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Abstract 

This review is intended to introduce recent progresses in characterization, syntheses and 

catalysis of hydrotalcite (HT) and HT-related materials. NMR, in situ neutron diffraction and 

TG-DTA techniques have been used to determine local structure and structural changes of HT. 

Various synthetic methods to control morphology of HT are introduced together with the crystal 

formation mechanism. Preparation methods of magnetic HTs are also included. The HT acts as 

heterogeneous base catalyst for efficient transformations of organic compounds such as 

synthesis of glycerol carbonate, transesterification of oils (biodiesel production) and 

carbon-carbon bond formations. The HT has been also used as a support for immobilizing 

various metal species (Ru, Pd, Ag, Au, Pt, Cu, V, Mn…) which enables highly selective organic 

reactions such as dehydrogenation of alcohols and deoxygenation of epoxides. Cooperative 

actions between basic sites of the HT surface and supported metal species are introduced. It is 

also shown that the HT can work together with other solid acid and metal catalysts to promote 

sequential reactions in one-pot manner, which gives us very important methodology for 

environmentally-benign synthesis of value-added chemicals especially from biomass-derived 

compounds. 

 

 

1. Introduction 

Hydrotalcite (HT) is a layered anionic clay denoted as [M
2+

1-xM
3+

x(OH)2]
x+

A
n-

x/n•mH2O, 

where M
2+

 and M
3+

 are di- and trivalent metal ions, and A
n-

 is the interlayer anion (Figure 1A).
1,2

 

Anionic species such as CO3
2-

, NO3
-
, F

-
 and Cl

-
 are located within the interlayer galley due to 

the charge compensation of the positively charged Brucite layer, [M
2+

1-xM
3+

x(OH)2]
x+

. Water is 

also present in the interlayer galley which forms hydrogen-bond to the Brucite layers. M
3+

/(M
2+

 

+ M
3+

) ratio typically varies between 17 and 33%. A most widely used HT is Mg-Al type, i.e. 

Mg6Al2(OH)16CO3•nH2O. The identical chemical formula is found for natural mineral HT.  
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 The HT has attracted much attention due to the following characteristics:
3-7

 (i) adsorption 

capacity; (ii) cation-exchange ability of the Brucite layer; (iii) anion-exchange ability of the 

interlayer space; and (iv) tunable basicity of the surface. To control these properties of the HT, 

various synthetic methods have been developed and applied as a heterogeneous base catalyst 

and metal support for highly efficient liquid-phase organic transformations including one-pot 

synthesis and utilization of biomass-derived materials for Green & Sustainable Chemistry. In 

this review, the authors intend to survey recent progresses in characterization, syntheses and 

liquid-phase catalysis of HT and HT-related materials. 

 

 

Figure 1 (A) A polyhedral representation of the LDH [layered double hydroxide] structure showing the 

metal hydroxide octahedral stacked along the crystallographic c axis. Water and anions are present in the 

interlayer region. Each hydroxyl group (dark blue) is oriented toward the interlayer region and may be 

hydrogen bonded to the interlayer anions and water. The metal hydroxide sheets of an LDH with a Mg:Al 

ratio of 2:1 are shown with (B) random and (C) ordered cation distributions. Three major classes of 

hydroxyl groups are present in (B) (Mg3-OH, Mg2Al-OH, and MgAl2-OH), whereas only one hydroxyl 

environment (Mg2Al-OH) and one Mg local environment [Mg(OMg)3(OAl)3] are present in (C). 

[Reproduced with permission from American Association for the Advancement of Science (AAAS) of ref. 

2] 

 

2. Characterization and Synthesis 

Local structure of the metal hydroxide layers 

Understanding of the local structure of the metal hydroxide layers is of particular interest for 

the preparation of active catalysts. Recently, Sideris et al. elucidated the arrangement of divalent 

(Mg
2+

) and trivalent (Al
3+

) ions.
2
 They unveiled that Mg

2+
 and Al

3+
 cations are not randomly 

distributed but completely ordered for a HT with Mg:Al ratio of 2:1 by using hydrogen nuclear 

magnetic resonance (
1
H-NMR) spectroscopy under ultrafast magic angle spinning (MAS) 
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conditions. An extremely rapid MAS frequency (60 kHz) enables the individual H sites to be 

resolved whereas conventional MAS frequencies result broad featureless spectra. Each OH 

group in the layer is coordinated to three metals (each either Mg or Al), four hydroxyl local 

environments are possible; Mg3-OH, Mg2Al-OH, MgAl2-OH, and Al3-OH. Figure 1B and 1C 

show cation distributions of a HT with Mg:Al ratio of 2:1 with random and ordered fashions, 

respectively. In the case of random distribution model (Figure 1B), there are three hydroxyl 

environments, Mg2-OH, Mg2Al-OH, and MgAl2-OH, and these distributions are calculated to be 

30%, 44% and 22%, respectively. In contrast, ordered model (Figure 1C) has only one hydroxyl 

environment, Mg2Al-OH (99%). 
1
H MAS NMR experiments revealed that a HT with Mg:Al 

ratio of 2:1 has mostly Mg2AlOH (97%) and negligible Mg3OH (3%), which is consistent with 

ordered model (Figure 1C). In addition, these results clearly indicate that there are no Al
3+

-Al
3+

 

contacts in the hydroxide layers. For a HT with Mg:Al ratio of 3:1, distribution of hydroxyl 

groups of Mg2AlOH and Mg3OH is experimentally 20% and 80% respectively.  

Sideris et al. also investigated Mg local environments by using high resolution multiple 

quantum (MQ) 
25

Mg NMR spectroscopies to identify cation clustering in the metal hydroxide 

layers.
8
 The ordering of cations (Mg

2+
 and Al

3+
) gradually increases with increasing Al content. 

Finally, a honeycomb-like Al distribution is formed for a Mg-Al HT with Mg:Al ratio of 2:1. 

Thermal decomposition and subsequent rehydration of HT are usually carried out to obtain 

highly active solid base catalysts. Mg-Al-CO3 HT dehydrates, dehydroxylates and decarbonates 

to form mixed metal oxide by calcination around 427 
o
C. The addition of water to the mixed 

oxide reconstructs the two-dimensional layer structure of Mg-Al compound. This interesting 

and unique behavior is called as “memory effect”. The reconstructed HT possesses OH
-
 anions 

which show very strong Brønsted basicity. Therefore, an investigation on local structure of 

mixed metal oxides is also of importance. Mourad et al. studied local structure of Mg-Al-CO3 

HT and corresponding mixed metal oxide by using in situ X-ray and neutron diffraction.
9
 X-ray 

diffraction reflects long-range structure, and neutron scattering is sensitive to the local atomic 

environment. Although much differences are found between HT and mixed metal oxide 

(calcined at 450 
o
C), the local structure of the cationic sheet is robust. Figure 2 shows pair 

distribution functions (D(r)) of HT at room temperature, 160 
o
C, 250 

o
C and mixed metal oxide 

(HT calcined at 450 
o
C), which are obtained from neutron scattering data. The main 

coordination environments and bond lengths of both the metal and oxygen atoms (M-O, M-M) 

for mixed metal oxide are very similar to those observed for the HT phases, indicating a subtle 

structure transformation mechanism. Although the periodic layer-layer structure collapses by 

calcination at 450 
o
C, the local cation environment remains unchanged. This is important 

information and can explain the origin of “memory effect”. 
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Figure 2 (A) Pair distribution functions (D(r)) of hydrotalcite at room temperature, 160 and 250 
o
C, 

obtained from neutron scattering data. The curves are plotted offset to increase the clarity of presentation. 

