Ti*" with Nb®" resulted in
A, ,La,Ti; Nb,O;4 (A=K, Rb) (0 < x < 1.0). In the range of
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0 < x < 0.75, all the products were the Ruddlesden-Popper
phase, while the Dion-Jacobson phase was obtained in the case
of x = 1.0. The product with the Dion-Jacobson structure
spontaneously hydrated under ambient conditions, which was
related to the acidity of the products. Alternatively,
H, ,La,Ti; ,Nb,O;p (0 < x < 0.75) did not show hydration
properties for all the x values, suggesting the importance of the
crystal structure in addition to the composition®>***” in the
acidity of layered perovskites.

The solid-acidity of LTMO containing alkali metal cations in
its interlayer space has been investigated. The lepidocrocite-
type layered titanates Cs,Ti, ,h,O4 (@ = 0.67 or 0.70; h repre-
sents vacancy) and Cs,Ti, ,Zn,0, (@ = 0.70) were demonstrated
to exhibit Lewis acidity.’®®®®” The layer structure of the
lepidocrocite-type layered titanate whose interlayer alkali cation
was replaced by a proton generally collapsed at <400 °C.>>®
Alternatively, these layered solid-acids with interlayer Cs main-
tained their structure at above 400 °C, which was beneficial for
the ethanol conversion reaction at 380 °C. The acidity of
Cs,Ti, ¢h,0,4 (@ = 0.67) treated at 400 °C, which was evaluated
by NH;-TPD, was higher than that of HZSM-5 treated in the
same manner. The structure of the titanate layer and the
incorporated Zn or vacancy in it, in addition to the interlayer
cation, were related to the acidity.

5.3. Synthetic method for heteroelement-incorporated LTMOs

To incorporate heteroelements into LTMOs, solid-state synth-
esis has been used, where the source of the heteroelements is
mixed in the starting mixture. Given that a homogeneous
distribution of the heteroelement is required, the starting
mixtures were carefully prepared. The starting materials were

Oxides

KCa,,.{ND,Ogms1 (M = 3-6)

Halides
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Fig. 34 Structural and compositional variation in perovskite-type layered compounds; oxides,>*”-%%! hallides®%*
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mixed for a long period (20 h) using a ball mill for synthesising the
layered perovskite applicable to the dielectric application.?>*>2®
Although the mixing time and the instrument used for the mixing
are important to achieve homogeneity of the components, the
mixing time has been scarcely described.>>>>2¢:588

The starting mixture is often pelletised for an intimate
connection between the components to facilitate the solid-
state reaction. For applications that require a higher surface
area such as photocatalysts, calcination in the powder form at a
lower temperature is desirable for suppressing sintering,>**>%°
where the possibility of an inhomogeneous distribution of
components in the final products is plausible. Alternatively,
the unconventionally low synthetic temperature is worth apply-
ing given that a new composition is likely to be found according
to an undeveloped phase diagram. In the case of low-
temperature synthesis, careful mixing of the starting materials
will be beneficial for the better distribution of heteroelements
in the products. The synthesis of lepidocrocite-type layered
titanates Kq gTi; 73Lig »704°%° and KCa,Nb;0,,°°° at a tempera-
ture lower than that reported previously’**>*">°! is applicable
for isomorphous substitution, where the phase separation of
the added heteroelements into by-products may be suppressed.

The atmosphere in the solid-state reaction is selected depend-
ing on the objective of isomorphous substitution. Although
K;_xCa,_,La,Nb;0,, [0 < x < 1.0) was obtained through solid-
state reaction in air,”®> an inert atmosphere was applied for the
synthesis of KCa,_,La,Nb;O;, whose interlayer K" number per
Ca,Nb;0,, unit was fixed to 1.>°** This is because the excess

positive charge arising from the isomorphous substitution was
expected to be compensated by the reduction of Nb*>* for the
desired electric properties.

