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Layered double hydroxide-based catalysts:
nanostructure design and catalytic performance

Shan He, Zhe An,* Min Wei, David G. Evans and Xue Duan

Layered double hydroxides (LDHs) are a class of clays with brucite-like layers and intercalated anions

which have attracted increasing interest in the field of catalysis. Benefiting from the atomic-scale

uniform distribution of metal cations in the brucite-like layers and the ability to intercalate a diverse

range of interlayer anions, LDHs display great potential as precursors/supports to prepare catalysts, in

that the catalytic sites can be preferentially orientated, highly dispersed, and firmly stabilized to afford

excellent catalytic performance and recyclability. The approaches to prepare catalysts based on LDH

materials include, but are not limited to, exfoliation of the brucite-like layers, lattice orientation/lattice

confinement by the brucite-like layers, and intercalation. This Feature Article summarizes the latest

developments in the design and preparation of nanocatalysts by using LDHs as precursors/supports.

1. Introduction

The design and preparation of heterogeneous catalysts with
simultaneously enhanced activity and stability have attracted
intense interest, in terms of both fundamental research and for
their applications in the chemical industry. During the past
thirty years, the formation of catalysts with effective control
over small particle size and thus large specific surface areas,
and their subsequent immobilization onto a suitable support
have both been found to be effective ways of increasing catalyst
activity and selectivity.1–5 The catalytic properties of a material

are determined by its electronic structure (especially the
surface/interface electronic structure).6–8 However, developing
ways of tailoring the electronic structure of catalysts so as to
enhance their heterogeneous catalytic performance is of
vital importance and still remains a challenging goal. Many
factors (e.g., the surface morphology and the structure of
active sites)—which are difficult to control using traditional
methods of catalyst fabrication—have significant influences on
the electronic structure of a catalyst. In recent years, nano-
technologies have been developed and widely applied in the
controllable synthesis of various types of nanostructured cata-
lysts with well-defined particle sizes, morphology, and compo-
sitions. Studies of the catalytic performance of these materials
have further expanded our understanding of structure–property
correlations.9–13
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Tailoring the electronic structure via tuning the nano-
structure of catalysts so as to acquire the desired activity and
selectivity is a promising approach.14–17 Considerable interest
has been focused on the design of the nanostructure of the
catalytic active sites. Key issues include (i) how can the orienta-
tion of active sites be tuned to give the desired activity and
selectivity? (ii) how can a high dispersion and adequate expo-
sure of the active sites be realized in order to enhance the
catalytic activity? (iii) how can the stability of active sites be
improved so as to enhance the long-term catalytic stability? To
date, the rational design and fabrication of nanoscale catalysts
in order to satisfy these three requirements simultaneously
remains a long-standing and fundamental scientific problem.

Layered double hydroxides (LDHs), also known as hydrotalcite-
like materials, are a class of two-dimensional (2D) anionic clays
consisting of positively charged host layers and exchangeable
interlayer anions, which can be expressed by the formula
[M2+

1–xM3+
x(OH)2](An�)x/n�mH2O.18–21 Recently, considerable atten-

tion has been focused on LDHs as sorbents and heterogeneous

catalysts/precursors,22–28 as a result of their versatility in
chemical composition. A key structural characteristic of LDH
materials is that the MII and MIII cations are distributed in a
uniform manner in the hydroxide layers,29 without clusters of
like cations. As a result they can be used as precursors or
templates for the formation of nanocatalysts with specific
morphology/surface structure and high dispersion. LDHs have
also been proved to be effective supports for the immobilization
of catalytically active anionic species in the interlayer region.30

The uniform distribution of positive charges on the LDH
layers facilitates the distribution and stability of the inter-
layer species through the electrostatic host–guest inter-
actions. Moreover, LDH microcrystals can be exfoliated into
positively-charged 2D nanosheets,31 which can serve as build-
ing blocks for assembly with various catalytically active anions.
Therefore, a variety of strategies—including exfoliation, lattice
orientation/lattice confinement, and intercalation—are avail-
able for the fabrication of LDH-based nanocatalysts with
preferential orientation, high dispersion and high stability of
active sites.

An additional attractive feature of LDHs as far as catalysis is
concerned, is that on calcination they are converted to high
surface area mixed metal oxides (MMOs).32–34 These materials
are characterized by high surface area and are thus excellent
supports for catalytically active species. Furthermore, if the
LDH precursors contain transition metal ions these can be
reduced in situ to give catalytically active metal particles sup-
ported on the remaining metal oxide phase.