(B) Pair distribution function of mixed metal oxide at 450 
o
C. [Reproduced with permission from The 

Royal Society of Chemistry (RSC) of ref. 9] 

 

Zhang et al. investigated the mechanism of the dehydration and dehydroxylation using 

thermogravimetry/differential thermal analysis/mass spectrometry (TG-DTA-MS).
10

 Figure 3 

shows the TG-DTA-MS profiles of Mg-Al-CO3 HT with Mg:Al ratio of 3:1. Water is released in 

four stages during thermal decomposition. Two-step dehydration and two-step dehydroxylation 

are observed. First, water molecules adsorbed on the surface and edge of HT are removed at low 

temperature region (194 
o
C). Then, water molecules intercalated within the layers desorb (256 

o
C). At a higher temperature, dehydroxylation of layer hydroxide groups occurs, resulting in the 

form of mixed metal oxide. After two-step dehydration, there are two MS (m/z = 18) peaks at 

338 and 414 
o
C. According to 

1
H MAS NMR by Sideris et al.,

2
 there are 20% of Mg3(OH) and 

80% of Mg2Al(OH) in the HT. From quantification of two peak areas, Zhang et al. have 

assigned MS peaks at 338 
o
C and 415 

o
C to dehydroxylation of Mg3(OH) and Mg2Al(OH), 

respectively. This result indicates Mg2Al(OH) hydroxyl groups are thermally more stable than 

Mg3(OH) hydroxyl groups.
10
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Figure 3 TG-DTA-MS curves of hydrotalcite (Mg3Al-CO3 HT). [Reproduced with permission from 

American Chemical Society (ACS) of ref. 10] 

 

Catalytically active sites of HT are considered to be the edge of the crystallites because 

interlayer counterions are accessible to the bulk solution only at the edge. Roeffaers et al. 

revealed crystal-face-dependent catalysis of Li-Al layered double hydroxide (LDH) by in situ 

fluorescence microscopy.
11

 By using 5-carboxyfluorescein diacetate as a fluorogenic reactant 

probe, direct observation of reactions (its ester hydrolysis and transesterification) was 

demonstrated. This method can verify real crystal-face active sites of LDH for such 

base-catalyzed reactions by single turnover counting. They found that hydrolysis of ester in 

water proceeds on the edge of the crystallite. On the contrary, transesterification with n-butanol, 

however, occurs on both the crystal surface and edges (less selectivity). 

To elucidate the crystal-face-dependent catalysis of HT for transesterification and hydrolysis, 

Yu and Schmidt used a combination of molecular dynamics (MD) simulations and periodic 

plane-wave density functional theory (DFT).
12

 They proposed that the catalytic activity can be 

explained by the adsorption free energies of the ester. Figure 4 shows representative illustration 

of the interaction of an ester, methyl butyrate with [001] surface and [1 1 0] surface. On the 

[001] surface, surface OH groups of HT perpendicularly interact with carbonyl oxygen C=O of 

the ester. Along the [1 1 0] interface, there is the formation of a strong Lewis acid-base adduct 

involving carbonyl oxygen C=O of the ester and interfacial coordinately unsaturated Mg
2+

 

cations. Adsorption on the edge of the crystalline ([1 1 0] surface) is much more favorable as 

compared to the crystal surface ([001] surface). Therefore the edge of the crystalline is more 

active sites, which is consistent with hydrolysis results by Roeffaers et al..
11

 On the other hand, 

less selectivity for transesterification can be explained by solvent effect. Adsorption free 

energies of ester are also influenced by solvents. Consequently, the reactivity on [001] surface in 

n-butanol (solvent for transesterification) would be greater than in water, resulting in less 

selectivity for transesterification. 
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Figure 4 Representative illustration of the interaction of a model ester, methyl butyrate, with (top) [001] 

surface and (bottom) [1 1 0] surface. The HT is shown as balls-and-sticks, the methanol solvent as lines, 

and the ester as a space-filling model. Consistent with the periodic boundary conditions, a second HT 

interface occurs opposite the one shown here. [Reproduced with permission from American Chemical 

Society (ACS) of ref. 12] 

 

Synthesis 

Titration method, where homogeneously mixed solution of Mg
2+

 and Al
3+

 ions is precipitated by 

an alkali source such as sodium hydroxide and ammonia (or urea), has been widely applied for the 

preparation of HT. It is well known that a pH range between 7 and 10 is preferable for the synthesis 

of Mg-Al HT because the existence of aluminum precipitates (ex. Al(OH)3 and AlOOH) and 

magnesium hydroxide (Mg(OH)2) are obtained as an impurity at lower and higher pH values, 

respectively (Figure 5). Commonly, the pH value at 10 provides a well-crystallized and pure HT 

formation. Following the titration curves of MgCl2/AlCl3 solution during the pH rise with NaOH 

solution, Boclair and co-workers estimated the HT formation process as follows;
13,14

 the trivalent 

metal ions (Al
3+

) are fully converted into aluminum hydroxide or hydrous oxide during increasing 
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the pH value of the mixed aqueous solution in the initial stage, thereafter, further addition of alkali 

(NaOH) precipitates the bivalent ions (Mg
2+

) through the incorporation into aluminum hydrated 

oxide, then the Mg-Al HT is produced. In contrast, when the Mg/Al solution drops into the alkali 

solution, i.e. the pH of mother solution transforms from high to lower value, the formation process of 

Mg-Al HT is estimated as a direct conversion of Al(OH)4
-
 and Mg(OH)2.

15,16
 It was considered that 

the impurity of Mg(OH)2 is hardly formed in the presence of excess Al
3+

 ions even under a high pH 

value because the very stable state of Al(OH)4
-
 and ionic Mg

2+
 are immediately converted to the HT 

form. 

The variable (turn-up or turn-down) pH method makes variation in the initial and end stages of 

HT precipitation process leading to inhomogeneous HT formation. Therefore, the attempt to keep pH 

value constant by alkali titration during addition of Mg/Al solution is examined. Figure 6(a) shows 

an example of morphology of HT prepared by the pH constant titration method. During the titration 

of the mixed aqueous solution (100 ml) of Mg(NO3)2•6H2O (11.6 g) and Al(NO3)3•9H2O (5.80 g) 

into Na2CO3•10H2O (8.58 g) aqueous solution (120 ml) with a peristaltic pump at a speed of 0.6 

ml•min
-1

, the pH was adjusted at 10 with a 1 M NaOH aqueous solution. The obtained suspension 

was aged at 60 
o
C for 2 h, then filtered, washed and dried at 100 

o
C overnight. Approximately 4.4 g 

HT (Mg/Al = 3) was obtained. The assemblies of whisker-like and thin plate-like nanoparticles were 

obtained, which is due to the initial crystal nuclei at the early crystallization stage of hexagonal HT. 

The XRD patterns also supported that the synthesized powder exhibited the HT structure and it had 

poor crystallinity estimated by a wide half-band widths. Thus, the simple titration method with mild 

aging likely fits for the synthesis of small HT particles. However, these basic titration methods have 

a limitation to control the nucleation and growth processes because 1) the drop of basic solution 

produces pH gradients during titration even under vigorous stirring, 2) the nuclei formed at the 

beginning of the titration are exposed to a much longer time for crystal growth process than those 

formed at the end of the titration, that serves a wide size distribution of crystallite and particle sizes. 

To control the nucleation, crystal-growth and aggregation processes during HT formation, Zhao et 

al. released the immediate nucleation process using a colloid mill rotating at 3000 rpm.
17

 Abello and 

Perez-Ramirez investigated an in-line dispersion-precipitation (ILDP) method using a home-made 

microreactor.
18

 The ILDP method is that aqueous solutions of Mg(NO3)2, Al(NO3)3 and 

NaO/Na2CO3 are continuously fed at room temperature into precipitation chamber with stirring at 

very high speed (6,500-24,000 rpm), then the Mg-Al HT slurry is obtained. The average crystallite 

size and the porosity of HT are predictable by changing the residence time and/or stirring speeds in 

the chamber. 
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Figure 5 Domain diagram of Al(OH)3, Mg(OH)2, and Mg-Al-NO3 hydrotalcite. [Reproduced with 

permission from Elsevier of ref. 19] Note that the solubility denoted as “S” in the axis. 

