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Abstract: Layered double hydroxides (LDHs) are an important large class of two-dimensional
(2D) anionic lamellar materials that possess flexible modular structure, facile exchangeability of
inter-lamellar guest anions and uniform distribution of metal cations in the layer. Owing to the
modular accessible gallery and unique inter-lamellar chemical environment, polyoxometalates
(POMs) intercalated with LDHs has shown a vast array of physical properties with applications in
environment, energy, catalysis, etc. Here we describe how polyoxometalate clusters can be used as
building components for the construction of systems with important catalytic properties. This review
article mainly focuses on the discussion of new synthetic approaches developed recently that allow
the incorporation of the element of design in the construction of a fundamentally new class of
materials with pre-defined functionalities in catalytic applications. Introducing the element of design
and taking control over the finally observed functionality we demonstrate the unique opportunity for
engineering materials with modular properties for specific catalytic applications.

Keywords: layered double hydroxides; polyoxometalates; intercalated materials

1. Layered Double Hydroxides (LDHs)-Intro Background

Layered double hydroxides (LDHs) or hydrotalcite-like compounds are a large family of
two-dimensional (2D) anionic clay materials made up of positively charged brucite-like layers with
an interlayer region containing charge compensating anions and solvation molecules, which can be
represented by the general formula M _ "M, T(OH), [**[A, /n]" 7 mH0 [1-4]. As shown in Figure 1,
the LDH layers incorporate divalent MU (e.g. MgH, Fell, Cot, Cult, Nil, or ZnH) and trivalent M metal
cations (e.g., AL, Cr'l, Gall!, In'!', Mn!"! or Fe!l"), forming positively charged layers. A"~ are mainly
inorganic or organic anions (e.g., CO3%~, Cl~, SO42~, RCO, ™), where x is the molar ratio of M /M
and generally in the range of 0.20-0.33, which occupy the space between the layers compensating
for the positive charge and inducing stability in the overall structure [5,6]. The M!! /Ml-based edge
shared octahedra are used to construct 2D infinite sheets, whereas hydroxyl groups are organized
on the vertices of the octahedra with the hydrogen atoms pointing toward the interlayer region, as a
consequence forming a complex network of hydrogen bonds with the interlayer anions and water
molecules [1,7-10]. LDH-based materials are very attractive systems due to their robust structure,
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wide range of compositions and flexible properties which can be finely modulated by suitable selection
of metal cations, functional interlayer compensating anions, ratio of M/ (MH + MHI), as well as the
relative weak interlayer bonding. All the above physical and chemical properties render the LDH
as exceptional candidates for the development of functional materials with versatile physical and
chemical properties.
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Figure 1. Schematic representation of the classical LDHs structure. Adapted from Ref. [11], Copyright
1999, Elsevier.

LDHs have been known for more than 150 years since the discovery of the mineral hydrotalcite,
[MgeAly(OH)14]CO5-4H,0O [11]. Partial substitution of the MgH ions by A" jons in hydrotalcite
compositions leads to the formation of positively charged layers [12]. The layers can be stacked in
two ways, either with a rhombohedral (3R symmetry) or hexagonal cell (2H symmetry). Hydrotalcite
corresponds to the 3R symmetry, while the 2H analogue is referred to as manasseite [12,13].
In general, LDH can be synthesized in an aqueous medium employing a variety of methods
including co-precipitation [14] hydrothermal conditions, [15] urea decomposition-homogeneous
precipitation [16] or mechanochemical methods [17].

2. LDH-Based Composite Materials

In recent decades, the properties and functionality of LDHs have been adjusted by employing
design principles in order to fabricate advanced materials which fulfill specific requirements for
desirable applications in various fields [1]. For example, LDHs were used as additives in polymers [9],
as adsorbents for water remediation [18], as precursors for functional materials, applied in the synthesis
of pharmaceuticals [19], in photochemistry [20] and electrochemistry [21]. Moreover, LDHs prepared
directly and their calcined mixed metal oxide (MMOs) products have been widely used as an actual
solid base catalyst, and promising precursors or supports of catalysts in a variety of fields including
organic synthesis, adsorption of organic wastes or heavy metals ions, and the decomposition of volatile
organic compounds [22]. Recently, Kuroda and co-workers prepared novel LDH nanoparticles with
exceptionally small particle sizes (ca. 10 nm) by grafting a tripodal ligand of tris(hydroxymethyl)
aminomethane (Tris) on the outer surface of LDH nanoparticles [23-25]. The Tris molecules were used
as a surface-stabilizing agent by interacting with the LDH layer through multiple coordination, leading
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to effective control of the LDH nanoparticles’ growth. The resulting small-sized LDH nanoparticles
possess extremely high anion exchange abilities. Therefore, their work provides a potentially new
design for the development of LDH-based composite materials.