In this Feature Article, we summarize recent progress in the
design and preparation of highly efficient nanocatalysts based
on LDHs and LDH-derived MMOs and highlight potential
applications of these materials. In the final section, current
challenges and future strategies are discussed from the view-
point of catalyst design and catalytic performance. It is hoped
that this Feature Article will focus more attention towards
LDH-based nanocatalysts and encourage future work in this
exciting area.

David G. Evans

David G. Evans studied as both
an undergraduate and a research
student at Jesus College, Oxford
and obtained a DPhil under the
supervision of Prof. D. M. P.
Mingos FRS. After postdoctoral
work at Bristol University with
Prof. F. G. A. Stone FRS, he was
appointed as a lecturer at Exeter
University in 1985. Several visits
to Chinese university chemistry
departments in the early 1990s
convinced him of China’s great
potential for development and

he moved to Beijing University of Chemical Technology in 1996.
His research interests focus on intercalation in layered solids. He
was awarded an International Scientific and Technological
Cooperation Award of the People’s Republic of China in 2005.

Xue Duan

Xue Duan was elected as an
Academician of the Chinese
Academy of Sciences in 2007
and a Fellow of the Royal
Society of Chemistry in 2009. He
was awarded his BS degree from
Jilin University in 1982 and his
PhD degree from the Chinese
Academy of Sciences in 1988. He
was subsequently appointed to
the staff of Beijing University of
Chemical Technology (BUCT) and
established the Applied
Chemistry Research Institute in

1990. He was promoted to full professor in 1993. He is currently
a Director of the Institute of Applied Chemistry and an Executive
Vice-Chair of the Academic Committee of the State Key Laboratory
of Chemical Resource Engineering.

Min Wei

Min Wei obtained her BEng
degree in 1995 and MEng degree
in 1998 from Beijing University of
Chemical Technology (BUCT).
She subsequently received her
PhD from Peking University in
2001, after which she joined the
staff of BUCT. She was promoted
to full professor in 2005. She was
a visiting scholar at the Georgia
Institute of Technology in 2008.
Her research interests focus on
inorganic–organic composite
functional materials as well as
new catalysts.

Feature Article ChemComm

Pu
bl

is
he

d 
on

 0
3 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
on

 0
7/

06
/2

01
3 

03
:3

5:
59

. 
View Article Online

http://dx.doi.org/10.1039/c3cc42137f


5914 Chem. Commun., 2013, 49, 5912--5920 This journal is c The Royal Society of Chemistry 2013

2. Nanocatalysts based on exfoliated LDH
nanosheets

Recently, Wang and O’Hare et al.35 have reviewed the various
synthesis methods used to obtain positively charged dispersions
of LDH nanosheets. By taking advantage of the electrostatic
forces or/and hydrogen bonding between oppositely charged
particles, nanocatalysts can be fabricated in a simple manner
either via layer-by-layer (LBL) assembly of the LDH nanosheets
with catalytically active anions, or alternatively these anions
can be immobilized on the exfoliated LDH nanosheets
themselves.36,37 An example of the latter approach, involving
the immobilization of amino acids for use as chiral ligands in
the vanadium(V)-catalyzed asymmetric epoxidation of allylic
alcohols with tert-butyl hydroperoxide (ButOOH), is shown in
Fig. 1. He et al.38–40 compared the catalytic performance of a
vanadium(V) precursor coordinated to the same amino acid
ligands (a) in solution (a homogeneous catalyst), (b) after
intercalation in a Zn/Al-LDH host (a heterogeneous catalyst),
and (c) after immobilization on LDH nanosheets (a pseudo-
homogeneous catalyst) produced by delamination of the amino
acid anion-intercalated LDHs in formamide or water.

It was found that intercalating the amino acid ligands in the
LDH sheets in (b) led to a significant increase in the enantiomeric
selectivity of the catalysts compared with the homogeneous
catalyst (a). This can be attributed to the access of reactant
molecules to the active sites being restricted and/or directed by
the large rigid inorganic layers. However the rate of reaction
was slower for the heterogeneous catalyst. Delamination of the
nanosheets in (c) allows the catalytic reactions to be carried out
under pseudo-homogeneous reaction conditions, thereby
significantly increasing the reaction rate while preserving the
enhancement of the enantioselectivity afforded by anchoring
the ligands on the LDH layers. Moreover, if the delamination is
carried out in water, the colloidal catalyst can be directly
separated from the products by simple liquid/liquid separation.
The catalysts can be therefore easily recycled and show no loss
of catalytic activity and enantioselectivity when reused.