 

Conventionally, the homogeneous nucleation and growth of LDHs are accommodated by using 

hydrolysis of urea which releases ammonia and carbonate ions into the solution and achieves gradual 

and uniform increase of pH in the solution.
20,21

 Figure 6(b) shows an example of the as-synthesized 

HT morphology by urea method. The mixtures of Mg(NO3)2•6H2O (9.7 g) and Al(NO3)3•9H2O (4.8 

g) in deionized water (1000 ml) were precipitated by the urea (30 g) hydrolysis method at 92 
o
C for 

24 h with vigorous stirring. The obtained suspension was filtered, washed and dried at 100 
o
C 

overnight. Approximately 2.6 g HT (Mg/Al = 3) was obtained. As shown in the Figure 6(b), 

well-crystallized and typical hexagonal-structured HTs were obtained by the urea method. The XRD 

patterns also supported that the synthesized powder exhibited the HT structure with good 

crystallinity. The nucleation and growth process can be controlled by the urea concentration and 

hydrolysis temperature. However, a disadvantage of the urea hydrolysis method is that the slow 

hydrolysis of urea leads slow nucleation and a low degree of supersaturation during precipitation 

resulting in the large size HT particles.
22
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200 nm 2.0 mm

(a) (b)

 

Figure 6 TEM images of the as-synthesized hydrotalcite (Mg/Al = 3) by (a) co-precipitation and (b) 

urea hydrolysis method. 

 

Zhang et al. proposed a detailed formation mechanism of Mg-Al HT with careful investigations 

using Mg(NO3)2 and Al(NO3)3 by urea precipitation method as shown in Figure 7.
23

 The first stage 

corresponds to the formation of amorphous aluminum hydroxide in the presence of excess Al
3+

 ions 

(step 1). Simultaneously, an in situ phase transformation from amorphous aluminum to lamellar 

boehmite occurs, forming alveolate-like agglomerates of boehmite particles (step 2). In this stage, 

anionic ions (NO3
-
) and Mg

2+
 are adsorbed onto the surface. Thereafter, the surface-adsorbed Mg

2+
 

ions substitute Al
3+

 of the AlO6 octahedra in the crystallites of oxide-hydroxide aluminum boehmite 

-AlOOH, it leads the charge imbalance of the sheets and destruction of the interlamellar hydrogen 

bonds in boehmite lamellar, then, the intercalation of CO3
2-

 into the interlayer begins for balancing 

the charges between sheets (step 3). Subsequently, the crystallization and growth of HT crystallites 

occur from the exterior to the interior of the aggregates (step 4). Finally, the integrated HT hexagonal 

plates are formed (step 5). These proposed mechanisms agree well with previous observations in the 

co-precipitation method (vide supra). Following these reports, the combined use of the 

co-precipitation and urea hydrolysis methods for nucleation and growth controls, respectively, seems 

to be one of the effective approaches of the fine HT particles synthesis. 

Notably, to obtain uniform HTs, a combination of a faster nucleation by NaOH and a uniform 

growth in hydrothermal condition was attempted by Xu et al..
24

 The large hexagonal plate HT was 

produced by a continuous crystal growth of the nuclei precipitated by NaOH following the Ostwald 

ripening process with aging treatment under high temperature. The synthesized HT possessed 

controllable particle sizes in 50-300 nm with the aspect ratio about 5-10 by changing temperature 

and time. Interestingly, Wang et al. focused the important relationship between the synthesis pH and 

the isoelectric point (IEP) of HTs during the HT synthesis with co-precipitation of Al(NO3)3 and 

Mg(NO3)2 at constant pH follows to the hydrothermal treatment.
25

 They observed that the “rosette” 
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types of HT particles were formed at pH 10 whereas the Mg-Al HT nanoparticle aggregates were 

produced at pH 11-14. Note that the IEP of HT is around 10. In the pH = 10 condition, the formation 

of the primary particles is fast but the growth is slow because the surface of HT is electrically neutral. 

Consequently, the HT crystal growth is preferred along the (001) plane, resulting in the “rosette” HT. 

The (001) plane has the lowest surface charge density and thus it is stable under the synthesis 

condition. On the other hand, in the pH = 11-14 condition, the surface of HT was more negatively 

charged resulting in the precipitation of Mg(OH)2 and its conversion to HT became faster while the 

interaction between HT and anioic ions represented as Al(OH)4
-
, NO3

-
, CO3

2-
 and/or OH

-
 was 

strongly prohibited. Thus, the HT nanoparticle aggregates were produced. Briefly, the aspect ratio of 

HT plates decreased with increase of alkali concentration. These results support that the alkali 

concentration affects not only nucleation but also growth processes in the HT formation.  

 

 

 

Figure 7 Schematic illustration of a proposed crystal evolution process of Mg-Al hydrotalcite. 

[Reproduced with permission from American Chemical Society (ACS) of ref. 23] 

 

As mentioned above, the active sites for base-catalyzed reactions are mainly attributed to the 

edge of the crystallite. This motivates researchers to synthesize HT particles with very small 

sizes. Fabrication of such nano-sized HT has been achieved by confinement within restricted 

spaces. Winter et al. synthesized HT platelets in the pore of carbon nanofibers (HT/CNF) 

(Figure 8).
26

 Li et al. fabricated HT platelets within silica mesopores (SBA-HT).
27

 The lateral 

sizes of HT are 20 nm and less than 9 nm for HT/CNF and SBA-HT, respectively, much smaller 

than 60-70 nm which is typical sizes prepared by conventional precipitation method. These HT 

nanocrystallites possess a large amount of base sites. Amounts of CO2 adsorption are 0.75 

mmol•g
-1

 and 1.21 mmol•g
-1

 for HT/CNF and SBA-HT, respectively, resulting in the high 

catalytic activity for base-catalyzed reaction, aldol condensation of acetone at 0 
o
C. 
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Figure 8 TEM image of hydrotalcite/carbon nanofiber (HT/CNF). [Reproduced with permission from 

The Royal Society of Chemistry (RCS) of ref. 26] 

 

In some cases, mass-transport limitation should be considered particularly for reactions using 

bulky reactants. Geraud et al. synthesized the 3D macroscopically ordered HT prepared by a 

co-precipitation method with polystyrene (820 nm sphere type) template.
28

 They obtained a high 

surface area (202 m
2
•g

-1
) derived from their dual (macro- and meso-) porosities after calcination 

treatment at 400 
o
C. With intercalation of decatungstate anion (W10O32

-
) into an open macroporous 

framework of the HT structure, a good photocatalytic performance for the photodegradation of 

2,6-dimethylphenol was observed because the accessibility of UV-light to intercalated decatungstate 

and the reactant diffusion were drastically increased in the ordered macroporous HT.
29

 Biodiesel 

production using porous HT is one of typical examples for consideration of mass-transport limitation 

because the reaction is transesterification of long-chain triglycerides with methanol. Woodford et al. 

synthesized macroporous Mg-Al hydrotalcite (MacroHT) catalyst by using monodispersed 

polystyrene bead (ca. 350 nm) as template (Figure 9).
30

 Owing to the presence of macropores, the 

MacroHT exhibited much higher turnover frequencies (TOFs) for transesterification of long-chain 

triglycerides (C12 and C18) than conventional HT. 

 

 

Figure 9 SEM images of (a) conventional hydrotalcite and (b) macroporous hydrotalcite, and (c) TEM 

image of macroporous hydrotalcite highlighting macropores and thin hydrotalcite walls. [Reproduced 

with permission from The Royal Society of Chemistry (RCS) of ref. 30] 
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As advanced HTs, two-dimensional LDH nanosheet materials have been widely investigated in 

recent years because they exhibited unusual physical properties such as a quantum size effect 

associated to their ultra-thin structure and became building blocks for unique hybrid materials.
31

 

Because carbonate ion, the most typical HT builder, has exceptionally high affinity to HTs 

comparing with other anions, deintercalation of carbonate in HTs with another anions is 

required before delamination process; the preference of HTs for different anions is reported in the 

order of CO3
2-

 > SO4
2-

 > OH
-
 > F

-
 > Cl

-
 > Br

-
 > NO3

-
 > I

-
.
32

 In order to displace carbonate ions into 

other anions (typically, nitrate or chloride ions) without damaging the HT host plate, decarbonation 

treatment using a large excess of salts and a much diluted acid was found to be an effective 

process.
33

 After decarbonation, the reaction of formamide on the HT leads to exfoliation of the HT 

host plates under soaking for a few days with stirring.
34

 Under ultrasonic treatment, the penetration 

of formamide was accelerated, leading earlier exfoliation. Delamination mechanism of LDH by 

formamide was described as two-stages; rapid swelling and subsequent slow exfoliation.
35

 In general, 

these delamination processes are applied to the well-crystallized and micron-sized LDH platelets 

(typically hexagonal shape) prepared by a hydrothermal process and/or urea method, to afford 

submicron-sized HT nanosheets. Nano-sized HT nanosheets are feasible by delamination of 

submicron-sized HT crystallites prepared with a conventional co-precipitaion method, however their 

stabilities and applications seem to be limited. The exfoliated HT has been applied for the synthesis 

of advanced materials such as a magnetic HT nanocomposite,
36

 a hollow nanoshell of HT
37

 and an 

ultrathin HT film.
38

 

Microwave irradiation treatment (MWIT) has been employed to accelerate the rate of nucleation 

and growth of HT crystals.
39,40

 MWIT affects the textual properties of HTs such as specific surface 

area, narrow particle size distribution, improved thermal stability and well-ordered crystal structure. 