3. POM-LDH Composite Materials

LDH materials possess relatively weak interlayer interactions and as a consequence they offer
a remarkable opportunity for the development of methods that will allow the modulation of their
functionality without compromising their structural features. In recent decades, increasing interest has
been devoted to design and fabrication of novel intercalation composite materials with a variety of
desirable physical and chemical properties. Recently, the adopted approach usually involves exfoliation
of LDH layers and re-assembly in the presence of functional guest anions driven by electrostatic
interactions. In particular, incorporation of catalytically active species, such as simple inorganic anions,
complex ligands or biomolecules into the interlayer region of LDHs, is an effective immobilization
method, and has been demonstrated to be an effective approach to enhance the catalytic stability and
recyclability when compared to their corresponding homogeneous system. Moreover, the confined
space of the LDHs interlayer region can impose restrictions to the geometry and accessibility of the
catalytic active site in the interlayer region, resulting in the increased control of stereochemistry and
dispersion of active components. Consequently, that led to increased reaction rates as well as modified
product distributions [1]. For example, some intercalation composite materials have been applied
in promotion of shape selective epoxidation reactions [26]. The intercalation of functional metal
oxide-based anions with different molecular dimensions (for instance, M0;0,%~ and W1,04;1%7)
can control the gallery height of interacted materials. Tatsumi et al. reported different degrees of
gallery accessibility for the substrates based on the gallery dimensions [27]. The MoyO,4° -intercalated
LDH exhibited slower epoxidation of cyclohexene owing to its smaller gallery height, preventing
easy access to the inter-lamellar catalytic sites by the substrate. However, the decrease of the catalytic
activity of cyclohexene was less remarkable for W1,0y4; '~ -intercalated LDH with a higher interlayer
gallery. Additionally, the inherent basicity of brucite-like host LDH layers favored the production of
epoxides over further hydrolysis, which leads to the formation of diols as principal products. Moreover,
higher cis to trans ratio can be obtained for the oxidation of 2-hexene over intercalation composites.
The observed enhancement of cis to trans ratio is probably due to the existence of steric constraints
imposed by the robust interstitial environment. The gallery region is believed to provide a unique
chemical environment for the modulation of selective catalytic reactions.

Polyoxometalates (POMs) are a diverse family of compounds mainly constructed via Mo, W, V or
Nb etc. at their highest oxidation states. Their formation is mainly based on the appropriate charge
to ionic radius ratio and charge density which: (i) prohibits infinite polymerization; (ii) promotes
formation of 7-bonds with the O?~ ligands; (iii) exhibits flexible and various coordination geometries.
In the past decades, the properties of POMs have been extensively investigated due to a wide range
of composition, sizes, rich redox chemistry, charge distribution and photochemistry to fulfill specific
requirements in a variety of applications, including functional materials in catalysis, molecular
electronics, magnetism, materials science and medicine [28-31]. Based on the above observations,
various groups reported their efforts to design POM-based heterogeneous catalytic systems for the
promotion of specific reactions. For example, Mizuno et al. reported the preparation, efficiency and
stability of a peroxotungstate immobilized on ionic liquid-modified SiO, heterogeneous catalyst for
the epoxidation of a wide range of olefins [32]. In another case, Inumaru et al. demonstrated the
efficiency of a POM-SiO, heterogeneous catalyst where H3PW1,04 species immobilized the channels
of mesoporous silica decorated with hydrophobic alkyl groups. The produced catalyst not only
revealed exceptional stability but also showed exceptionally high catalytic activity for ester hydrolysis
in aqueous medium [33]. Various elegant approaches have been adopted for the design of appropriate
components for the development of new POM-based heterogeneous catalytic systems. The use of LDH
also attracted the attention of research groups due to their relatively facile preparation, under mild
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conditions, cost-effective preparation and most importantly their chemical and structural modularity.
Recently, the manifestation of superior physicochemical properties of intercalation composites due
to cooperative effects between LDHs and POMs attracted the interest of research groups since they
have exhibited great advantages over both traditional POMs and LDH compounds, especially in
catalytic applications. A series of intermolecular interactions, including electrostatic and hydrogen
bond networks etc., can be developed between the brucite-like layers of LDHs and the intercalated
POM anions. More importantly, the confinement effect of the LDH interlayer gallery prevents the
POM species from leaching into the reaction mixture and increasing the selectivity of the catalytic
reaction. A general structure of the POM-LDH composite is illustrated in Figure 2.