An example of the alternative approach, whereby the exfoliated
LDH nanosheets and the active species are combined via LBL
assembly was recently reported by Gunjakar et al.,41 who prepared
mesoporous heterolayered photocatalysts by LBL assembly of
Zn/Cr-LDH nanosheets and layered titanate nanosheets (Fig. 2),
and showed that these possess a highly porous structure and
visible-light harvesting ability due to the effective electronic
coupling between cationic and anionic inorganic nanosheets. The
resultant photocatalysts are fairly active for visible-light-induced
O2 generation with a rate of B1.18 mmol h�1 g�1, which is
higher than the rate of O2 production (B0.67 mmol h�1 g�1)
with the pristine Zn/Cr-LDH material. Ordering of hetero-
layered photocatalysts is fairly important in optimizing visible-
light-induced photocatalytic activity, and the chemical stability
of the heterolayered photocatalysts is also significantly improved
owing to the ordered structure of LDH nanosheets/layered
titanate composite.

The positively-charged LDH nanosheets can also be used as
building blocks for the fabrication of functional films by LBL
assembly with oppositely charged electrocatalytically active
species.42,43 Wei et al.44 have successfully fabricated LBL multi-
layers of Au nanoparticles (AuNPs) and LDH nanosheets on
fluorine-doped tin oxide (FTO) substrates. Structural and
morphological studies indicated that the (LDH/AuNPs)n ultra-
thin films (UTFs) exhibit long range stacking order, in which
the AuNPs are highly dispersed and immobilized with a mono-
layer arrangement in the LDH gallery. This leads to the for-
mation of electron tunneling junctions which facilitate electron
transfer within the UTFs. The resulting (LDH/AuNPs)n UTFs
display excellent electron transfer kinetics and electrocatalytic
activity towards the oxidation of glucose (with a linear response
range of 50 mM–20 mM and sensitivity of 343 mA mM�1 cm�2)
which is much higher than the corresponding values for pre-
viously reported AuNPs-based glucose sensors. Moreover, the
(LDH/AuNPs)n UTFs also display very good long-term electro-
catalytic stability.

3. Nanocatalysts based on orientation/
confinement effects of LDHs

Metal catalysts supported on metal oxides prepared by conven-
tional impregnation techniques often suffer from rapid deactiva-
tion (especially at high temperature) due to sintering/aggregation
of the metal nanoparticles in a reaction system. A key structural

Fig. 1 Intercalation of the a-amino acids (1) L-glutamic acid, (2) L-alanine, and
(3) L-serine (a) in an LDH host gives a heterogeneous catalyst precursor (b), whilst
immobilization on delaminated LDH nanosheets gives a pseudo-homogeneous
catalyst precursor (c). ( Zn Al N C O H; Zn–O octahedron
Al–O octahedron). The materials obtained by treating (a)–(c) with VO(OPri3) were
used as catalysts for the asymmetric epoxidation of allylic alcohols with ButOOH.
Reproduced with permission from ref. 38.

Fig. 2 (a) Cross-sectional high resolution transmission electron microscope
(HRTEM) image of the mesoporous Zn/Cr-LDH nanosheet/layered titanate
photocatalyst and (b) an enlarged view and structural model. Reproduced with
permission from ref. 41.
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characteristic of LDH materials is that the MII and MIII cations
are distributed uniformly within the hydroxide layers.29 If LDHs
are converted to metal oxide-supported nanometal catalysts by
heating under reducing conditions, the enhanced interactions
between metal nanoparticles and the metal oxide substrate—
which are formed concomitantly in situ—can prevent sintering/
aggregation of the nanocatalyst during use and thus improves
the stability of the active species. In addition, the topotactic
nature of the LDH decomposition to metal oxide and/or the
effect of confinement of a precursor in the LDH interlayer
galleries can induce the formation of nanocatalysts with specific
morphology, surface structure and high dispersion.45,46

3.1 Nanocatalysts with active species derived from LDH layers

Wei et al.47,48 reported that well dispersed and embedded
metallic iron nanoparticles with a high density (1014 to 1016 m�2)
and good thermal stability (at 900 1C) were obtained using MoO4

2�-
intercalated Fe/Mg/Al-LDHs as a precursor. The preparation of the
metal nanoparticles is illustrated in Fig. 3. The MoO4

2� anions
were intercalated in the Fe/Mg/Al-LDHs by the calcinations–
re-construction route. The MoO4