The effect of MWIT is dependent on various factors including the nature of cations and anions in the 

HTs, metal ratios (Mg/Al), the synthesis method and the activation conditions.
41,42

 In some cases, 

increase of porosity has been observed by MWIT, which is related to be a loss of aluminum from the 

layer structure (dealumination) due to the local overheating.
43 

MWIT also affects the acid-base properties of HTs. Tichit et al. focused on not only structural but 

also acid-base properties of the HTs obtained by MWIT.
44

 MWIT was used for co-precipitated gel 

followed by calcination. Interestingly, the adsorption microcalorimetry using CO2 and FTIR 

spectroscopy using CH3CN indicated that the Mg-Al mixed oxides obtained by calcination of the HT 

with MWIT showed higher amounts of acidic and basic sites than that without MWIT. They 

concluded that the MWIT probably induces higher amounts of surface defect sites. It was also 

reported that MWIT during HT synthesis through both co-precipitation step and aging step resulted 

in increase of the amount of defect sites in the calcined HTs (i.e. Mg-Al mixed oxides).
45

 In addition, 
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MWIT was effective for synthesis of HTs with unique morphology such as onion-like
46

 and 

donut-shaped
47

 structures. 

Magnetic HT has attracted attention in this decade because it can be used as reservoirs for drugs 

and biomolecules
48

 and magnetically separable base catalysts or supports. The HT synthesis by 

co-precipitation method in the presence of magnetic particles such as CoFe2O4 and MgFe2O4 spinels 

was proposed as a one process for preparing the magnetic HTs.
49,50

 By using the monodispersed 

magnetic Fe3O4 nanoparticles (ca. 20 nm) as nanomagnets, Nishimura et al. synthesized 

magnetically separable HT catalysts which have good property for easy handling.
51

 The 

magnetizations of the prepared magnetic HTs were controlled in the range of between 0.20 and 2.0 

emu•g
-1

 measured at 300 K by changing the concentration of Fe (0.28-2.99 wt%). Notably, the 

synthesis of a core-shell type of magnetic HT composite has been announced by some groups in 

recent years. By the selective deposition and formation of HT onto the Fe3O4 submicro-spheres (220 

or 450 nm) surface, Zhang and co-workers obtained the monodispersed and well-coated Fe3O4@HT 

and Au/(Fe3O4@HT) particles with diameters of 250-260 nm and 100-200 nm, respectively.
52,53

 

They also attempted to adsorb the anticancer agent doxifluridine (DFUR) as a model drug onto the 

Fe3O4@HT. These demonstrations indicated that the core-shell magnetic HTs were capable for both 

reservoir of the anticancer agent and support for metal catalyst. Some of the authors also reported the 

(Fe3O4@SiO2)@Ni-Al HT microspheres via the precipitation of Ni(NO3)2 solution into the 

(Fe3O4@SiO2)@AlOOH microsphere.
54

 This achievement supported the proposed formation 

mechanism of HT-like materials via AlOOH phase as mentioned above. On the other hand, Liang et 

al. fabricated fine core-shell type of magnetic HT nanocomposite, silica-coated Fe3O4 (ca. 400 nm) 

encapsulated Mg-Al HT nanosheets, using the HT nanosheet as the shell construction agent.
36

 These 

achievements inspired us to attempt the creation of another types of magnetic HT composite with 

combinations of the Fe3O4 nanomagnet (ca. 20 nm)
51

 and the exfoliation tendency of HT in 

formamide solution.
33,34

 Firstly, HTs possessing a large flat plane were prepared by urea method. The 

mixtures of Mg(NO3)2•6H2O (5.4 g) and Al(NO3)3•9H2O (1.6 g) in deionized water (1000 ml) were 

stirred with urea (15 g) at 92 
o
C for 24 h. The obtained suspension was filtered, washed and dried at 

100 
o
C overnight. Approximately 0.85 g HT (Mg/Al = 5) was obtained. Interestingly, the synthesized 

HT exhibited the circle-like morphology as shown in Figure 10(a). It was found that the alkali 

concentration leads to size increase from nanosheets, nanoparticles to disk-like crystals; i.e. alkali 

concentration changes the aspect ratio of HT,
55,56

 which implies that the alkali affects not only 

nucleation but also growth and aggregation processes. Though the detailed formation mechanism 

remains unclear, we supposed that the low concentration of urea prevented the growth of HT nuclei 

to the hexagonal structure, resulting in the circle-like morphology as shown in Figure 10(a). 

As-prepared HT (0.6 g) and formamide (50 ml) were stirred for 3 h, then the dispersion of 

tetramethylammonium hydroxide (TMAOH) capped Fe3O4 nanoparticles (10 ml)
51

 was added and 
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further stirred for 3 days at room temperature. The obtained suspension was aged at 333 K for 2.5 h 

in the presence of a 1 M NaOH/Na2CO3 (= 2/1) aqueous solution (10 ml), then filtered, washed and 

dried at 100 
o
C overnight. Figure 10(b) shows TEM images of the as-synthesized nanosheet-like 

magnetic HT. It was confirmed that there were highly dispersed Fe3O4 nanoparticles on the 

sheet-like HT surface (Figure 10(c)). The synthesized nanosheet-like magnetic HT was easily 

separated from solution by a magnetic field (NdFeB magnet of ca. 460 mT).
57 

 

(a) (b) (c)

4 mm 1 mm 100 nm
 

Figure 10 TEM images of the as-synthesized hydrotalcite (Mg/Al = 5), (a) after urea synthesis and 

(b,c) after adsorption of Fe3O4 nanomagnets in different magnifications. 

 

Creation of the large-scale uniform HT films has been gradually attracted in the area of sensor and 

electrode materials. Basically, preparations of film type of HTs were attempted by 

Langmuir-Blodgett deposition method (LB method)
58,59

 and spin coat technology.
60

 Synthesis of HT 

films onto the substrate under hydrothermal condition is one of the effective approaches for 

controlling the orientation of the HT film. Chen et al. obtained the oriented HT film under 

hydrothermal condition.
55

 Direct synthesis on porous anodic alumina/aluminum substrate following 

a growth process under a hydrothermal treatment was proposed by Duan et al. for HTs such as Ni-Al 

HT and Zn-Al HT.
61,62

 These processes allowed the control of thickness and pore size or wetting 

properties of HT-like films. To build the layer-by-layer assembly and selective layer expansion, Lee 

et al. used the carboxyalkylphosphonic acids as a graft agent between HT prepared by 

co-precipitation and hydrothermal treatment method and the surface of Si substrates.
63

 The authors 

also created a new polymer-HT hybrid film using a surface selective deposition of poly(methyl 

methacrylate) (PMMA) by UV-induced polymerization without using any additional linker.
64

 The 

PMMA/HT hybrid film showed an excellent UV blocking effect for wavelength below 350 nm. 

Duan et al. created ultrathin films by stacking exfoliated HT monolayers with -conjugated 

polymers, ex. a sulfonated poly(p-phenylene). The fabricated inorganic/organic hybrid HT films had 

a long fluorescence lifetime and a high photostability for UV irradiation.
38,65

 

As mentioned above, synthesis processes and applications of HT materials are favored in many 

advanced areas. The HT-like materials still have a lot of possibilities to open up new platform of 
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other chemical interfaces. Some of recent interesting achievements are introduced in the following 

sections. 