Figure 2. Schematic representation of POM-LDHs structure (e.g., V100280~ intercalated in ZnAl-LDH).
Adapted from Ref. [12], Copyright 2014, Elsevier.

3.1. Synthesis of POM/LDH Composites

In 1988, Pinnavaia et al. reported the preparation of POM-LDH composite Zn; Al-V19O,g by ion
exchange of the LDH-C1™ with [NH4]4[V10O028]-6HoO at pH 4.5. As shown in Figure 3, the resulting
composite possesses a basal spacing of 11.9 A, corresponding to a gallery height of 7.1 A, indicating
that the decavanadate’s C; axis is aligned parallel to LDH host layers. The group verified further
the successful intercalation of the V19O,5°~ cluster using 51y MAS-NMR spectrum of intercalated
ZnyAl-V1pOqg by comparing the relevant spectrum of its ammonium salt, which does not observe
obvious change of the chemical shifts; additionally, all chemical parameters are qualitatively similar,
which indicates that the decavanadate retains its structural integrity in the intercalated state [34].
This observation demonstrates that the LDHs with high-charge density can be intercalated by guest
POM anions for the first time, providing the intercalation of POMs with relatively high charge density.
Moreover, the authors reported that Keggin species and their derivatives such as HyW1,0,0°~
and BVW{;04”~ also can be successfully intercalated into LDH, affording the resulting interacted
derivatives with gallery heights of 9.6 A. Since then, the development of new methodologies for
the preparation of POM-LDH composite materials and the investigation of their functionalities has
increased exponentially.

To date, several synthetic approaches can be used for the preparation of POM-LDH composites.
Among the most developed ones are the ion exchange synthetic pathway [34-37]; co-precipitation [38],
reconstitution [39] et al. and have been discussed into detail elsewhere. Here, we will focus our
discussion on the following two methods developed recently by Song et al. [40].
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Figure 3. Orientation of decavanadate anion, V19O,g°~, in the interlayer region of layered double
hydroxides, with its ‘main’ C; axis aligned parallel to the brucite-like layers. Adapted from Ref. [12],
Copyright 2014, Elsevier.

3.1.1. Host Layer Modification Method

Although POM-intercalated LDH composite materials exhibit superior performance and modular
functionality compared to individual components, the relevant intercalation process faces serious
challenges: (1) the preparation of POM-LDH composites without impurities using traditional synthetic
methods such as reconstitution and co-precipitation pathways is an extremely challenging task;
(2) POM intercalation is directly related to the geometry, charge density and overall size of POMs.
Thus, POM anions that exhibit negative charge below four, such as the classical Keggin of [PW1,040]%~,
are very difficult to intercalate into LDH galleries using conventional synthetic methods; (3) LDHs
exhibit a high affinity for smaller anions such as CO32~; thus, ion exchange reactions for preparation
of POMs intercalated into LDHs is not favored under air. These issues significantly limit the chemical
tunability and intercalation ability of LDH-based materials. Inspired by Kuroda et al. work of LDH-NPs
with exceptionally small size and enhanced anion exchangeability by modifying the surface using a
tripodal ligand Tris [23-25]. In a similar manner, our group developed recently a novel approach where
the host layer modified with tris(hydroxymethyl)aminomethane (Tris) prior to the intercalation of
the classical Keggin cluster of NagPW1,049-15H,0 (Na-PW,) under ambient conditions without
the necessity of degassing CO, (Figure 4) [41]. Tris-LDH-COj3; (2 mg/mL) was re-dispersed in
Na3z[PW1,040] aqueous (0.1 M) and then reacted for 2 h at room temperature. The reaction mixture was
then filtered, washed by water and acetone, and dried at 60 °C to obtain the Tris-LDH-PW1,. The host
layer modification method can modulate the host-guest interactions including electrostatic interactions
and hydrogen bonding between host layers and guests in interlayer gallery and consequently promote
the ion exchange process.
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Figure 4. Schematic representation of the host layer modification method to prepare POM-LDH
composite (Tris-LDH-PW1,). Adapted from Ref. [41], Copyright 2014, Royal Society of Chemistry.