2�–Fe/Mg/Al-LDHs were reduced
to form well-dispersed Fe nanoparticles with high stability and
control over size (3 to 20 nm) by means of a pinning effect of Mo
around the Fe nanoparticles. These catalysts have a high density
of metal nanoparticles and were active for the formation of
single-walled carbon nanotube (SWNT)-array double helices. By
virtue of the wide versatility of LDH composition and architec-
ture, other metal nanoparticles with high dispersion, high
density, and good thermal stability for catalysis can be fabri-
cated via reduction of LDH precursors.49–51 Recently, Zhang
et al.52 reported that a supported Ni catalyst with a high loading
and good dispersion, prepared by using Ni/Al LDHs as a pre-
cursor, exhibited 100% conversion and 93% H2 selectivity for
the decomposition of hydrazine hydrate (N2H4�H2O) at room
temperature (as shown in Fig. 4). The activity and selectivity of
this catalyst were much higher than those of a traditional
supported Ni/Al2O3 catalyst (78 wt% Ni/Al2O3-IMP) with the
same Ni loading prepared by the impregnation method
(Fig. 4c). They proposed that the high H2 selectivity of the
LDH-derived catalyst originates from the cooperative effect of
the small Ni particle size and strong basic sites located nearby.
Furthermore the LDH-derived catalyst also showed excellent
stability and when separated from the reaction medium—by
taking advantage of the magnetic properties of the Ni particles—
and reused, showed no significant loss in activity (Fig. 4d).

Bimetallic catalysts with rational design of the catalyst structure,
giving enhanced stability, activity and selectivity have also been
achieved by reduction of LDH precursors. Tomishige et al.53

reported that uniform Ni–Fe alloy nanoparticles supported on
Mg/Al MMOs with high dispersion were obtained by calcination
and reduction of a Ni/Fe/Mg/Al-LDH precursor. In the steam
reforming of toluene, the Ni–Fe/Mg–Al-MMO catalysts showed
higher catalytic activity (a turnover frequency (TOF) of 1.3 s�1)
than Ni/Mg–Al-MMO (TOF: 0.8 s�1), Ni/a-Al2O3 (TOF: 0.4 s�1),
and Ni–Fe/a-Al2O3. In addition, for longer reaction durations,
Ni–Fe/Mg–Al-MMO maintained a toluene conversion of more
than 99% for 20 h, indicating its high stability. This was
attributed to aggregation of the nanoparticles being suppressed
by their strong interaction with the MMO support. As other
examples of intermetallic catalysts, Behrens et al.54 have
reported that well-dispersed and supported Pd2Ga and PdZn
particles could be synthesized by the reductive decomposition
of ternary LDH compounds. The intermetallic catalysts were
found to possess higher catalytic performance than a mono-
metallic Pd catalyst in both methanol steam reforming and
methanol synthesis from CO2.

For semiconductor nanoparticles with high photocatalytic
efficiency, two features are believed to be essential—a high
exposure of active facets and a high degree of dispersion. Wei
et al.55 reported ZnO nanoplatelets with a high degree of
exposure of (0001) facets embedded on a hierarchical flower-
like matrix, which were obtained via the in situ topotactic
transformation process of a Zn/Al-LDH precursor. During the
structural evolution of the Zn/Al-LDH precursor into the final
ZnO-based MMO, a topotactic transformation based on the
hexagonal structure of LDH is believed to occur, resulting in
the formation of hexagonal ZnO nanoplatelets embedded on
the ZnO-based MMO surface. As a result, hexagonal crystals of
Zn/Al-LDH nanoflakes serve as both a ZnO source and a rigid
template, which restrains the fast growth rate of ZnO along the

Fig. 3 Schematic illustration of the formation of high density metal nanoparticles
from a precursor with MoO4

2� incorporated in Fe/Mg/Al-LDHs. Reproduced with
permission from ref. 47.