 

3. Base-catalyzed Reactions by Hydrotalcites 

The HT is a unique solid which can be stored in air atmosphere and exhibits basic character 

without any pretreatment. The base sites of the HT are originated from HCO3
-
 species on the 

hydrophilic HT surface. The anions in the interlayer space cannot participate in the reaction because 

of the limited space of the HT interlayer. The surface basic property can be tuned by varying Mg/Al 

ratio or anionic species in the interlayer space.
3
 For example, exchange the NO3

-
 ions into O-t-Bu 

anion produced an efficient base catalyst for aldol condensation of aldehydes with acetone.
66

 

Hydrophilic nature of the basic HT catalyst enables the epoxidation of ,-unsaturated ketones using 

H2O2 as a oxidizing reagent without organic solvent.
67

 The importance of basicity of HT has been 

reported for the epoxidation of olefins using H2O2 and amide compounds
68,69

 as well as the 

Baeyer-Villiger oxidation.
70

 The catalysis of HTs for C-C bond formation such as aldol condensation 

and oxidation including Baeyer-Villiger reaction has been reviewed.
7
 This part focuses on recent 

literatures for base catalysis of the HT materials, especially for transesterification, isomerization of 

glucose and the Knoevenagel condensation. 

Transesterification of vegetable oils or animal fats with methanol is the conventional method for 

biodiesel fuel (BDF) production and which can be facilitated by both Brønsted acid and base 

catalysts. Transesterification of triglyceride with methanol over the Mg-rich uncalcined HT
71

 and 

reconstructed HT
72,73

 indicated good activities owing to their high basicities. Ca-containing solid 

base catalysts such as KF/Ca-Mg-Al HT and Ca/Al or Ca/Mg mixed oxide produced via calcination 

of LDHs were also applied for the transesterification of vegetable oil and methanol,
74-77

 however, it 

is afraid that calcium diglyceroxides could be formed by the interaction between Ca
2+

 ion and 

glycerol, which will be main soluble species.
78-80

 Meyer et al. investigated the influence of interlayer 

anion in HT precursors on the catalytic activity for transesterification over mixed oxides derived 

from HT by calcination at 450 
o
C.

81
 By comparing with various aliphatic terminal dicarboxylate 

interlayer anions, it was confirmed that the pore size distributions of the derived mixed oxide were 

influenced by the nature of the interlayer anions in HT, and the higher activity of mixed oxides was 

attributed mainly to wider pores, enabling better accessibility for bulky triglyceride molecules. 

Recently, it was reported that uncalcined macroporous HT also achieved improvement of the 

diffusion of bulky triglycerides and accessibility of active sites within the hierarchical 

macroporore-micropore architecture.
30

 Consequently, not only the amount of basicity but also the 

accessibility were important factors for transesterification over HT derived catalysts. 

Chemical reactions for utilization of huge amount of glycerol originated from BDF synthesis have 

been investigated. Synthesis of cyclic carbonate by the base catalyzed proton elimination from 

glycerol is one of the key reactions. Glycerol-derived glycerol carbonate (GC) is widely used as 
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protic solvent and intermediate of polycarbonates and polyesters. Takagaki et al. reported that 

uncalcined HT involving hydromagnesite (HM), Mg5(CO3)4(OH)2•4H2O, showed a significant 

activity for the transesterifications of glycols with dialkyl carbonate affording to GC in a batch 

reactor with and without organic solvent.
82

 The synthesized HT-HM catalyst is reusable for above 

3rd runs. They proposed that the coexistence of HM enhanced the catalytic activity of the HT since it 

increased both surface area and the number of adsorption sites of substrates on the catalyst surface.
83

 

For modifying the type of basic centre on the HT, Alvarez et al. performed a rehydration of the 

calcined HT catalyst applying the memory effect origin and obtained an active catalyst for 

transesterification of glycerol in a bach and flow reactors.
84-86

 Urea and ethylene carbonate (EC) are 

also investigated carbon source for GC synthesis from glycerol. Climent et al. reported that the 

well-balanced acid-base catalyst, Al/Zn mixed oxide prepared by calcination of Al-Zn HT-like 

compounds, produced an enhancement of the synthesis of GC in the presence of urea.
87

 They also 

found that HT and Li-substituted HT, [Al2Li(OH)6]2CO3•mH2O, catalysts gave a high yield of GC 

with a high selectivity from the reaction of EC with glycerol. These catalysts kept good activities in 

3rd cycle in DMF solvent. For the synthesis of glycerol carbonate, increasing the base strength 

induces a high conversion of glycerol with a very low selectivity for GC. Therefore, it is important to 

control the number of base sites to enhance the catalysis by co-existent acid site. 

Isomerization of glucose, obtained by the depolymerization of cellulose, into fructose is a key 

reaction to utilize inedible biomass-derived compounds. Solid Lewis acid catalyst is known to 

promote this isomerization.
88

 The Mg-Al HT was also found to show a high activity for the skeletal 

isomerization of glucose to fructose in water
89

 or DMF solvent.
90,91

 The above unique base catalysis 

of the HT materials for the sugar isomerization could be further applied for the one-pot synthesis 

combined with solid acid catalyst (vide infra). 

The memory effect of the HT has been already introduced in Part 2 in this review. This memory 

effect is utilized for an exchange of CO3
2-

 (in the interlayer) and HCO3
-
 species (on the surface) with 

OH
-
 anions. After calcination of the HT under Ar flow at 450 

o
C, hydration was performed at room 

temperature under an Ar flow in water to reconstruct the original layered structure (reconstructed 

HT). The reconstructed HT possesses base sites associated with OH
-
 anions and shows excellent 

catalytic activity for the Knoevenagel condensation of various aldehydes with nitriles in the presence 

of water as well as aqueous Michael reaction of nitriles with ,-unsatutrated compounds.
92

 It 

should be noted that the original HT with CO3
2-

 and HCO3
-
 species did not show any catalytic 

activity for the above reactions.
93

  

As a further example of organic reaction catalyzed by HT, Lemos and Lourenço reported 

syntheses of dihydro-1,2-oxazines, tetrahydropyridazines, and isoxazolines by [4+2] and [3+2] 

cycloadditions of heterocycles with olefins using HT in the absence of organic solvent.
94
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4. Hydrotalcite as Support for Metal Catalysts 

When immobilized metal species on solid supports are used as catalysts in liquid-phase, a 

possibility of leaching of active metal species into the solution is always apprehended. Leaching 

of active metal species and stability of active species can be checked by confirming the 

reusability of the catalyst, reaction progress after hot-filtration of the catalyst, and ICP analysis 

of metal species in the reaction mixture after a catalyst removal. Stability of the oxidation states, 

morphology, particle size of active metal species can be evaluated by XAFS, TEM, and XRD 

analyses of used catalyst (vide infra). 

As mentioned in the previous section, various metal species can be immobilized either on the 

surface of the HT (adsorption ability), or in the Brucite layer (cation exchange ability) or within the 

interlayer space (anion exchange ability) to form HT-supported metal catalysts (Figure 11). Type (a) 

catalyst can be prepared by immobilization using metal salts (or metal clusters) solution with HT via 

adsorption. Type (b) catalyst can be obtained by addition of metal compounds to Mg
2+

 and 

Al
3+

-containing solution during synthesis of HT. Together with Mg
2+

 and Al
3+

, metal cations are 

incorporated in the Brucite layer. Type (c) catalyst can be made by anion-exchange reaction of metal 

anions with anions within the interlayer spaces such as carbonates. 

 

Figure 11 Immobilization of metal species (M) on the surface (a), in the Brucite layer (b) and within the 

interlayer space (c) of the hydrotalcite.  

 

The most important character of the HT as metal support is its surface basicity which promotes the 

abstraction of protons from organic molecules especially from alcohols even after metal 

immobilization. This abstraction step is considered as the initial step for the dehydrogenation of 

alcohols to form metal-alcoholate intermediates, which undergoes -hydride elimination to afford 

the corresponding carbonyl compounds. This section is divided into subsections according to the 

metal element and mainly focuses on the dehydrogenative oxidation of alcohols and deoxygenation 

of epoxides mediated by metal species on the HT. The regulation of an interaction between metal 

species using the HT crystals is also introduced. 
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The Mg and Al cations in the Brucite layer can be replaced by ruthenium cations to form the 

Mg-Al-Ru-CO3 HT catalyst for the oxidation of allylic and benzylic alcohols into the corresponding 

carbonyl compounds at 60 
o
C in toluene solvent (Scheme 1).