3.1.2. Exfoliation Assembly Method

In the past few years, the delaminated LDHs have been employed successfully in the design and
fabrication of advanced functional materials. For example, Kim et al. [42] reported a design strategy
for the assembly of quantum dots (QDs) that was encapsulated by delaminated LDH nanosheets in
formamide via electrostatic interactions. Hwang et al. [43] reported the preparation of mesoporous
nanohybrids with excellent photocatalytic activity, by the assembly of positively charged 2D ZnCr-LDH
nanosheets and negatively charged layered titanium oxide. Inspired by these exfoliation and assembly
strategies of LDH nanosheets, we envisaged that POM clusters, as a class of discrete anionic metal
oxides with high negative charge density, should be able to assemble with LDH nanosheets using a
similar approach. As shown in Figure 5, the first step involves the exfoliation of the LDH-NOj3 precursor
in formamide solvent at 1:1 ratio (1 mg LDH-NO; per mL of formamide) in a flask; the mixture
was sealed after purging with N, in order to avoid carbonate contamination. The reaction mixture
becomes clear upon quantitative exfoliation of the LDH precursor; subsequently, addition of POM
clusters triggers the assembly of the components towards the formation of the intercalated material.
The restacked POM-LDH composite was collected by filtration and washed thoroughly with ethanol
and water, and dried under vacuum [44]. It is remarkable that the exfoliation assembly pathway
provides a novel and rational method to fabricate composite functional materials with a desirable
and precisely controlled nanostructure. Moreover, this method can prevent metal ions leaching out
of the host layer during the intercalation process and thereby successfully control the final metal
ions ratio (for example, Mg!!/ A1) in the resulting POM-LDHs composite without co-formation of
impurity phases.
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Figure 5. The preparation process of POM-LDHs composites (MgzAl-LnWg) using the Exfoliation
assembly method. Reproduced from Ref. [44], Copyright 2014, Elsevier.
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3.2. Structural Features

POMSs’ structural diversity in terms of size and features can be used constructively for the
engineering of the structure of the composite materials that exhibit specific gallery height; additionally
POMs with relatively high-charge density should afford large lateral anion spacing, consequently
providing the chance to access the LDH gallery region [34]. Therefore, POMs can be viewed as
ideal functional guest anions for intercalation, which offers the opportunity for modulation and
fine-tuning of the composite material’s properties. Additionally, synergistic effects between the
constituents of the POM intercalated LDH composites lead to performance enhancement induce
emergence of new functionality as well as offer the opportunity to expand the areas of application [12].
For instance, the intercalation of POM clusters into LDH layers in aqueous media results in an
insoluble self-assembled product where the POM cluster retains their catalytic properties and can
perform efficiently as component of the heterogeneous system. The combinatorial effect induced
by the structural and chemical characteristics of the POM-intercalated LDH materials leads to the
performance enhancement of the final product.