554

[Bi,O,1[Bay,1 TinOgm[BioO][l] (m = 1-3)

and oxyhalides.>**
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Increasing attention has been directed to the design of
layered perovskite-type compounds with more complicated
composition/structures (Fig. 34). Regarding nanosheets derived
from KCa,, 1Nb,,03,,+1 (m = 3-6), it was found that the ferro-
electric properties are correlated with the thickness of the
perovskite layer.>*””°> Layered lead halide perovskites have
attracted attention in versatile fields, including dye-sensitised
solar cells, and Dion-Jacobson lead perovskite iodide with
varying perovskite layer thicknesses.’®® It was demonstrated
that the interlayer aromatic diammonium cations affected the
structure and electric properties. Also, layered perovskite oxy-
halides with a controlled layer thickness were reported, and
iodide and three-layers were found to be the best among the
tested samples for visible-light-induced photocatalytic water
splitting.>** Bulk perovskite oxides with more complicated
compositions such as LaMng,Fe,C00,Nij,Cup,03
reported.>®® These results indicate that LTMOs with more
complicated compositions and structures by means of carefully
optimised synthetic conditions are likely to be a future
intriguing topic.

were

5.4. Characterisation

The formation of LTMO with the desired composition is judged
by confirming that all the reflections in its XRD pattern are
assigned to the target product. The successful isomorphous
substitution is confirmed by the changes in the lattice constant.
An example of the correlation of the d value and x is shown in
Fig. 35.%>* The products with heteroelements are sometimes
accompanied with by-products and used in the target applica-
tion although the by-products may affect the performance of
the main product. Alternatively, the required amounts of the
heteroelement were relatively low (Myg/Mog < ~1/20) in the
development of visible-light absorption and luminescence
properties,”>"**>*%® making it difficult to confirm the for-
mation of by-products by XRD. Even this small amount of
impurity, which cannot be identified by XRD, will affect the
materials properties. Successful doping can be confirmed by

KCa,Nb,_,Ti,O4,
0.392 with a by-product 2.98
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Fig. 35 Variation in the lattice parameters of KCa,Nbsz_,Ti,O19 by iso-
morphous substitution, where an increase in the lattice parameters of
KCa,Nbs_,TiyO49 are correlated with x, according to Vegard's law.>>*
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observation using instruments such as high-resolution (HR)
TEM, high-angle annular dark-field scanning transmission
electron microscope (HAADF STEM) and EDS.

Besides characterisation in the solid-state, the characterisa-
tion of the dispersion of LTMOs in solvents and in polymers is
worth examining. A periodic arrangement in the distance
between the nanosheets in solvent or polymer matrices has
been developed. Interests have been focused on the assembly of
nanospheres (e.g., nanoparticles and surfactant micelles) for
developing structural colours inspired by nature, and LTMO-
based nanosheets were demonstrated to orientate for develop-
ing structural colour.’*>>*” An aqueous suspension of titanate
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Fig. 36 Structural color of the liquid crystalline perovskite nanosheet
suspension. (A)—(D) UV-Vis reflectance spectra and photographs of the
colloids with the nanosheet concentration of (A) 0.1, (B) 1, (C) 2 and (D)
3 wt%. (E) Small-angle X-ray scattering and 2D patterns of the colloids with
1, 2 and 3 wt% of nanosheets. Reprinted from ref. 597. Copyright (2021),
John Wiley & Sons.
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nanosheet, which was obtained by the exfoliation of a
lepidocrocite-type layered titanate, exhibited structural colour,
depending on the concentration of the titanate nanosheet.’*
Also, the structural colour was controlled by external stimuli such
as temperature, pH and magnetic field. The inter-nanosheet
distances estimated by the UV-Vis spectra of the suspensions
was in good agreement with that determined by SAXS. An aqueous
colloidal suspension of perovskite nanosheets also demonstrated
concentration-dependent structural colour, which was success-
fully explained by the variation in the inter-nanosheet distances
estimated using UV-Vis spectroscopy and SAXS (Fig. 36).>°” The
polymer hydrogel containing the perovskite nanosheets showed
reversible mechanochromic responses, which are applicable to
mechano-sensors and displays. The development of evaluation
methods for understanding the characteristics of LTMO-based
nanosheets will facilitate the design of novel LTMO-based
materials.

5.5. Summary and perspectives

In addition to the common topics on the electric, electronic,
magnetic, and optical properties of LTMOs by the incorpora-
tion of heteroelements, efforts to design surface properties,
which are connected to hydration/swelling, adsorption, and
catalysis, have been reported. The incorporation of heteroele-
ments has been examined using a common ceramic process
(solid-state reaction), where efforts have been made to homo-
genise the starting mixture by careful mechanical mixing and
applying a sol-gel reaction. Post-synthetic treatments have also
been examined for directing the lepidocrocite-type layered
alkali titanate with varying layer charge densities, which is
designed by the amount of heteroelement in the titanate
sheet.>*®%® Conventional synthetic methods are worth revisit-
ing to optimise the detailed conditions for each target function,
which may extend the amount of heteroelements incorporated
in LTMOs. For example, the synthesis of LTMOs by solid-state
reactions at temperatures lower than the commonly reported
ones>*>% is a possible candidate.