95 

 

Scheme 1 Oxidative dehydrogenation of alcohols using molecular oxygen 

 

The alcohol oxidation proceeds via proton abstraction of alcohol to form Ru-alcoholate 

intermediates, which undergo -hydride elimination to afford the carbonyl compound and Ru-H 

species. The oxidation of the Ru-H species by molecular oxygen and subsequent ligand exchange 

with another alcohol completes the catalytic cycle. Therefore, when the reaction of alcohol is 

performed in the absence of oxygen, the carbonyl compound is formed and the Ru-H species 

remains. It was found that the Ru-H species are able to hydrogenate olefinic bond as follows. When 

the primary alcohols were reacted with nitriles in the absence of oxygen using the 

hydrotalcite-grafted Ru species (Ru/HT), -alkylated nitriles were formed (Scheme 2).
96,97

 First, the 

primary alcohols are oxidized into the aldehydes to afford the Ru-H species. The surface base sites 

of the HT catalyze the aldol condensation of nitriles with aldehydes to afford ,-unsaturated nitriles, 

followed by the hydrogenation with the Ru-H species to give -alkylated nitriles. The primary 

alcohols also acted as a solvent. The reaction in the presence of oxygen did not give the -alkylated 

nitriles. 

 

 

Scheme 2 -Alkylation of nitriles with primary alcohols 

 

As discussed later, the efficiency of the Ru cation species on the HT surface is higher than that of 

those in the Brucite layer. The fine structure of the Ru species on the HT was analyzed by Ru K-edge 

X-ray-absorption fine-structure spectroscopy (XAFS) technique. The X-ray absorption near-edge 

structure (XANES) spectrum of the Ru/HT was similar to that of Ru
IV

O2 but differed from that of 

Ru
III

(acac)3, implying that the Ru species is in the +4 oxidation state. The extended X-ray absorption 

fine structure (EXAFS) analysis suggested a monomeric Ru(IV) species having one hydroxyl and 

two water ligands grafted on a triad of oxygen atoms on the HT surface.
96,97

  

The catalytic feature of the Ru species associated with the HT in the alcohol oxidation is high 

selectivity toward aldehyde. The Ru/HT scarcely catalyzes the aldehyde oxidation into the 
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corresponding carboxylic acids. Furthermore, the Ru/HT does not show the catalytic activity in 

water solvent. The Ru/HT has been applied to the selective oxidation of 5-hydroxylmethylfurfural 

(HMF) into 2,5-diformylfuran (DFF) selectively in N,N-dimethylformamide (DMF) solvent (vide 

infra)
98

 and selective hydrogenation of aldohexoses into sugar alcohols in the presence of both H2 

and isopropanol in water.
99

 

The methodology for functionalization of the Ru species by other metals will be introduced later.  

 

Palladium 

The HT-grafted Pd(II) species (Pd/HT) efficiently catalyzes the aerobic oxidation in toluene 

solvent of primary and secondary alcohols into the corresponding carbonyl compounds with the aid 

of pyridine at 60 
o
C.

100
 Allylic alcohols were also oxidized without any isomerization of an olefinic 

part. The HT-grafted Pd nanoparticles (Pdnano/HT), with a mean diameter of ca. 7 nm, promote 

consecutive aldol reaction/hydrogenation to afford -alkylated nitriles from nitriles and aldehydes in 

toluene solvent.
101

 The basic sites of the HT promote aldol reaction of nitriles with aldehydes to 

afford unsaturated nitriles, followed by the Pd-catalyzed hydrogenation to give -alkylated nitriles in 

the presence of H2. 

 

Silver 

Ag nanoparticles with 3.3 nm mean diameter immobilized on the HT surface (Agnano/HT) 

efficiently catalyze the dehydrogenation of alcohols under oxygen-free conditions at 130 
o
C to afford 

the corresponding carbonyl compounds with coproduction of equivalent molar amounts of H2 in 

p-xylene solvent.
102

 High chemoselectivity of the Agnano/HT catalyst toward dehydrogenation was 

compared in the reaction of cynnamyl alcohol under Ar atmosphere with Ru/HT and Pdnano/HT 

catalysts. For the Ru/HT and Pdnano/HT catalysts, the hydrogen transfer and isomerization occured, 

whereas the Agnano/HT catalyst exclusively gave cinnamaldehyde.  

 

Gold 

  Recently, much attention has been paid to the development of Au nanoparticle catalysts due to 

their size-dependent behaviors.
103,104

 The HT-grafted Au nanoparticles (Aunano/HT) with a mean 

diameter of 2.7 nm are found to be reusable as heterogeneous catalysts for synthesis of lactones from 

diols using molecular oxygen as an oxidant with a high turnover number (TON) of 1,400 in toluene 

solvent.
105

 The Au nanoparticles are generally prepared by deposition of Au chloride in water, 

followed by the addition of NH3 (aq.) and by reduction using KBH4.  

The Aunano/HT also catalyzes the deoxygenation of epoxides into the corresponding olefins under 

Ar atmosphere in the presence of 10 equiv. of 2-propanol in toluene solvent (Scheme 3).
106

 The Au 

nanoparticles and basic sites of the HT surface cooperatively work for the above deoxygenation of 
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the epoxides. The proton species on the HT surface (from the alcohol) opens the epoxide, and 

subsequent attack of the Au-H species and dehydration of the surface intermediates provides the 

olefins.  

 

 

Scheme 3 Deoxygenation of epoxides 

 

Deoxygenation of epoxides into olefins is also possible using Aunano/HT catalysts under H2 

atmosphere in toluene solvent.
107

 High selectivity toward olefins can be rationalized by the lack of 

olefin hydrogenation ability of the Aunano/HT catalyst even in the presence of H2. It was also shown 

that the epoxide deoxygenation is dependent on the size of the Au particles. Small Au nanoparticles 

of less than 3 nm are essential for the deoxygenation. The concerted effect of Au nanoparticles and 

basic sites of the HT surface has been proposed. The cooperative action between Au nanoparticles 

and base sites of the HT surface is also suggested to promote chemoselective hydrogenolysis of 

allylic carbonates to the terminal olefins using an H2 as a reductant in toluene solvent (Scheme 4).
108

 

The isotope experiment using D2 instead of H2 suggests that the Aunano/HT-catalyzed hydrogenolysis 

may mainly proceed via -allyl intermediate generated from an allylic carbonate.  

 

 

Scheme 4 Chemoselective hydrogeneolysis of allylic carbonates 

 

The Au nanoparticles on the HT surface also promote the oxidant-free dehydrogenation of 

alcohols in p-xylene solvent.
109

 It was shown that the catalytic activity of the Aunano/HT strongly 

depends on Au content, the small Au particles are more active than large particles. The HT-supported 

Au-nanoparticle (3.2 nm in average size) catalyze highly efficient base-free oxidation of 

5-hydroxymethylfurfural (HMF) into 2,5-furandicarboxylic acid (FDCA) under atmospheric oxygen 

pressure in water solvent.
110

 The Aunano/HT catalyst could be reused at least three times without 

significant loss of activity. Stability of Au oxidation state, morphology, and particle size was 

evidenced by XAFS and TEM measurements of the sample after the reaction. After the catalyst 

removal, no change of product yield was observed. Furthermore, ICP analysis of the filtrate solution 

gave no gold species. These results indicate that gold species were stable during the reaction and 

were not leached from the HT support. 

Importance of the calcination temperature for the synthesis of Au
0
 species on the HT surface was 
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investigated for glycerol oxidation. The Au
3+

 precursor expected as a 

{[Au(NH3)2(H2O)2-x(OH)x]
(3-x)

}
+
 cationic complex showed a gradual reduction to Au metal by 

increasing the calcination temperature because it was a thermodynamically favorable reaction. The 

Au
0
 nanoparticle in the Aunano/HT generated by calcination at 100 

o
C mainly afforded glycolic acid 

by a C-C bond cleavage of tartronic acid in the oxidation of glycerol in water solvent under an O2 

atmosphere (Scheme 5).
111

 Calcination above 100 
o
C provided a low active Aunano/HT catalyst owing 

to the aggregation of Au
0
 particles. Zhang et al. recently reported the preferential deposition of Au 

nanoparticles with 2-3 nm diameter on the lateral {10 1 0} faces of the LDH large hexagonal 

crystals.
112

 These Au nanoparticles are proposed to be responsible for the epoxidation of styrene to 

styrene oxide using tert-butyl hydroperoxide as an oxidant in benzene solvent. 