3.3. Oxidation Catalyst

As shown in Figure 6, we prepared a series of POM-LDH composites Mg3Al-P,W17X
X =Mn! Felll, Zn!l, Col!, Cu¥, Ni") by intercalating a Dawson polyoxometalate (POM) species
[02-PoW17061 (X-OHp)]" ™ ([PoaW17X]"~, n = 7 or 8) into a Mgz Al-suberic precursor [36]. Catalytic
tests for the sulfoxidation of various sulfides demonstrated that Mg3 Al-P,W17Zn exhibits superior
catalytic efficiency and selectivity than the individual POM or LDH precursors under mild conditions.
The uniform and well-ordered dispersion of POM clusters in the confined gallery of LDHs as well as
the multiple interactions between POMs and LDHs contribute to the excellent catalytic performance.
Furthermore, Mg3Al-PyW17Zn is stable and can be easily separated from the reaction system.
The recycled Mgs Al-P,W17Zn material retains its structural features and composition of the individual
components, which has been confirmed by Fourier transform infrared (FI-IR), X-ray diffraction,
3P NMR, and X-ray photoelectron spectroscopy characterization. The scaled-up experiment provided
further support for its potential use for industrial applications.
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Figure 6. Schematic of the synthesis of [xy-P;W17041(X-OHj)]"~ intercalated into LDHs. Adapted
from Ref. [36], Copyright 2015, American Chemical Society.
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Water pollution from dyes is a serious environmental problem due to the inherent difficulties for
their efficient degradation in conjunction with their high chemical stability [45]. Continuous research
interest has been focused on the development of methods to treat dye effluents. Recently, a series of
POM-intercalated LDHs (Tris-LDHs-PW1,, Tris-LDH-LaW1g and Tris-LDH-P,W1g) were prepared by
employing the host layer modification method under ambient conditions without the necessity of
degassing COs.

The heterogeneous catalytic systems were used for the efficient degradation of methylene blue
(MB), rhodamine B (RB) and crystal violet (CV) solution, where Tris-LDHs-PW, exhibits the best
performance in the presence of HyO; [46]. As shown in Figure 7, almost complete dye degradation
can be achieved within 320 min, 140 min, and 5 min for RB, MB, and CV, respectively. Their
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degradation products have been detected and identified as non- or less-toxic anions such as SO4%~,
NO;~, C;042~, CHO?~ and C,H30,2~. Additionally, degradation of the mixture of RB, CV and MB
by Tris-LDHs-PWy; follows the order of CV > MB > RB, which is directly related to the designed
accessible area of the interlayer space.

(a) (b)
T IR
—_ 30 RB+CV+MB ;
= S e
= 300 2 !
E = > S—
; 250 0 min 5 min 140 min 320 min
E ®
= RB — 0 mi
o] 0 min
: 200 < cv MB | 5min
2 150 - 1 —— 140 min
§ ——— 320 min
© 100
(=]
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0 0 T T T
cv) 400 500 600 700 800
RB MB
RE) - Wavelength (nm)

Figure 7. (a) Degradation time of different dyes. Experimental condition: Tris-LDH-PW1; 50 mg;
HyO, =500 uL; T =30 °C; Dye = 10 mg/L (50 mL); (b) The UV —Vis spectra of degradation mixed dyes.
Experiment condition: Tris-LDH-PW1, 50 mg; H,O, =500 pL; total dye = 10 mg/L (50 mL, each dye =
3.33mg/L); T =30 °C. Reproduced from Ref. [46], Copyright 2015, WILEY-VCH.

On the basis of increasing environmental impact of sulfur-containing chemicals in fuel oils,
the development of efficient and environmentally friendly deep desulfurization processes has been
flagged as an urgent global challenge [47,48]. In recent years, POM-LDH composites have been widely
used in green chemistry industry [40,46], and currently, catalytic oxidation desulfurization has become
an important task for environmental pollution control. However, the traditional hydro-desulfurization
(HDS) processes employed for the removal of DBT, 4,6-DMDBT and BT etc. are quite challenging.
Furthermore, the HDS processes need harsh conditions, (high temperature and pressure regimes), thus
restricting its wide- and large-scale application. Therefore, the removal of sulfur-containing compounds
from fuel oils under mild conditions is a serious issue. We used Tris-LDH-PW1, for extraction and
catalytic oxidation/desulfurization of fuel oils. We demonstrated that deep desulfurization of DBT
can be achieved in 25 min at 75 °C using H,O,/DBT/Cat = 100:20:1. Also recently, we developed an
intercalated hybrid material MgsAl-IL-EuWy that incorporates covalently anchored ionic liquids, and
exhibits efficient deep desulfurization and high selectivity for the removal of 4,6-DMDBT and DBT etc.