Fig. 4 (a) High angle annular dark field (HAADF) scanning transmission electron
microscopy image of a Ni/Al2O3 catalyst produced by calcination and reduction
of an LDH precursor at 500 1C; (b) histogram of the Ni particle size distribution;
(c) plots of molar ratio n(N2 + H2)/n(N2H4) versus time for the Ni/Al2O3-LDH-
derived catalyst and 78 wt% Ni/Al2O3-IMP at different reaction temperatures: (1)
Ni/Al2O3-LDH at 50 1C; (2) Ni/Al2O3-LDH at 308 1C; (3) 78 wt% Ni/Al2O3-IMP at
30 1C; (d) plots of n(N2 + H2)/n(N2H4) versus time for Ni/Al2O3-LDH at 50 1C:
(1) the second time; (2) the fifth time; (3) the tenth time. Inset: magnetic separation
of the catalyst after reaction. Reproduced with permission from ref. 52.
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c-axis and induces the preferred growth of the nanoplatelets
along the [10%10] direction. The resulting ZnO-based nanostructure
exhibits both a high degree of preferred orientation and high
dispersion, which displays superior visible-light photocatalytic
activity to that of ZnO nanorods, ZnO nanoplates and the MMO
powder sample. The high visible-light photocatalytic behaviour
of this catalyst is possibly related to the presence of defects and
edge dislocation in the exposed (0001) facets. In addition, the
material maintains a constant photocatalytic activity over a
number of consecutive cycles without peeling or aggregation
of ZnO nanoplatelets.

3.2 Nanocatalysts supported on LDH layers or MMOs

LDH nanoflakes or MMOs can also serve as supports which can
induce or/and restrict the formation of metal nanocatalysts
with specific morphology and high dispersion by means of an
exterior confinement effect from the LDH layers or MMO surface.
Such an exterior confinement effect is effective in preventing the
sintering/aggregation of nanoparticles, thus affording nano-
catalysts with high stability.

Noble metal nanocrystals possess surface-dependent catalysis,
which mainly originates from the different adsorption behavior of
reactant molecules on various facets. The preferred formation/
exposure of a specific facet of nanocrystals is a key factor contri-
buting to enhanced activity and selectivity of catalysts. Li and Feng
et al.56,57 developed a new precipitation–reduction method to
synthesize LDH-supported Pd catalysts with either tetrahedral or
octahedral morphology (Fig. 5). In the synthesis process, hexa-
methylenetetramine was used not only to precipitate the LDH by
virtue of the increase in pH associated with its hydrolysis, but also
to reduce Pd2+ to Pd0 nanoparticles, thus giving Pd/MgAl-CO3-LDH
in a single step. The resulting Pd nanoparticles were highly
dispersed on the surface of the LDH platelets. In the selective
hydrogenation of acetylene, tetrahedral particles with only Pd(111)
facets exposed exhibited higher selectivity towards ethylene than
truncated octahedral Pd particles enclosed by both Pd(111) and
Pd(100) facets. Therefore, the Pd(111) facet can be regarded as the
preferred facet in the selective hydrogenation of acetylene. In
another example of the use of LDHs as a support for Pd catalysts,

Choudary et al.58 reported that nanopalladium particles supported
on LDHs by a simple ion-exchange technique followed by
reduction showed excellent yields and high TOF values in
Heck-, Suzuki-, Sonogashira-, and Stille-type coupling reactions
of chloroarenes, even deactivated chloroarenes. It was sug-
gested that the basic LDH surface increases the electron density
of the Pd center and promotes the oxidative addition of the
normally unreactive chloroarene species. Furthermore, the catalyst
can be quantitatively recovered unchanged from the reaction by a
simple filtration and reused for a number of cycles with almost
consistent activity in all the coupling reactions.

Both LDH platelets themselves and the MMOs formed by their
calcination have proved to be effective supports for nanogold
catalysts. Zhang et al.59 demonstrated the preferential deposition
of gold nanoparticles (AuNPs) with a narrow size distribution
(2–3 nm) on the lateral (10%10) facets of LDH platelets. The crystal
face features of LDH platelets impose a crucial effect on the
location and particle size of AuNPs. The lateral (10%10) facet with
its high density of dangling bonds may have relatively active
chemical characteristics, resulting in the preferential deposition
of AuNPs on the (10%10) facet. Moreover, the strong interaction
between the lateral (10%10) crystal facet and the AuNPs can prevent
the aggregation of the latter particles. The crystal-face-selective
supported AuNPs on the LDH can efficiently catalyze the epoxi-
dation of styrene with ButOOH as the oxidant; the TOF for styrene
oxide production was 970 h�1. Moreover, Kim et al.60 reported
that Au NPs-MMO nanocomposite photocatalysts can be pre-
pared by an electrostatically driven self-assembly of dihydrolipoic
acid-capped Au NPs and ZnAl-MMO nanoplates, which possess a
negative and positive zeta potential, respectively. The Au NPs can
be highly-dispersed on the ZnAl-MMO nanoplates with controlled
morphology. The self-assembled nanocomposites exhibited
superior self-sensitized dye degradation efficiency and photo-
catalytic stability under visible light compared with ZnO, TiO2