 

 

 

Scheme 5 Oxidation pathway of glycerol  

 

Platinum 

HT-supported Pt nanoparticles (Ptnano/HT) with mean diameter of 2.5 nm were highly active and 

selective reusable heterogeneous catalysts for base-free glycerol oxidation in pure water under an 

atmospheric O2 pressure in a high glycerol/metal molar ratio up to 3125.
113

 High selectivity toward 

glyceric acid (GA: 78%) was achieved even at room temperature under air atmosphere (Scheme 5). 

The activity of the Ptnano/HT was greatly influenced by the HT Mg/Al ratio; glycerol conversion 

increased with increasing the HT Mg/Al ratio (from trace to 56%). The selectivity toward GA 

reached 70% when using the Ptnano/HT with Mg/Al ratio of 5 and 6. The Ptnano/HT was prepared by 

stirring the HT in aqueous solution of chloroplatinic acid hexahydrate (H2PtCl6•6H2O), followed by 

the reduction by aqueous formaldehyde at 100 
o
C. However, the Pt species was not completely 

reduced to zero valence state. The concentration of Pt
0
 in the Pt nanoparticles is calculated by Pt 

LIII-edge XANES spectra. It was revealed that the glycerol conversion is proportional to the Pt
0
 

concentration, and more than 35% of Pt
0
 was necessary for the selective oxidation.  

Pt nanoparticles were prepared using soluble starch as a reducing and a stabilizing agent 

(Pt-starchnano) and immobilized on the HT surface.
114

 The Pt mean particle size and the Pt
0
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concentration can be controlled by reduction time (size: 0.9-2.1 nm, Pt
0
 concentration; 50-64%). The 

Pt-starchnano/HT catalysts were applied for the oxidation of glycerol in water using an O2. Pt particle 

size and the Pt
0
 concentration are proposed to be important factors in both glycerol conversion and 

GA yield in the glycerol oxidation. The Pt-starchnano/HT was easily separated from the reaction 

mixture and recyclable for 3 times. When the Pt-starchnano/HT was removed from the reaction 

mixture, no further oxidation proceeded. 

 

Other metals (Cu, Mn, V, Ni, W, Rh) 

The Cu
0
 nanoparticles with 7.5 nm mean diameter grafted on the HT surface (Cunano/HT) promote 

oxidant-free dehydrogenation of alcohols in p-xylene solvent.
115

 High-valent Mn species (average 

oxidation state; 6) can be created on the HT surface by the oxidation of Mn (average oxidation state; 

3.1) using aqueous KOH solution at 40 
o
C.

116
 Smooth and reversible interconversion between low 

and high valence Mn cationic species enables the oxidation of benzylic alcohols to the corresponding 

carbonyl compounds using molecular oxygen at 100 
o
C in toluene solvent. This Mn-catalyzed 

alcohol oxidation may involve the radical pathway. 

Choudary et al. found that the Ni
II
 species in the Brucite layer were active sites for the aerobic 

oxidation of benzylic and allylic alcohols in toluene solvent.
117

 The WO4
2- 

species in the interlayer 

space promote the oxidation of substituted phenols with H2O2 to the corresponding p-quinol and 

p-quinol ethers with the aid of NH4Br in a mixed solvent of EtOAc, MeOH, and water.
118

 The 

reaction of the WO4
2-

 with H2O2 gives the W(O2)nO4-n
2-

 as an active specie. 

A monomeric tetrahedral V
V
 oxide species can be created on the HT surface, which efficiently 

catalyzes dehydration of amides to nitriles in mesitylene solvent.
119

 A monomeric Rh
III

 species 

grafted on the HT surface is found to promote heterogeneous 1,4-addition reaction of arylboronic 

acids to electron deficient olefins in 1,4-dioxane solvent.
120

 

The fine Ni and Cu nanoparticles can be formed on HT-derived materials. Ninano/Mg-Al mixed 

oxides,
121,122

 Cunano/ZnO/Al2O3
123,124

 and Cunano/Al2O3
125,126

 were prepared by calcination and 

reduction of Ni-containing HTs, co-precipitated Cu-Zn-Al HT and co-precipitated Cu-Al HT, 

respectively.  These catalysts functioned as highly active and/or durable catalysts for methane 

steam reforming and CO shift reactions to produce hydrogen applicable for residential 

proton-exchange membrane fuel cell (PEMFC). 

 

Metal-Metal Interactions  

  The catalytic activity of the HT-supported metals can be tuned by interactions between other metal 

species. The interaction between two metal species is strongly dependent on the location of the 

second metal.  

Within the Brucite layer, Ru and Co cations can interact each other to enhance the oxidation 
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Table 1 Aerobic oxidation of benzyl alcohol catalyzed by Ru-containing

hydrotalcite catalysts.a

entry catalyst

1

2

3

4

5

RuMn2/Mg-Al-CO3

Ru/Mg-Mn-Al-CO3

Ru/Mg-Al-CO3

Mg-Al-Ru-CO3

Mn2/Mg-Al-CO3

100

100

60

13

0

conv.(%) Mn/Ru ratio

99

99

52

10

0

a Reaction conditions: benzyl alcohol (1 mmol), catalyst (Ru: 3 mol%),
toluene (5 mL), O2 atmosphere, 60 oC, 1h. b Yield of benzaldehyde.

CH2OH
O2, catalyst

toluene, 60 oC, 1 h

CHO

+ H2O

yield (%)b

2

17

-

-

-

ability of the Ru cation sites (type (b), Figure 11).
127

 It not only dehydrogenated various alcohols 

into the corresponding carbonyl compounds in toluene solvent but also oxygenated the benzylic 

positions of aromatic compounds, i.e. xanthene and fluorene, to give the corresponding ketones 

using atmospheric pressure of molecular oxygen even at 70 
o
C in chlorobenzene solvent. The Cu 

cation species in the Brucite layer can also work together with the surface Pd species to promote the 

reduction of nitrates in water solvent by H2 at 20 
o
C.

128
 

The interaction between surface Ru cationic species and Mn ions was investigated in detail for the 

aerobic oxidation of benzyl alcohol in toluene solvent (Table 1).
129

 The efficiency of the Ru species 

in the Brucite layer is not so high because most of Ru species are not exposed on the HT surface 

(entry 4) (type (b), Figure 11). The Ru species on the surface of the HT show higher catalytic activity 

than the layer-covered Ru cations (entry 3) (type (a) vs type (b), Figure 11). The interaction between 

surface Ru species and Mn cations in the Brucite layer enhances the activity (entry 2), however, to 

achieve complete benzyl alcohol conversion, 17-fold Mn cation (to Ru) is needed because the most 

of Mn cations in the Brucite layer do not interact with the surface Ru species. It was found that the 

interaction between surface Ru and Mn species is the most effective. To achieve 100% alcohol 

conversion, only 2-fold Mn cation is enough (entry 1) (type (a), Figure 11). Because the surface Mn 

species are completely inactive for the benzyl alcohol oxidation at 60 
o
C (entry 5), the formation of 

the RuMnMn trimetallic sites were proposed together with the results of the XAFS analysis. The 

neighboring Mn cation may accelerate the Ru-catalyzed alcohol oxidation by promoting the slow 

-hydride elimination step of Ru-alcoholate intermediates.  

 

 

The catalytic activity of Au nanoparticles with 2.7-3.9 nm supported on HT has been improved by 

addition of Cr(III) into the Brucite layer for the aerobic oxidation of benzylic and aliphatic alcohols 

in toluene solvent.
130

 The promotion effect of Cr ion can be explained by the facilitated C-H bond 
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cleavage to produce the carbonyl compounds by surface chromium sites. 