In addition to sulfur compounds, diesel oil, gasoline and jet fuel contain many nitrogen-containing
compounds [49]; the combustion of these substances will release large amounts of nitrogen
oxides, leading to the formation of acid rain with serious environmental consequences [50].
Although the concentration of nitrogen-containing compounds in fuel oils is relatively low,
the competition with sulfur-containing components for the active sites of the catalysts [51,52],
can lead to the inhibition of the deep desulfurization process. Therefore, deep desulfurization
and denitrogenation is of great significance for the development of clean oil products, and is a
challenging task. We also demonstrated that the Tris-LDH-LaW1y composite could be used as green
and highly efficient catalyst for simultaneous deep hydro-desulfurization and hydro-denitrogenation
of complex model oil mixtures under mild conditions. As shown in Figure 8, the catalytic
system of HyO,/[bmim]BF,/Tris-LDH-LaWjg can complete concurrent deep desulfurization and
denitrogenation in 60 min with S and N contents less than 10 and 1 ppm, respectively, at 65 °C [53].
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Figure 8. Proposed schematic of extraction and catalytic desulfurization and denitrogenation route
with HyO,/[bmim]BF,/TrisLDH-LaWiy. Adapted from Ref. [53], Copyright 2016, Royal Society

of Chemistry.

Another family of organic compounds that received much attention in recent decades is the
heterocyclic N-oxides because of their wide use as versatile synthetic intermediates, their biological
significance, their use as protecting groups, as oxidants, as auxiliary agents, as ligands in metal
complexes, as surrogates for heterocyclic boronic acids, and catalysts [54,55]. Our group successfully
prepared a Lewis acid POM-LDH catalyst by intercalating [La(PW1;O39);]''~ anions into LDH
modified with tris(hydroxymethyl)aminomethane (Tris) [56]. As shown in Figure 9, the resulting
Tris-LDH-La(PWi1), composite shows excellent selectivity, high yield, and high efficiency for the
N-oxidation of pyridines and its derivatives at room temperature in the presence of H,O,. Moreover,
Tris-LDH-La(PW11);-based catalysts have been applied in the denitrogenation of a model oil mixture
in the presence of HyO; and 1-butyl-3-methylimidazolium tetrafluoroborate. Denitrogenation can be
achieved in 40 min at 75 °C.

La-PW = [La(PW,,03,),]"" X

Figure 9. Proposed reaction mechanism for oxidation of pyridines by Tris-LDH-La(PW1;),. Adapted
from Ref. [56]. Copyright 2015, Willey-VCH.
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One-pot cascade reactions are highly desirable for organic synthetic chemists [57,58], because
they can drastically simplify multi-step synthetic pathways and thereby reduce the waste production
and energy consumption [59,60]. A feasible pathway for efficient progression of a tandem reaction
is based on the design and fabrication of bifunctional catalyst with spatially isolated multiple active
sites, promoting simultaneously different reactions within the same system. The Knoevenagel reaction
between an aldehyde/ketone and active methylene-containing compounds is one of the most important
reactions leading to carbon-carbon bond formation [61,62], which has been utilized for the syntheses
of important products or intermediates for pharmaceuticals, perfumes and calcium antagonists [63,64].
Taking into consideration the fact that POMs possess excellent redox properties while the LDHs
have a number of active basic sites that can efficiently promote Knoevenagel condensation reactions,
we envisaged that a POM-LDH composite could be used as a novel bifunctional catalyst, which can
catalyze both Knoevenagel reactions and the oxidation of substrates. Recently, we prepared a series
of bifunctional catalysts of the general formula Tris-LDH-X4(PWy), (X = Mn, Fe, Co, Ni, Cu and Zn)
via intercalating [X4(H20)2(PW9O34),]'°~ anions into the Tris-modified LDH using the host layer
modification method reported above [65]. Among all the members of the designed bifunctional
catalysts, the Tris-LDH-Zn4(PWy), composite revealed the highest activity and selectivity in the
tandem reaction for the preparation of benzylidene ethyl cyanoacetate via an oxidation-Knoevenagel
condensation between benzyl alcohol and ethyl cyanoacetate under mild and solvent-base-free
conditions. As shown in Figure 10, initially, the formation of benzaldehyde can be promoted by
the POM species in the presence of HyO, via oxidation of benzyl alcohol. Simultaneously, the basic
sites from Tris and LDH layers promote the activation of ethyl cyanoacetate to form a nucleophile,
which rapidly reacts with the benzaldehyde leading to the formation of the corresponding benzylidene
ethyl cyanoacetate product.

Figure 10. Schematic of the reaction pathway of the one-pot tandem reaction catalyzed by Tris-LDH-Zny4
(PWpo),. Reproduced from Ref. [65], Copyright 2016, WILEY-VCH.