Materials design that benefits from defects/vacancies, which
are formed by the leaching of the heteroelement from the
lepidocrocite-type titanate framework,’®® is also an intriguing
topic. An anionic titanate nanosheet with Ti vacancy (sub-
nanometric pore) let cations pass through selectively, benefit-
ting from the electrostatic repulsion with anionic species,
enabling its application as a coating material in a membrane
separator for alkali metal batteries.>*® A metal-deficient titanate
nanosheet was also demonstrated to be useful for electricity
generation from water evaporation, where the density of vacan-
cies was crucial for controlling the water-solid interactions that
govern the material performance.®® The important role of the
Ti vacancy on the magnetic properties of lepidocrocite-type
titanate was also pointed out.®®* The structural transformation
of defective titanium oxide thin-layer into titanium oxide
species including rutile,>®*>8>%%% brookite,’***** and Magneli
phase®” has been reported. Thus, the design of a titanate layer-
TiO, heterojunction that is useful in electric/electronic applica-
tions is of interest.

10562 | Chem. Soc. Rev.,, 2024, 53,10523-10574

View Article Online

Chem Soc Rev

6. Conclusion and future perspective

The partial replacement of one structural element in 2D oxides
and hydroxides (nanosheets or layered materials) with hetero-
elements was summarised with emphasis on the correlation of
the basic chemistry of their preparation and characterisation
with their application. Depending on the area of research, the
phrase referring to the replacement varies (“isomorphous sub-
stitution”, “doping”, etc). The application of the resulting
materials includes adsorbents, catalysts, drug carriers, pig-
ments, electrodes, and other advanced optical/magnetic/dielec-
tric/semiconducting/superconducting materials. This concept
(replacement of one structural element) has been extended to
the partial replacement of two structural elements (two sites) in
2: 1-type phyllosilicates and mixed oxides (including perovskite
transition metal oxides), and the replacement of one structural
element (one site) with multiple heteroelements, as seen in
layered double hydroxides. Thus, the incorporation of multiple
heteroelements is a way to further and more precisely modify
the properties of these materials. The incorporation of multiple
metal cations with unique oxidation states is thought to be
chromophores of some gemstones (blue sapphire as a known
example), which are fascinating examples in nature. Thus, it is
necessary to prepare and characterise the materials with this
compositional complexity more carefully and extensively. The
important roles of vacancies have been pointed out, which will
be examined further for their effects on the properties, inter-
actions with the incorporated heteroelements, and as possible
hosts to accommodate heteroelements.

The heteroelements to be incorporated and their amount
have been selected objectively for each target function. Here, it
should be noted that in some studies, the composition of the
products was not determined experimentally, and the discus-
sion on the properties was based on the starting composition.
Thus, for the reliable discussion on the composition-property
relationship, the appropriate characterisation to confirm the
structural incorporation of the heteroelement is necessary. The
recent development of the preparation®®*>°°° and modification
of layered materials®*”*°®%%® will extend the elemental and
compositional variation of heteroelements to tune the proper-
ties further. To extend the compositional variation (the hetero-
element and the amount), there are two important factors, as
follows: (1) crystallographic aspects and (2) synthetic methods.
(1) The size of the ions for replacement (replacing elements and
elements being replaced) is a factor based on structural aspects.
(2) The availability and chemical reactivity of the starting
materials containing the target heteroelements, and the syn-
thetic conditions by which the main structures form without
transformation or formation to/of other phases. The new and
modified synthetic methods may lead to extended composi-
tional variation (extended dopant concentration).

The hybridisation (or designing heterojunction) of 2D oxi-
des/hydroxides®®”°%°"*'? is a current topic in designing photo/
electrocatalysts, adsorbents and other advanced functional
materials. Therefore, the variation in 2D materials designed
by the incorporation of heteroelements discussed herein will be

This journal is © The Royal Society of Chemistry 2024
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useful for the extension of the combinations to design new/
improved functions through the synergistic effects achieved by
hybridisation.
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