(P25), or pure MMO nanoplates.
The synergistic effect between a metal nanocatalyst and an

LDH support can effectively promote further enhancement of
catalytic activity. Li, Hensen and co-workers.61 have developed a
novel and practical application of gold nanoparticles supported on
a range of transition metal-containing LDHs as catalysts for the
liquid-phase aerobic oxidation of alcohols in the absence of base
additives. It was found that Au/MgCr-LDH gave a significantly
higher benzaldehyde yield (76%) and TOF (1880 h�1) than other
transition metal containing LDH-based catalysts. The high activity
of MgCr-LDH as a support was attributed to the fact that it not only
offers surface basic sites like other LDH supports, but also surface
chromium sites which participate in alcohol dehydrogenation.
Moreover, in tests of the recycled catalyst, Au/MgCr-LDH showed
a stable catalytic performance, and the average size and distri-
bution of the Au nanoparticles was unchanged after reaction.

4. Nanocatalysts based on intercalation of
catalytic active species

By taking advantage of the wide flexibility in the compensating
anions which can be intercalated in their interlater galleries,

Fig. 5 HRTEM images of (A) tetra-Pd/MgAl-CO3-LDH and (B) octa-Pd/MgAl-
CO3-LDH. Reproduced with permission from ref. 56.
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LDHs containing a variety of catalytically-active species—
including simple inorganic anions, complex anions and
biomolecules—have been reported. In the last decade, it has
been demonstrated that the intercalation of catalytically-active
anions in LDHs is capable of improving their catalytic activity,
selectivity and stability, compared with the homogeneous
counterparts. LDHs offer a number of advantages as hosts for
catalytically active anions: the electrostatic interactions between
LDH layers and catalytically-active anions can induce an ordered
arrangement of the anions and effectively tailor the orientation
of the active site; the extent of the dispersion of the active sites
can be controlled by modulation of the layer charge density
(which depends on the ratio of MII to MIII cations); the electro-
static interactions between LDH layers and catalytically-active
anions can also lead to an increase in the stability of the latter.

Chiral amino acids and their derivatives have been widely
employed as homogeneous catalysts for enantioselective processes,
such as asymmetric aldol reactions and asymmetric amination.62

Due to the drawbacks of homogeneous catalysts (short lifetime, low
thermal stability, and difficulties in catalyst separation and recovery
and product purification), much effort63–69 has been dedicated to
the immobilization of L-amino acids in LDHs. Wei et al.70–72

reported the intercalation of L-tyrosine, L-aspartic acid and
L-cysteine into the galleries of LDHs. It was found that the
confinement effect of the host galleries effectively inhibited the
racemization of guest L-amino acid anions under UV irradiation
and thermal treatment. An et al.73 synthesized a heterogeneous
L-proline intercalated Mg/Al-LDH, which showed high enantiomeric
excess (ee values of up to 94%) when used as a catalyst in aldol
reactions, even under forcing conditions. The L-proline anions were
shown to adopt an approximately horizontal orientation with
respect to the hydroxide layers, with the carboxylate groups
attaching directly to the hydroxide layers, and this enhanced the
resistance of the catalyst to racemization at high temperatures or
under UV irradiation (Fig. 6). Moreover, Vijaikumar et al.74

showed that in the asymmetric Michael addition reaction
between b-nitrostyrene and acetone, the LDH layers do not
merely act as a support for L-proline anions but are also a
cocatalyst for the reaction.

The interlayer galleries of LDHs are also capable of accom-
modating much more bulky anions. The intercalation of large
functional anions has been reported to afford enhanced cata-
lytic activity in a number of catalytic processes, including the
generation of singlet molecular oxygen from H2O2 over MoO4

2�

intercalated Mg/Al LDHs75,76 or metal porphyrin complex inter-
calated LDHs,77,78 N-oxidation of tertiary amines over WO4