The poor mass transfer between the active components of the intercalated catalysts and organic
substrates is one of the main challenges that limit their further application. On the basis of summarizing
the traditional intercalation catalysts of POMs and in order to improve the mass transfer, we reported
the design and synthesis of a novel intercalation POM-LDH catalyst (Mg3Al-ILs-Cg-LaW1g) by
intercalating NagLaW19O34-32H,0 (LaW1p) POM clusters into LDHs, which have been covalently
modified with ionic liquids (ILs) [66]. As shown in Figure 11, the grafting of ILs on the LDH not only
induces flexibility to the catalyst but also allows easy accessibility of the substrates to the active center
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during the liquid—solid reaction system, which improves dramatically the mass transfer. The catalyst
Mg3Al-ILs-Cg-LaWyy demonstrates high activity and selectivity for the epoxidation of various allylic
alcohols in the presence of HyO,. For example, trans-2-hexen-1-ol undergoes up to 96% conversion
and 99% selectivity for the formation of epoxide at 25 °C in 2.5 h. The Mg3Al-ILs-Cg-LaW1g composite
material constitutes one of the most efficient heterogeneous catalysts for the epoxidation of allylic
alcohols (including the hydrophobic allylic alcohols with long alkyl chains) reported so far.

+ extraction \ e *
H,0, effect “W H,0
Mg3A| -l LS'Cn-LaW1 0

Figure 11. Top: schematic diagram of the catalytic process; Bottom: the water contact angle
measurements of: (a) MgszAl-LaWyy; (b) MgsAl-ILs-C4-LaW1; (c¢) Mg3Al-ILs-Cg-LaWyg; and (d)
MgsAl-ILs-Cq-LaWyg Reproduced from Ref. [66], Copyright 2017, WILEY-VCH.

3.4. Acid-Base Synergistic Catalyst

Aldoximes and ketoximes are valuable chemical and biopharmaceutical intermediates that are
widely applied in chemical synthesis [67], and they are usually synthesised by oximation of aldehydes
or ketones using mineral salt of hydroxylamine, such as NH,OH-HCl or NH,OH-H,SO4 [68]. However,
the abovementioned pathway suffers from two drawbacks: the high cost of hydroxylamine along
with the increasing environmental concern accompanied with the disposal of co-produced large
amounts of inorganic salts [69]. To overcome such problems, many efforts have been dedicated to the
developpment of salt-free oximation methods using aqueous H,O; as an oxidant in the oximation
reactions of aldehydes to aldoximes and Ketoximes [70,71]. An additional key issue associated with
the formation of aldoximes is that they can undergo an acid-catalyzed dehydration to yield nitriles
or go through an acid-catalyzed Beckmann rearrangement to form amides, leading to decreased
product selectivity.

It has been observed that the water-soluble POM cluster Nai,[WZn3(H>0),[ZnW¢O3y4),]-46H,O
can act as an efficient catalyst to promote the oximation of aldehydes in the presence of H,O, [72].
However, the inherent acidity of POMs can promote side reactions and induce further transformations.
Therefore, achieving high selectivity during the oximation reaction of aromatic aldehydes remains a
challenging task. Li and co-authors [37,73] reported that the self-assembled POM-intercalated LDHs are
active catalysts for the epoxidation reactions, and the basic hydroxyl groups of the LDHs can prevent
subsequently the acid-catalyzed ring opening hydrolysis of the epoxides. Inspired by this, we prepared
three POM-intercalated LDHs of Zn3Al-ZnsWO, ZnzAl-Zn,Mn;WO and Zn3Al-Zn,Fes WO and
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studied their efficiency in the oximation of aromatic aldehydes in the presence of H,O, in the
absence of organic solvents [7]. Interestingly, utilization of the POM-intercalated catalyst for the
oximation reaction of aromatic aldehydes revealed an improvement of the selectivity compared to the
homogeneous catalytic system promoted by the aqueous POMs solution. The enhanced selectivity of
the desirable products is attibuted to the cooperative effect between the components of the composite
materials which modulate the inherent acidity of the POM clusters, which would otherwise promote
the production of amides and nitriles via acid-catalyzed side reactions. The reaction pathway is
illustrated in Figure 12.