To control the metal-metal interactions in the active center, the poly(N-vinyl-2-pyrrolidone) 

(PVP)-protected bimetallic AuxPdy nanoclusters (AuxPdy-PVPnano) with 2.6 nm particle size were 

immobilized on the HT surface and their activity was exploited for the aerobic oxidation of alcohols 

in toluene solvent.
131

 The Au60Pd40-PVPnano/HT exhibited a significant catalytic activity for the 

alcohol oxidation, whereas the Pd100-PVPnano/HT and bare Aunano/HT with the same particle sizes 

scarcely had oxidation activities under the same reaction condition. Notably, the prepared 

Au60Pd40-PVPnano/HT catalyst showed the TON and TOF values for 395,700 and 69,100 h
-1

, 

respectively in 250 mmol scale of 1-phenylethanol oxidation under solvent-free conditions. The XPS 

and Au LIII-egde XANES spectra indicated the presence of negatively charged Au sites in 

homogeneously-mixed AuPd alloy nanoparticle, which may explain the superiority of the 

Au60Pd40-PVPnano/HT catalyst.  

Very recently, Liu et al. reported that HT supported AuPd bimetallic catalyst promoted the C-C 

cross-coupling of primary and secondary benzylic alcohols in p-xylene solvent under N2.
132 

It 

contains dehydrogenation of alcohols, aldol condensation, and transfer hydrogenation. 

 

5. One-pot Synthesis Using Hydrotalcite Catalyst 

One-pot reactions using heterogeneous catalysts afforded remarkably unique and 

environmentally-friendly benefits, including avoidance of isolation and purification of intermediate 

compounds, which save time, energy and solvent.
133

 The concept of site isolation can be realized by 

the coexistence of acid and base without neutralization, which has been demonstrated using 

acid-base pairs of polymers, sol-gel matrices, and porous silicas.  

Motokura et al. demonstrated the first example of one-pot reactions using two layered clays, HT 

as a solid base catalyst and titanium cation-exchanged montmorillonite (Ti
4+

-mont) as a solid acid 

catalyst (Figure 12).
134

 Acid sites of Ti
4+

-mont are located within in the interlayer galley
135

 whereas 

base sites of HT are exposed to the surface, led to avoidance of contact with catalytically active 

centers of each other. A combination of Ti
4+

-mont and HT afforded high conversion and product 

yield for a variety of acid-base reactions. One-pot synthesis of benzylidene malononitrile from 

malononitrile with benzaldehyde dimethyl acetal was successfully achieved in toluene solvent 

(>99% conversion of benzaldehye dimethyl acetal and 93% yield of benzylidene malononitrile). 

This sequential reaction includes acid-catalyzed deacetalization and base-catalyzed aldol 

condensation. The system can be used for tandem Michael reaction and acetalization. Although 

conventional two-step synthesis gave less than 70% yield of a product, 

2-methyl-2-(3-nitropropyl)-1,3-dioxalone from nitromethane, methyl vinyl ketone and 

ethane-1,2-diol, the one-pot system afforded 89% yield. Furthermore, one-pot synthesis of 

epoxynitrile including four sequential reactions, namely esterification, deacetalization, aldol reaction 
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and epoxidation has been demonstrated in MeOH solvent as shown Scheme 6. A considerably high 

yield of epoxynitrile (91%) has been obtained in a single reactor. 

 

 

Figure 12 A one-pot reaction using titanium-cation exchanged montmorillonite and hydrotalcite. 

[Reproduced with permission from American Chemical Society (ACS) of ref. 134] 

 

 

Scheme 6 One-pot synthesis of epoxynitrile from methanol, cyanoacetic acid, benzaldehyde 

dimethylacetal and H2O2 in four sequential acid and base reactions using Ti
4+

-mont and hydrotalcite 

catalysts. 

 

HTs can act as excellent supports for a variety of active metal nanoparticles (vide supra). This 

property is also very useful for one-pot reactions. Choudary et al. reported a one-pot synthesis of 

chiral diols which includes three different reactions using HT involving PdCl4, OsO4 and WO4 

anions in a mixed solvent of t-BuOH and water.
136,137

 Three different reactions are (1) 

Mizoroki-Heck reaction by Pd species, (2) N-oxidation of N-methylmorpholine (NMM) toward 

N-methylmorpholine N-oxide (NMO) with hydrogen peroxide by W species, and (3) asymmetric 

dihydroxylation of olefins with NMM toward chiral diols by Os species (Scheme 7).  
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Scheme 7 The catalytic cycle in the LDH-PdOsW-catalyzed synthesis of chiral diols using H2O2 as the 

terminal oxidant. [Reproduced with permission from Wiley-VCH of ref. 136] 

 

Motokura et al. also demonstrated several one-pot reactions using hydrotalcite-supported 

ruthenium catalyst (Ru/HT) and palladium nanoparticle catalyst (Pdnano/HT).
96,97,101,138

 Owing to 

catalytic activity of metals and solid base catalysis, tandem reactions are successfully achieved. 

Ru/HT acted as an efficient catalyst for α-alkylation of nitriles with primary alcohols via 

metal-catalyzed oxidation and successive base-catalyzed aldol reaction in toluene solvent. This 

combination of alcohol oxidation and successive aldol reaction over the Ru/HT can be used for 

one-pot synthesis of quinolines from 2-aminobenzyl alcohol and various carbonyl compounds.
139

 

Pdnano/HT also is as an efficient solid catalyst for α-alkylation of nitriles with carbonyl compounds 

via aldol reaction and successive metal-catalyzed hydrogenation in toluene solvent. In addition, both 

Ru/HT and Pdnano/HT can produce glutaronitrile derivatives by Michael reaction of α-alkylated 

nitriles with electron-deficient olefins on the base sites of the HT after the metal/HT-catalyzed 

α-alkylation in a single reactor (Scheme 8). This tandem reaction includes four sequential reactions, 

oxidative dehydrogenation, aldol condensation, hydrogenation and Michael reaction. 

 

 

Scheme 8 Tandem reaction catalyzed by Ru/hydrotalcite 

 

Application of one-pot reactions for biomass transformation has been studied.
90,98,140-142

 Furfurals 

including HMF and furfural are considered as very important intermediates for alternative fuels and 

chemicals. These furfurals are obtained from carbohydrates; the former is from hexoses such as 
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fructose, glucose and galactose, and the latter is from pentoses such as xylose and arabinose. In 

general, these furfurals are easily obtained from ketoses by removal of three water molecules 

(dehydration) in the presence of acid. For example, high yield and selectivity of HMF from fructose 

are achieved by using both homogeneous and heterogeneous acid catalysts. However, a direct 

synthesis of HMF and furfural from aldoses such as glucose and xylose is much more difficult 

although these aldoses are components of carbohydrate-based biomass (lignocellulose) and therefore 

widely available. In these regards, direct synthesis of furfurals from aldoses such as glucose and 

xylose has received much attention.  

Takagaki et al. demonstrated a direct synthesis of HMF from glucose by using Mg-Al HT (solid 

base) and Amberlyst-15 (solid acid) in one-pot.
90,140

 The HT acts as a solid base catalyst for 

isomerization of glucose into fructose, and Amberlyst-15 as a solid acid for dehydration of fructose 

into HMF in DMF solvent. The combination of solid acid and base is very useful for a variety of 

furfurals production. This sequential reaction, (i) base-catalyzed aldose-ketose isomerization and (ii) 

acid-catalyzed dehydration of ketose, is successfully achieved for synthesis of HMF from glucose, 

galactose, furfural from xylose and arabinose, and 5-methyl-2-furaldehyde from rhamnose.
90,140-142

 

Moreover, HMF can be directly produced from disaccharides such as cellobiose and sucrose in the 

presence of HT and Amberlyst-15. This one-pot reaction includes hydrolysis of disaccharides to 

monosaccharide by acid, isomerization by base and dehydration by acid. In addition, one-pot 

synthesis of 2,5-diformylfuran (DFF) which is dialdehyde formed by selective oxidation of HMF has 

demonstrated (Scheme 9).
98

 DFF is obtained from glucose by using HT, Amberlyst-15 and the 

Ru/HT through three sequential reactions includes isomerization, dehydration and oxidation.  

 

 

 

 

Scheme 9 One-pot synthesis of 2,5-diformylfuran (DFF) from glucose via fructose and 

5-hydroxymethylfurfural (HMF). 

 

Summary 

The authors intended to overview recent advances of characterization, synthesis and liquid-phase 

catalysis of the layered hydrotalcite materials. A precise understanding of the structure and 

crystallization mechanism by advanced techniques leads to the highly-functionalized hydrotalcites as 

heterogeneous catalysts for pivotal reactions such as conversions of biomass-derived materials into 
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value-added chemicals. 
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