2�

intercalated Mg/Al-LDHs,79 epoxidation by salen–Mn(III) (salen =
N,N0-ethylenebis(salicylimine)) intercalated Zn/Al-LDHs80 or
metal porphyrin intercalated LDHs,81,82 and epoxidation reac-
tions over polyoxometallate (POM) intercalated LDHs.83,84 For
example, Parida et al.85 developed a novel heterogeneous
catalyst by immobilizing a Ti(IV)-Schiff base complex in
Zn/Al-LDH by an ion-exchange method. The performance of
the immobilized catalyst in the epoxidation of cyclohexane
(95% conversion of cyclohexene with 84% selectivity to cyclo-
hexene oxide) carried out under solvent-free conditions was
significantly better than the homogeneous counterpart (62%
and 74%, respectively). The stability of the immobilized catalyst
was also convincingly demonstrated by conducting three
successive runs without appreciable loss of reactivity. Cu(II)86

complexes of arylhydrazones of b-diketones (AHBDs) and La(III)87

hydroxy citrate complexes intercalated in LDHs have been shown
to catalyze the peroxidative oxidation of alkanes and the trans-
esterification reaction of 1-phenylethanol with diethylcarbonate,
showing enhanced catalytic activity compared with the homo-
geneous counterparts and good recyclability. Song et al.88 reported
Na12[Zn5W19O68]�46H2O (Na–Zn5WO), K11[Zn2MnIII

3W19O69]�27H2O
(K–Zn2MnIII

3WO), and K11[Zn2FeIII
3W19O69]�44H2O (K–Zn2FeIII

3WO)
intercalated LDHs, which catalyzed the oximation of aromatic
aldehydes with aqueous H2O2 as the oxidant in the absence of
organic solvents. The Zn3Al–Zn2MnIII

3WO heterogeneous catalyst
exhibited a much higher selectivity (85%) than the homogeneous
counterpart (55%). It was proposed that the synergistic interaction
between the LDH host and intercalated POM anions plays a key role
in the high oxime selectivity.

Other types of well-known homogeneous catalysts have also
been immobilized in LDH hosts. For example, Wei et al.89,90

reported a heterogeneous catalyst in which the rhodium complex
(trans-RhCl(CO)(TPPTS-Na3)2) (TPPTS = tris(3-sulfophenyl)-
phosphine trisodium salt) was intercalated in Zn/Al-LDHs,
affording improved selectivity (up to 80%) in the hydroformyl-
ation of higher olefins. The authors proposed that the ordered
arrangement of the intercalated rhodium complex anions
played a key role in improving the selectivity, activity and
stability. The strong electrostatic interactions between the
LDH layers and the active rhodium species inhibited leaching
of the active species and led to good catalyst reusability.

More recently, the investigation of heterogeneous chiral
metal complex catalysts has attracted much interest, especially
in the case of LDH-intercalated materials. In addition to
increasing the yield of the reaction, in many cases intercalation
of a chiral catalyst in an LDH host has been shown to afford

Fig. 6 (A) A schematic model of L-proline intercalated LDHs; Both (C) the thermal
stability of specific optical rotation and (D) the enantiomeric excess (ee) value for
the products of aldol reactions (B) are significantly improved after the L-proline
catalyst is intercalated in an LDH host. Reproduced with permission from ref. 73.
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increases in enantioselectivity. This has been attributed to
the controlled orientation and/or degree of dispersion of the
intercalated active species. For example, Bhattacharjee and
Anderson et al.91,92 prepared chiral salen-Mn(III) complex inter-
calated Zn/Al-LDH catalysts. The resulting catalysts were found
to be highly active and enantioselective in the epoxidation of
various styrenes and cyclic alkenes when using a combination
of pivalaldehyde and molecular oxygen at atmospheric pressure
and room temperature. With 94% conversion, 1-methyl-1-cyclo-
hexene could be converted to the epoxide with 68% ee and 90%
selectivity with a TOF of 234 h�1, whereas 4-methylstyrene was
converted with 62% ee and 70% selectivity with a TOF of
327 h�1.92 In the case of styrenes and cyclic alkenes, TOF
decreased as follows: a-methylstyrene 4 4-methylstyrene 4
styrene and 1-methyl-1-cyclohexene 4 1-phenyl-1-cyclohexene 4
cyclohexene. The catalyst could be recycled without detectable
loss of efficiency. He’s group93,94 reported the intercalation of
chiral Sharpless titanium tartrate catalysts in Mg/Al-LDH hosts.
Dark-field TEM confirmed the highly-dispersed distribution of
Ti active sites. Through tailoring the charge density of the
brucite-like layers, the density of the interlayer titanium tartrate
anions could be reliably tuned, giving an interdigitated bilayer
arrangement. When used as a catalyst for the heterogeneous
sulfoxidation of the prochiral methyl phenyl sulfide, the
ee value was boosted from the negligible value observed for
the homogeneous counterpart to 50%.93 The two-dimensional
interlayer space can be swollen by addition of various organic
solvents (e.g., CH3CN or MeOH/CH2Cl2) during the reaction
process, and thus accommodates the reactants in the inter-
layer. However it was found that the ee value decreased when
the interlayer spacing was increased by a large swelling of the
interlayer spacing. This confirms the role of the confinement
effect of the LDH layers in enhancing the catalytic properties
of an intercalated species.94 He’s group95 further developed
heterogeneous titanium tartrate intercalated LDHs by in situ
coordination of the pre-intercalated L-tartrate anions as chiral
ligands to the Ti(IV) center within the LDH galleries. The
tartrate ligands were tuned to adopt a perpendicular- or
horizontal-orientation to further control the coordination
mode to the Ti(IV) center. It was found that the catalytic sites
with the tartrate ligand in the perpendicular-standing orienta-
tion with the Ti(IV) center coordinated in both C–O–Ti and
CQO–Ti modes displayed higher catalytic activity (93%) and
better chiral induction (58%) in the asymmetric sulfoxidation
than the corresponding horizontal-orientation. A catalytic
mechanism was also proposed, as illustrated in Fig. 7.