. 640 LAY AN N

+NH3 Z:' //- J‘\ +H2O
o == — R R,

1
R "R, MO

YWY I 4 f X.
R4 = alkyl, benzyl 0 R,
R2 = alkyl, H R1/U\ NH2 |"\|’

Figure 12. Schematic of the synergistic effect of LDH-POM catalysts for promotion oximation of
aromatic aldehydes [7]. Adapted from Ref. [12], Copyright 2014, Elsevier.

The cyanosilylation of aldehydes or ketones with trialkylsilyl cyanides is an example of important
reactions in industry and synthetic chemistry. The cyanosilylation promotes the formation of new C-C
bonds while protecting the hydroxo functional groups [74]. Moreover, the corresponding cyanohydrins
products can be transformed into a variety of building blocks, such as 3-amino alcohols, a-hydroxy
ketones and a-hydroxy acids [75], which are widely applied in synthetic chemistry. Hence, many
efforts have been dedicated to investigating the cyanosilylation reaction, where both acid [76] and
base catalysts [77,78] were utilized to promote the cyanosilylation reaction. Therefore, fabrication
of the acid-base synergistic catalyst is a promising method to develop systems that could catalyze
efficiently the cyanosilylation reaction. Recently, we prepared a series of Mgz Al-LnWyy (Ln = Dy,
Eu, Tb) catalysts employing the exfoliation assembly method [44]. The temperature-programmed
desorption of carbon dioxide (CO,-TPD) and ammonia (NH3-TPD) demonstrated that the resulting
POM-intercalated catalysts possess both acid and basic properties. As such, the Mgz Al-EuWy catalyst
has been successfully employed in the catalysis of cyanosilylation of various aldehydes or ketones with
excellent catalytic activity under solvent-free conditions. The Mgz Al-EuW1( can be easily separated
and reused for 10 times without obvious decrease of the catalytic performance; the composition
and structure of MgsAl-EuWjq catalyst remained stable during the catalytic cycle. In addition,
the Mg Al-EuW catalyzed cyanosilylation of hexanal and benzaldehyde revealed the highest TON
of 119906 and 119950, respectively.

4. Conclusions-Perspectives

In summary, over recent decades, several different methods have been developed for the design
of POM-LDH-intercalated composites by various research groups in an effort to overcome the inherent
challenges associated with the process: (i) Some POMs are hydrolytically unstable under weakly acidic
to basic pH environment leading to formation of impurities during the intercalation reactions; (ii) the
intercalation process is closely related to the charge density, size, and geometry of the POM clusters;
(iii) leaching of the metal ions (M!! or M) from the host layer can occur under neutral to slightly
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acidic environments. In contrast to the traditional methods, we recently developed the host layer
modification and exfoliation assembly methods demonstrating the advantages of these approaches
and effectively tackling the aforementioned limitations to some extent. These two new methods not
only modulate the host-guest interactions and overcome its spatial and geometrical restrictions of
POMs (such as the intercalation of Keggin species, [PW1,040]3~, of low negative charge) but also
prevent the leaching of Mg!"/ AI'! cations during the intercalation process promoting the formation of
the POM-LDH composite without co-formation of the impurity phase. The POM-LDH composites
have been widely utilized successfully in different catalytic processes, such as oxidation catalysis,
acid catalysis and acid-base synergistic catalysis etc. The as-prepared POM-LDH composites show
superior catalytic performance comparing to the relevant performance of its parent components. This
is due to synergistic effects arising from intermolecular interactions such as electrostatic and network
hydrogen bonds, which prevent agglomeration and enhance the overall performance. The active
components are uniformly dispersed in the 2D confined space defined by the LDH layers. Additionally,
the design of the robust confined space in combination with the intermolecular interactions induces
further stability to the system, prevents leaching of the POM species into the reaction mixture and
increases the catalyst’s selectivity. Further investigation and expansion of the family of POM-LDH
composite materials will offer great opportunities for the development of economical and versatile
methods for designing specific structural features that could drive reactions towards the desirable
direction and modulate the electron transfer properties of the POM-LDH intercalated composite in a
controlled manner. Finally, the exploration of alternative design approaches will pave the way for the
construction of POM-LDHs composites that exhibit new chemical and physical properties, emergence
of functionalities as well as broaden the catalytic applications of this family of novel materials.
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