As an extension of this idea, He et al.38,96 showed vanadium(V)
and zinc(II) centers could also be coordinated to pre-intercalated
a-amino anions, showing significantly enhanced enantioselectivity
in the asymmetric epoxidation, as also noted above in Section 2.
The crucial role of the inorganic nanosheets as planar substi-
tuents in improving the enantioselectivity of the reaction was
subsequently revealed by correlating the observed enantiomeric
excess with the distribution of the catalytic centers and the
accessibility of the substrate molecules to the catalytic sites.
Density functional theory (DFT) calculations indicated that the
LDH layer improves the enantioselectivity by influencing the

formation and stability of the catalytic transition states, both in
terms of steric hindrance and hydrogen bonding interactions.39,40

LDHs are recognized to be more biocompatible and less toxic
than most other inorganic nanoparticles, which allows even
biocatalysts to be intercalated in LDH hosts.97 The immobiliza-
tion of enzymes in the interlayer region of LDHs has been shown
to lead to significantly enhanced catalytic efficiency. For example,
porcine pancreatic lipase (PPL) intercalated LDHs have been
fabricated by an electrostatic-induced interfacial assembly, which
could be tailored to control the PPL orientation, with the majority
of active sites facing the LDH layer or facing adjacent protein
molecules.98 The activity of the intercalated PPL in the former
orientation in the hydrolysis of glyceryl triacetate reached 445%
(relative to the pristine enzyme). In addition, the thermal stability
of PPL was significantly improved after intercalation. The appar-
ent unfolding transition midpoint increased from ca. 323 K for
pristine PPL to 364 K for intercalated PPL, when the majority of
active sites were orientated facing the LDH layer. In the case of
hemoglobin (Hb),99 the intercalated Hb possesses only one
orientation, but also exhibits significantly enhanced bioactivity
and stability over pristine Hb in the oxidation of o-phenylene-
diamine (OPD) to phenazine.

5. Conclusion

This Feature Article summarizes the recent progress in the
design and the preparation of nanocatalysts with high efficiency
based on LDHs, including—but not limited to—exfoliation of
the brucite-like layers, lattice orientation/lattice confinement by

Fig. 7 The heterogeneous catalytic mechanism for the asymmetric sulfoxidation
by a Ti(IV) tartrate complex intercalated in an LDH host with the tartrate ligands in
(a) horizontal- or (b) perpendicular-orientation in the pre-intercalation process.
Reproduced with permission from ref. 95.
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the brucite-like layers, and the intercalation of active species. By
virtue of the versatile chemical composition of LDH materials,
nanocatalysts with preferential orientation, high dispersion and
good stability can be fabricated, exhibiting excellent catalytic
performance and recyclability. However, there are still great
challenges in the design and the application of nanostructured
catalysts based on LDH precursors: (i) generally speaking, the
LDH nanosheets can only be stabilized in a small number of
solvents, which restricts the range of catalyst species which can
be assembled with the LDH nanosheets; (ii) during the topo-
tactic transformation of LDH precursors into MMO materials,
the lattice orientation/lattice confinement effect has not been
well understood to date and more detailed and thorough inves-
tigation is needed; (iii) the mechanism of catalysis by inter-
calated active species confined in the 2D galleries of LDHs as
well as the host–guest synergistic effects deserve deeper study. By
overcoming the above challenges, the design and controlled
synthesis of enhanced LDH-based materials should make a great
contribution to the development of new practical catalysts.
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